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Abstract Three polarizable continuum models,
DPCM, CPCM, and IEFPCM, have been applied to
calculate free energy differences for nine neutral com-
pounds and their anions. On the basis of solvation free
energies, the pK, values were obtained for the com-
pounds in question by using three thermodynamic
cycles: one, involving the combined experimental and
calculated data, as well as two other cycles solely with
calculated data. This paper deals with the influence of
factors such as the SCRF model applied, choice of a par-
ticular thermodynamic cycle, atomic radii used to build
a cavity in the solvent (water), optimization of geome-
try in water, inclusion of electron correlation, and the
dimension of the basis set on the solvation free energies
and on the calculated pK, values.

Keywords Solvation free energy - Acidity - pK, -
Polarizable continuum model

1 Introduction

The tendency of a molecule to lose its hydrogen atom as
an acidic proton is quantified as pK,. During the last two
decades there has been much interest in developing a
methodology enabling theoretical prediction of pK, val-
ues, employing various quantum theoretical techniques.
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As pK, equals AG/2.303 RT, where AG is a free
energy change of the dissociation reaction either in a
gas or solution, acidity of a compound is determined by
the AG value. In the gas phase, calculation of AGy is
a fairly straightforward procedure, based on gas-phase
geometry optimization and on vibrational analysis of the
acid and its anion.

In order to compute the pK, values in an aqueous
solution, in the framework of a continuum solvation
model [1-29], the most frequently used procedure relies
on an application of the appropriate thermodynamic
cycles in which the computed gas-phase AG, values are
combined with the free energies of solvation for each
of the species involved in the equilibrium, in order to
obtain the value of total free energy change in a solu-
tion. The continuum solvation model belongs to the cat-
egory of the so-called implicit models [30]. Here we shall
present and discuss the results obtained only within the
model.

Thermodynamic cycles can be constructed in several
ways. The illustration below shows the simplest thermo-
dynamic cycle which was at the same time the one most
frequently applied with the purpose of pK, calculation
in aqueous solution [4,5,10-22,26,28]:

Cycle A
AH, AGq A+ HY
3 g |z
AH,, At H 5
aq
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The gas-phase dissociation reaction forms an upper
leg of the cycle. The vertical legs consist of free energies
of a neutral molecule, an anion, and proton solvation.
Cycle A has been generally used for calculation of all the
reported “experimental” free energies of solvation of
ions, relative to experimental AGg(H™), with the AGgas
and AG,q values also arrived at by way of experiment
[31-35]. For the calculation of pK, in an aqueous solu-
tion two other cycles, named here B and C, have also
been applied [3,5,6,8,9,23-25,29]. The two cycles are
shown below.

T 19 -~ |8
T |z < |2
(7] %) 12 =
09 = ¢
AHg,+ H,0 4, NS A q +H, 05
Cycle C
. AG ;

AH, +OH; —2— A, +H,0,
T 1T ~ |a
z |o < |2
o 3 g @
2 |9 T 9

AH_,+ OH; A, +H,0

q aq a 2™ a
AG q q q

As can be seen, the vertical legs are formed by the free
energies of solvation of all species involved. The lower
horizontal legs of the three cycles display three water-
phase equilibria characteristic for the three cycles.

It should be noted that none of the cycles provides
an exhaustive description of the equilibria taking place
in aqueous solutions which are far more complicated
and involve heterogeneous ion-water clusters of incom-
pletely identified stoichiometry, and as such are far from
being thoroughly recognized.

If one neglects the more complicated water-phase
equilibria involving ion—-water clusters other than H3O™"
occurring in Cycle B, and consistent with yet another set
of cycles [1,24,35], the pK, value of a given HA can be
determined by using one of the three cycles, A, B, or C.

The pK, calculated on the basis of Cycle A, pKZ%, is
expressed as

2.303 RTpK% = AGaq = Gg(A7) + Gg(H™)
— Gg(HA) + AGs(HY)
+ AGy(A7) — AG(HA) €5)
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whereas the corresponding expressions for pK,’s cal-
culated based on the two other cycles are as follows
[23,24]:

2303 RTpKE = Gy(A7) + Gy(H30™") — Gy(HA)
— Gg(H20) + AGs(A™) + AGs(H30™)
— AG4(HA) — AG4(H,0)
—2.303 RTlog[H,01aq 2)
2.303 RTpKS = Gg(A™) + G(H,0) — Gy(HA)
— Gg(OH™) + AGs(A7) + AG4(H,0)
— AG4(HA) — AG4(OH™)
+2.303 RTpK, (H,0) 3)

Subtracting Eq. (1) from Eq. (2) one obtains

2.303 RT(pKE — pK2) = Go(H30™) — Go(H™)
— Gy(H20) + AGs(H30™)
— AGs(H,0) — AGs(HY)
—2.303 RTlog[H20laq  (4)

The right-hand side of Eq. (4) constitutes the sum of free
energy terms in the thermodynamic Cycle A for disso-
ciation of the H3O™ acid and should equal zero pro-
vided all the free energy terms took their absolute, true
values.

Similarly, on subtraction of Eq. (1) from Eq. (3) one
obtains:

2.303 RT(pKS — pK2) = G4(H20) — Gg(HT)
— Gg(OH™) + AG(H20)
— AGs(H") — AGs(OH™)
+2.303 RT pK,(H,0)  (5)

This time the right-hand side of Eq. (5) constitutes the
sum of free energy terms in the thermodynamic Cycle
A for dissociation of HyO and would also equal zero
provided all the free energy terms took their absolute,
true values.

What follows, under these conditions, pK2 = pK? =
pKE. The equality also holds in the case when the exper-
imental values taken for AG, in Egs. (2) and (3) are
the same as those which were applied for the calcula-
tion of the “experimental” values of AGs(H30") and
AGs(OH™), and the latter two are inserted in Egs. (2)
and (3). In fact, it has been found that for six carboxylic
acids, mean unsigned error (m.u.e.) was nearly the same
regardless whether Cycle A [13] or Cycle B were used
with a reliable (experimental) solvation free energy of
H;0% [23].

However, one can also find statements that applica-
tion of one of the Cycles, B or C [6,24,25], generates bet-
ter results than application of Cycle A. The differences
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stem from taking the calculated values rather than the
experimental ones for AG, and/or AGs (H3;O0™") and
AGs(OH™).

This investigation mainly aimed to analyse the impact
of the calculated free energies of solvation of acids, HA,
and the corresponding anions A~ on the calculated pK,
accuracy (agreement with experimental data). To this
end, experimental values were applied to the free energy
differences in the gas phase and to free energy of pro-
ton solvation, while Cycle A has been used. However,
the Reviewer recommended that the authors include
theoretical calculations of all of the species involved
in the acid-base reactions, which is possible only for
Cycles B and C because AGs(H™), occurring in Cycle
A, cannot be calculated directly and tends to be derived
experimentally. Therefore, the results are also presented
for Cycles B and C with theoretical AGs(H30™) and
AGs(OH™). The AG, values were also replaced by the
ones calculated by using the multilevel complete ba-
sis set method (CBS-QB3) [36,37], since calculations
of AGy,, at this level, combined with solvation models,
rendered very accurate pK, values [13,14].

For calculations with Cycle A, AGs(H20) and AG;
(H™) have been taken from subject literature. The first
value equals to —6.32 kcal/mol [38]. However, the sec-
ond value has evoked much controversy for a long time.
Currently, the values proposed by Tissandier et al., [39]
namely —264.0 £ 0.2 and Tuttle et al. [40] —263.7 £ 0.2
kcal/mol, determined on the basis of cluster ion sol-
vation data, seem to be the most accurate [41]. The
first value has been adopted here. It has recently been
reproduced with accuracy of some tenths of kcal/mole
[35,42].

In this context we ought to address the issue of stan-
dard states. All experimental and calculated gas-phase
free-energies (Table 1S) are quoted using an ideal gas
at 1 atm as a reference state. All “experimental” solva-
tion free energies (used in Tables 1-3 and 2S-7S) were
calculated for an ideal gas at a gas-phase concentration
of 1 mol/L dissolving in liquid phase at the same con-
centration. In order to convert gas phase data from one
convention to another (1atm to 1 mole/L) we refer to
ref. [30]. For the gas phase reaction A— B + C (as in
Cycle A),

AG(1 mol/L) = AG(1 atm) + RT In(24.5) (6)

In the case of reactions A+B — C+D, as in Cycles
B and C, the AG values for both conventions are
equal.

The value for AGs(H™) reported by Tissandier et al.
(—264.0kcal/mol) concerns the standard state concen-
tration of 1atm in gas phase and 1 mol/L in aqueous
phase. Converting to the standard state that uses a con-

centration of 1 mol/L in both phases requires that RT In
24.5 (1.9 kcal/mol) be subtracted from this value produc-
ing the value of —265.9 kcal/mol. The issue of standard
state for the theoretical solvation free energies will be
addressed in Results.

Among the solvation models, referred to as self-
consistent reaction field (SCRF), the polarizable con-
tinuum model (PCM) is presumably the most frequently
used one [43] and the one that has undergone a num-
ber of evolutionary changes (compare Gaussian 03 with
Gaussian 98 programs for reference) [44,45]. The origi-
nal PCM version [46,47] is now being named Dielectric
PCM (DPCM) to distinguish it from the two successive
reformulations of the model, CPCM [48] and integral
equation formalism PCM (IEFPCM) [49,50]. In the G98
and G03 programs all three versions are implemented.
In G98, DPCM is the default version of PCM, whereas
in the latest GO3 version IEFPCM has become the de-
fault PCM formalism. Detailed description, comparison,
evaluation, and applications of the models and other
continuum solvation ones can be found in ref. [30] and
in the reviews [51-54].

All continuum models require definition of the shape
and size of a cavity occupied by a solute molecule in
the solvent. PCM models built the cavities in the form
of envelopes of spheres centered on atoms and atomic
groups. The Gaussian programs offer several possibil-
ities of choosing a set of the atomic radii. In G98, the
set Radii=UAHF is the default one, where UAHF
stands for the United Atom Topological Model for
Hartree-Fock [55]. In GO03, the default setting has
changed to Radii=UAQO (the United Atom Topologi-
cal Model applied on atomic radii of the UFF force
field) [56].

The papers experimenting with factors such as var-
ious solvation models, different calculation levels, and
different basis sets tended to investigate the influence of
the said factors on the final result, namely the value of
pK,. The results differed much in their agreement with
the corresponding experimental data. For instance, the
B3LYP method was reported to have given less accu-
rate pK, results for substituted phenols [14] and substi-
tuted tetrazoles [17] than the HF did. This effect was
mentioned by Barone and Cossi [48] and explained as
resultant from underestimation of the solvent reaction
field at MP2 and DFT level. However, in another study,
the absolute pK, values were very close to experimental
ones, but only when the solutes were treated at a corre-
lated ab initio level [10]. The results of the calculation
of the first two steps of deprotonation of histamine ob-
tained with HF were much poorer than those obtained
using B3LYP, for different basis sets [6]. Despite a num-
ber of papers dealing with the pK, calculations at many
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Table 1 AG; calculated using DPCM model: experimental AGg

Radii=UAHF n=9

Neutral molecules

Anions

Gas-phase geometry

Geometry optimized

Gas-phase geometry

Geometry optimized in

IComp =42 in water, Icomp =22 IComp =42 water, Icomp =22
m.u.e. Mean m.u.e. Mean m.u.e. Mean m.u.e. Mean
error error error error
HF/6-31+G* 0.51 -0.51 0.99 —-0.92 3.27 1.24 542 4.15
HF/6-311++G** 0.77 —0.67 0.89 —0.84 3.87 2.25 5.43 4.36
B3LYP/6-31+G* 0.93 -0.57 1.69 —-1.52 3.78 3.78 7.21 6.41
B3LYP/6-311++G**  1.64 —1.34 1.71 —1.55 5.56 4.45 7.27 6.68
HF/cc-pVDZ 0.98 0.36 0.59 —0.40 4.09 1.88 4.63 322
HF/cc-pVTZ 0.56 0.49 0.53 —0.46 7.84 6.01 5.43 3.85
B3LYP/cc-pVDZ 1.54 0.55 1.69 —1.04 5.57 4.69 6.34 5.13
B3LYP/cc-pVTZ 0.97 0.97 0.40 —0.04 9.57 8.10 6.89 5.51

Gaussian 98

@ Default settings in Gaussian 98. Results of the gas-phase geometry calculations using Icomp =2 setting are displayed in Table 2S

Table 2 AG; calculated using IEFPCM model: experimental AGs

Radii= UAHF Neutral molecules, n=9 Anions, n=8

Gas-phase geometry Geometry optimized Gas-phase Geometry optimized

in water geometry in water
m.u.e. Mean m.u.e. Mean m.u.e. = mean m.u.e. = mean
error error error error

HF/6-31+G* 0.56 —0.56 0.72 —0.72 5.16 3.79
HF/6-311++G** 0.45 —0.45 0.62 —0.62 5.30 391
B3LYP/6-31+G* 0.37 —0.15 0.48 -0.32 8.13 6.97
B3LYP/6-311++G** 0.25 —0.06 0.42 —0.30 8.34 6.80
HF/cc-pVDZ 0.28 0.17 0.33 0.04 5.17 3.84
HF/cc-pVTZ 0.20 0.01 0.27 —0.13 5.04 3.69
B3LYP/cc-pVDZ 0.92 0.92 0.80 0.75 8.37 7.30
B3LYP/cc-pVTZ 0.51 0.51 0.38 0.37 7.95 6.47

Gaussian 03

theoretical levels, and the application of different basis
sets, there is no general agreement as to which variations
of the calculation methods may be relied on to produce
better results than others.

Looking into the reason behind the discrepancies, we
took here a few of AH/A-systems for which experimen-
tal values of AGs(HA) and AGs(A™) are known, in
order to compare accuracy of the two terms with the
accuracy of pK,. The solvation data for ions have been
evolving until recently together with the evolution of the
accepted value for AGs(H™). Finally, the values given by
Kelly et al. [35] were used for nine neutral molecules, i.e.
methanol, acetic acid, phenol, acetonitrile, methaneth-
iol, toluene, thiophenol, acetone and NHs, and their
negatively ionized forms.

The present investigation is confined to the PCM set
of solvation codes implemented in the recent Gaussian
versions (G98 and G03), easily accessible to the compu-
tational chemists community.

@ Springer

2 Methodology

Using the thermodynamic Cycle A, the pK, values were
calculated from Egs. (1) and (6):

PK, = AGaq/2.303 RT = [AGg + 1.9+ AG(A™)
— AGs(AH) — 265.9]/1.364

where AGy = Go(A™) + Gg(H') — Go(AH) is the sum
of the first three terms on the right hand side of Eq. (1)
and was taken from the NIST data [57] for the gas phase
dissociation of given acid, HA. List of the NIST data is
displayed in Table 1S.

The pK, values were also calculated from Egs. (2) and
(3) derived with the use of the thermodynamic Cycles
B and C. To obtain free energy differences: Gg(A™) —
Gy(AH), Gg(H20) — Go(H30™), and Go(OH™) — G,
(H,0), the CBS-QB3 method was used. The values are
also displayed in Table 1S.
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Table 3 AG; calculated using IEFPCM model: experimental AGg

Radii=UAOn=9 Neutral molecules

Anions

Gas-phase geometry

Geometry optimized

Gas-phase geometry Geometry optimized

in water in water
m.u.e. Mean m.u.e. Mean m.u.e. = mean m.u.e. = mean

error error error error
HF/6-31+G* 2.37 2.19 227 2.00 11.67 10.90
HF/6-311++G** 2.50 2.28 2.28 2.00 11.96 11.08
B3LYP/6-31+G* 2.65 2.65 242 2.32 14.38 13.72
B3LYP/6-311++G** 2.77 2.70 2.54 2.39 14.43 13.58
HF/cc-pVDZ 3.05 2.90 2.87 2.66 11.87 11.16
HF/cc-pVTZ 2.89 2.81 2.70 2.56 11.37 10.58
B3LYP/cc-pVDZ 3.71 3.71 3.46 3.46 14.43 13.87
B3LYP/cc-pVTZ 3.34 3.34 3.07 3.07 13.73 13.03

Gaussian 03

For the calculation of solvation free energies: AG;
(A7), AGs(AH), AGs(H,0), AGs(H30™%), and AGs
(OH™), geometry of the species in gas phase was also
determined at the HF and B3LYP levels, using Pople
6-31+G* and 6-311++G** basis sets, as well as Dun-
ning cc-pVDZ and cc-pVTZ basis sets. Then the solva-
tion free energies were calculated by applying DPCM,
CPCM, and IEFPCM methods, using the same level
and basis set which were used for geometry determi-
nation in the gas phase. The calculations were made
both with and without geometry optimization in wa-
ter. Namely, calculation of solvation energies employed
DPCM/HF(6-31+G*)//HF(6-31+G*), DPCM/HF(6-311
++G**)/[HF(6-311++G**), DPCM/B3LYP(6-31+G*)
/I B3LYP(6-31+G*), DPCM / B3LYP (6-311 ++ G**)
//B3LYP(6-311++G**), DPCM/HF(cc-pVDZ)//HF(cc-
pVDZ), DPCM/HF(cc-pVTZ)//HF(cc-pVTZ), DPCM/
B3LYP(cc-PVDZ)//B3LYP(cc-pVDZ), and DPCM/
B3LYP(cc-pVTZ)//B3LYP(cc-pVTZ) procedures as
well as using similar procedures differing according to
the solvation model used, that is CPCM and IEFPCM,
instead of DPCM.

In Gaussian 98 program [58] the PCM method of
reaction field calculation is by default a synonym of the
polarizable dielectric model (DPCM). The method per-
forms normalization of polarization charges in order to
arrive at the value of the charge reaching out the cavity
[59] predicted by the Gauss’ law (Keyword Icomp = N).
For DPCM and single point calculations, the default
is N =4 (the effect of outlying charge is accounted for
by means of an additional effective charge, distributed
according to the solute electronic density); while for
geometry optimization in DPCM the default is N=2
(the calculated charge on each tessera is scaled by a
constant factor). For the CPCM calculations (which are
less affected by the outlying charge effects) the default
value is always Icomp =2.

During the study, Gaussian 98 program was used for
the DPCM calculations, with the Icomp default values
and without any special adjustments of atomic radii or
other parameters which also take the default values. The
parameters are: scaling factors of acidic hydrogens and
the parameters used in the construction of the cavity
(which is defined as a set of intersecting spheres cen-
tered on atoms) —that is atomic radii, the number of the
tesserae on each sphere and the areas of the tesserae.
For atomic radii, the default setting was Radii = UAHF
[55].

Calculations applying the CPCM and IEFPCM meth-
ods have been carried out using Gaussian 03 program
[60]. In the latter, the SCRF = PCM option has changed
its meaning with respect to Gaussian 98 and this in-
put implies performing a reaction field calculation us-
ing the integral equation formalism model (IEFPCM).
The changes of formalism and implementation versus
the previous PCM versions are described in ref. [61]. In
this implementation, as well as when using an SCRF =
CPCM option (in Gaussian 03) no normalization of
polarization charge was employed and the default
atomic radii changed to UAO. However, the recom-
mended radii for the calculation of AGs in the PCM
model are those calculated using the UAHF radii [55].
This divergence prompted us to try both possibilities.
(There are other optional sets of atomic radii, but they
have not been explored). The SCFVAC keyword per-
forming the gas phase calculation before the calculation
in a solution was also applied.

3 Results and discussion
3.1 Solvation free energy terms

The experimental gas-phase free energy differences (for
Cycle A) as well as calculated ones used in Cycles B and
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C are displayed in Table 1S of the Supporting Infor-
mation. Tables 2S-78S displaying results of calculation of
individual A G; values for all species under investigation
are also available. Tables 2S4S display the calculated
values of AGg for acids, whereas Tables 5S-7S show
those obtained for the conjugated anions. The summary
results showing m.u.e. and mean errors of the calculated
solvation free energies, according to the calculation level
and basis set, are given in Tables 1-3. In the first two
tables the results obtained with the Radii= UAHF set-
ting are shown (for DPCM and IEFPCM), while Table 3
presents the results for Radii=UAO (IEFPCM). The
Tables inserted in the body of the text do not display
results obtained using the CPCM model, because they
are very similar to those from IEFPCM. All results can
be found in the Supporting Information. The data pre-
sented in the tables, all given in kcal/mol, reveal that
errors in determination of A G, are much greater for the
anions than for the corresponding acids. What is more,
the mean errors for anions are always positive and fre-
quently equal mean unsigned errors; what follows, in
case of all compounds the calculated AGs values are
positively biased versus the experimental ones. It has
been previously reported that too small (negative) AGs
values for anions could be largely improved by the outly-
ing charge compensation performed otherwise [59]. The
smallest error in the calculated AG4(A ™) has been found
(for the gas-phase geometry) in the DPCM method.
For the latter, the best results were obtained for gas-
phase geometry and the HF/6-31+G* basis set. After the
optimization in the DPCM method, the results with the
Pople basis set were poorer than for gas-phase geometry.
The result is not unexpected because the DPCM-UAHF
model was parametrized by Tomasi and his cowork-
ers [55] at the HF/6-31+G* level for anions and at the
HF/6-31G* level for neutral molecules, using gas-phase
geometry. They found, however, that geometry reoptim-
ization in the presence of a solvent had a limited effect on
the computed solvation free energies and that even large
structural modifications lead to negligible changes in
energy.

All experimental free energies of solvation used for
the evaluation of calculated data employ the standard
state 1 mol/L both in gas and in liquid phase. The cal-
culated values of AG; employ the same standard state
in both phases, e.g. 1atm or 1mol/L, because defini-
tion of the Hamiltonian of the solute in the PCM con-
tinuum models does not account for contributions due
to thermal motions of molecules. This is equivalent to
neglecting the difference between the molecular motion
contributions calculated in vacuo and in solution [49].

Itis worth following the individual factors influencing
errors in the calculated values (in comparison with the
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experimental data). The factors have been specified as
follows:

3.1.1 Method used to normalize the polarization charge

The DPCM calculations were performed using G98 pro-
gram, which applies different methods in order to nor-
malize the polarization charge so as to obtain the value
predicted by the Gauss’ law. For single point calcula-
tions the default setting is Icomp =4, whereas for geom-
etry optimization the default setting is Icomp =2 [44].
In order to see whether the results obtained in DPCM
with the gas phase geometry are better than after opti-
mization due to the geometry differences or due to
the method of charge normalization, we repeated the
DPCM single point calculations forcing Icomp=2 (in
Gaussian 98) and without any charge compensation (us-
ing Gaussian 03). In both cases the results were very
similar one to the other and for acids they were also
similar to the results arrived at when applying the default
IComp=4 setting. However, for anions and
consequently for pK,’s, they were much poorer than
with the default Icomp =4 setting for single point calcu-
lations (except at the HF/cc-pVTZ and B3LYP/cc-pVTZ
levels). On the other hand, free energies of solvation cal-
culated in DPCM with geometry optimization and using
the default Icomp =2 setting were very close to those ob-
tained in DPCM single point with the the same Icomp =2
setting imposed. This finding is parallel to that quoted in
ref. [55], where it was stated that geometry optimization
led to negligible changes in solvation energy, whereas
the calculations with and without the optimization were
performed in the same Icomp=4 setting. Taking this
into consideration, it can be inferred that the manner of
the outlying charge compensation is of primary impor-
tance for the quality of the solvation free energy results,
especially for anions. Data from the DPCM solvation
free energies calculated using Icomp =2 as compared
to Icomp=4 can be found in Tables 2S and 5S, while
Tables 8S, 118, and 14S display the pK, results for both
settings.

The CPCM and IEFPCM calculations were
performed using Gaussian 03 where the Icomp key-
word is no longer used [45] because the polarization
charge density is designed to take into account the out-
lying charge effects implicitly [61]. It was stated that in
the IEFPCM method, the related errors are less pro-
nounced than in the other PCM variant methods [49].
Yet the results obtained in CPCM and IEFPCM (using
G03) for anions and pK,’s are poorer than those from
DPCM with Icomp=4 (with the same UAHF radii).
Similar findings have been recently reported in ref. [1].
This result might be interpreted as a proof that the errors
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related to the outlying charge are still significant. Devi-
ations of AG; from the experimental data for anions are
much greater than those for the neutral molecules and
are always positive (mean errors equal mean unsigned
errors).

3.1.2 Radii= UAHF versus Radii = UAO (for the CPCM
and IEFPCM methods)

The results for AGs in the CPCM model are displayed
in Tables 3S and 6S; those for AGg in the IEFPCM in
Tables 2, 3, 4S, and 7S. It can be seen that for acids,
errors in the calculated values of AGy are greater for
the UAO radii than for the UAHF ones by 2-3 kcal/mole
(compare data in Tables 2, and 3 and in Tables 38, 48,
6S, and 7S). Deviations of AGs from the experimen-
tal data for anions are much greater for the UAO radii
than for the UAHF ones. One exception is NH;, for
which the calculated solvation free energies with UAHF
radii were extremely high [~ —150 kcal/mol for CPCM
and —150/—260kcal/mol for IEFPCM for gas phase
geometry, and up to —780 kcal/mol for geometry opti-
mized in water (Tables 6S, 7S) whereas the experimental
value is —95 kcal/mol]. Yet for the UAO radii, the ener-
gies did not depart from the experimental values more
than for other anions. That is why NH; was excluded
from the calculations of mean errors of AG; for anions
(Tables 6S, 7S) and from the results of pK, calculations
when using the UAHF radii (Tables 9S, 10S, 128, 138,
15S, and 16S). It is worth noticing that the solvation
energies for NH;, calculated with UAHF radiiin DPCM
(in Gaussian 98) do not differ from the experimental
data more than they do in the case of other anions. The
solvation free energies were also calculated for H3O™"
and OH™ occurring in Cycles B and C. In the case of
OH"™, optimization resulted in oscillating AGs values
between —90 and —300 kcal/mol (UAHF radii, CPCM,
and IEFPCM). For the same ion, irrationally low AGg
absolute values (AGs = —85kcal/mol) were found in
some other cases, namely in DPCM (single point) at
HF/cc-pVTZ and B3LYP/cc-pVTZ levels, and in CPCM
and IEFPCM models with the UAO radii. For H3O0™,
UAO radii also produced solvation free energies, the
absolute values of which were too low by approximately
25kcal/mol (the experimental values for AGs(H307T)
and AGs(OH™)are —110.3 and —104.7 kcal/mol, respec-
tively [35]). The calculated values of AGs(H30™)
together with the AGs(H,O) values are displayed in
Tables 11S-13S, concerned with the results obtained
with Cycle B, whereas the calculated values of AG;
(OH™) together with the values of AGs(H2O) are
displayed in Tables 14S-16S (Cycle C).

3.1.3 Optimization of geometry in HyO

As it has been mentioned previously, after the geom-
etry optimization in the DPCM method, the results in
G98 achieved with the Pople basis were poorer than
for the gas-phase geometry, especially in case of the an-
ions. However, this effect may be attributed to different
methods of charge normalization. On the other hand, in
the CPCM and IEFPCM models, geometry optimization
exerted a negligible influence on the results obtained for
neutral molecules, although for the anions, optimization
resulted in lower errors, at all levels/basis sets, and with
both radii settings.

3.1.4 Electron correlation on the DFT (B3LYP) level

For the three SCRF models the results for anions were
always poorer when using B3LYP than when HF was
applied (mean error of AGj calculated with B3LYP/6-
31+G* and B3LYP/6-311++G** is higher by ca. 2-3
kcal/mol than that of AGg calculated at the HF/6-31+G*
and HF/6-311++G** level. Similarly, mean error calcu-
lated with B3LYP/cc-pVDZ or cc-pVTZ is 2-3 kcal/mol
higher than with HF/cc-pVDZ or HF/cc-pVTZ). For
neutral molecules and Radii=UAHF the trend could
be seen for AG; to be poorer at the B3LYP level than at
the HF one, but the differences are fairly small (less than
1 kcal/mol). Similarly, it was stated in ref. [61] that the
agreement of the calculated free energies with exper-
imental ones was slightly less satisfactory in DFT cal-
culations (PBEO functional) and that the trend can be
explained by the fact that the cavity size (based on
the UAHF radii) has been optimized for Hartree—Fock.
However, in the present work, the same trend is even
more distinct for UAO radii.

3.1.5 Influence of basis set

In the DPCM model, the use of a more extended basis
set (6-311++G** vs. 6-31+G*, cc-pVTZ vs. cc-pVDZ)
frequently worsened the results, especially for the anions
when the gas phase geometry was applied. For CPCM
and IEFPCM, the influence of the completeness of basis
set is hardly perceptible.

3.1.6 Influence of the SCRF model

A comparison of the results for the CPCM and IEFPCM
models (Tables 3S and 6S vs. Tables 4S and 7S) reveals
that the results for the two models are almost the same
when the same radii setting is applied, in contrast to
the far more significant differences found with the two
different radii settings used. The results for DPCM depart
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from the two other models especially in case of the an-
ions, where the errors in A Gy are significantly lower than
for CPCM and IEFPCM in six of the eight cases.

Let us now move on to our main goal, which is the
investigation of the influence of the factors mentioned
above on the ultimate pK, values determined by using
the calculated values of AGg for the acids and the anions.

3.2 Calculation of pK, with the experimental AG;
values for HO and HY, as well as experimental
AGyg, using Cycle A

The results of the pK, determination from Eq. (1) for
the individual compounds are presented in the form of
Tables 8S-10S in the Supporting Information. As for
AGs, the summary results for pK, are given in Tables 4
and 5. Comparison of Tables 4 and 5 with Tables 1-3 re-
veals that the accuracy of the pK,, results (i.e. their agree-
ment with experimental data) is mainly governed by the
quality of the AG; results for the anions. Namely, the
best result was obtained for DPCM (gas phase geometry,
Radii = UAHF) at HF/6-31+G*, and only slightly poorer
results were arrived at for HF/6-311++G**, B3LYP/
6-31+G*, and HF/cc-pVDZ. Geometry optimization in
water affected the results negatively in six cases out of
eight. Yet, as it has been previously mentioned, the said
effect may be attributed to the application of different
default methods of polarization charge normalization.
Only for HF/cc-pVTZ and B3LYP/cc-pVTZ, the results
after optimization were better.

The influence of a basis set on the accuracy of pK,’s
was parallel to that recorded for AG; values. In the
DPCM model, application of a more extended basis
set (6-311++G** vs. 6-31+G*, cc-pVTZ vs. cc-pVDZ)
frequently made the results worse, when the gas phase
geometry was applied. Nevertheless, for DPCM with
geometry optimization, CPCM and IEFPCM, complete-
ness of a basis set exerted a hardly noticeable influence.

For the CPCM and IEFPCM models, geometry opti-
mization resulted in the improvement of the pK, val-
ues. The corresponding pK,’s calculated using both set-
tings of atomic radii are displayed in Tables 9S, 10S, and
in Table 5. It can be seen that the results with UAHF
radii were significantly better than those for the UAO
radii (K, better by ~3 orders of magnitude). However,
for NH3, the pK, values have not been calculated with
Radii=UAHF because of AGs values for NH;, being
exceedingly high. Yet application of the UAQO atomic
radii resulted in obtaining pK, values for NH3; which
proved as good as these for other compounds. The error
of pK, calculated using CPCM with gas-phase geome-
try and UAO radii is about 4-5 units; for the water-opti-
mized geometry it is about seven units. We can therefore
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state that the UAO atomic radii and the cavities built up
with the latter are useless for the determination of pK,
because of the far too small (negative) values of AG; for
most of the anions. The results with the two radii sets
differ to a far greater extent one from the other than
they differ in the two SCRF models or when different
levels/basis sets are used.

At gas phase geometry, UAHF radii, and Pople basis
sets, the order of consistency of the results with experi-
mental data is DPCM>CPCM>IEFPCM. This order is
valid only for the default IComp =4 setting in G98 for
the DPCM calculations. In G03 with no charge compen-
sation, and in G98 with IComp =2 setting, the result is
CPCM ~ IEFPCM > DPCM. Thus the advantage of the
single point DPCM method seems to lie in the use of the
Icomp =4 method, the default one in G98.

The influence of electron correlation at the investi-
gated DFT (B3LYP) level is such that the B3LYP results
are always poorer than the HF results obtained using the
same basis set, with both UAHF and UAO atomic radii.

All these inferences also hold true for Cycles B and
C in case of application, for the two latter ones, of con-
sistent experimental solvation free energies for H,O,
H3O™",and OH ™. Insuch a case the three cycles generate
the same results, as it has been shown in the Introduc-
tion. The situation changes the moment when the the-
oretical values are used for all terms in the Cycles B
and C due to the impact of the accuracy of calculated
AGs(H30™) and AGs(OH™) terms.

3.3 Calculation of pK, with the calculated values of
AG; for H,O,H30" and OH™, as well as for AG,

3.3.1 Cycle B

The solvation free energies for HO and H3O™" are dis-
played in the Excel sheets presenting the pK, calcula-
tions according to Cycle B (Tables 11S-138S).

In this case, errors for DPCM (gas phase geometry
and geometry optimized in water), Table 6, and CPCM
and IEFPCM (gas phase geometry, Radii=UAHF),
Table 7, are far more substantial than those calculated
using Cycle A. This may mainly be attributed to the
calculated values of AGs(H3O") which are too low
in relation to the experimental value by 2-5kcal/mol
(Table 11S). This fact has already been noticed by Pliego
[23] (calculation at IEFPCM/HF/6-31G* level). Hence
he deduced that the IEFPCM-UAHF solvation model
was inconsistently parametrized. Now it appeared that
the effect has also been found for other models and lev-
els, e.g. mean value of AGs(H30™) for eight level/basis
set combinations is —105.5. kcal/mol for DPCM (gas
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Table 4 pK, calculated using DPCM model: experimental pK, —Cycle A

Radii=UAHF, n=9 Gas-phase geometry

Geometry optimized in

Gas-phase geometry

Icomp =4 (default) water, Icomp =2 (default) Icomp=2
m.u.e. Mean m.u.e. Mean m.u.e. Mean
error error error
HF/6-31+G* 2.37 1.03 4.33 3.47 443 3.56
HF/6-311++G** 3.06 1.88 4.34 3.56 443 3.66
B3LYP/6-31+G* 2.94 2.94 6.07 5.56 6.15 5.64
B3LYP/6-311++G** 4.79 3.99 6.21 5.78 6.27 5.84
HF/cc-pVDZ 3.04 0.87 3.54 241 3.69 2.56
HF/cc-pVTZ 5.28 3.79 4.11 2.91 422 3.02
B3LYP/cc-pVDZ 3.68 2.78 5.20 4.27 5.33 4.41
B3LYP/cc-pVTZ 6.23 4.98 491 3.81 5.08 3.98

Gaussian 98

Table 5 pK, calculated using IEFPCM model: experimental pK, —Cycle A

Radii=UAHF, n=38

Radii=UAO,n=9

Gas-phase geometry

Geometry optimized

Gas-phase geometry Geometry optimized

in water in water
m.u.e. Mean m.u.e. Mean m.u.e. = mean m.u.e. =mean
error error error error
HF/6-31+G* 3.93 3.93 3.05 3.05 6.79 6.28
HF/6-311++G** 3.98 3.98 3.19 3.19 6.94 6.41
B3LYP/6-31+G* 5.76 5.76 5.14 5.14 8.44 8.11
B3LYP/6-311++G** 5.88 5.88 5.04 5.04 8.44 7.96
HF/cc-pVDZ 3.49 345 2.88 2.67 6.41 5.98
HF/cc-pVTZ 3.46 3.46 2.80 2.69 6.11 5.63
B3LYP/cc-pVDZ 5.20 5.20 4.65 4.65 7.70 7.38
B3LYP/cc-pVTZ 5.19 5.19 4.31 4.31 7.46 7.05

Gaussian 03

phase geometry) as compared to the experimental value
of —110.3kcal/mol. However, for CPCM/UAHF and
IEFPCM/UAHF with geometry optimization in water,
values for AGs(H30™) were closer to the experimental
value (av. —111.0 and —110.8 kcal/mol) and at the same
time the results for the calculated pK,’s were more accu-
rate and comparable with those obtained using the same
SCRF models and Cycle A (slightly poorer at HF level
but better at B3LYP).

As concerns Radii = UAO, the calculations of AGj
(H30™) were underestimated by 25 kcal/mol, which re-
sulted in the pK,’s error of approximately 25 pK, units.
The same results for AGs(H30™) by using the UAO radii
were reported recently [25].

3.3.2 Cycle C

Radii = UAHF. The solvation free energies for OH™
and H>O are displayed in the Excel sheets present-
ing the pK, calculations according to Cycle C (Tables
14S-16S). The summary pK, results are displayed in
Tables 8 and 9.

In this calculation variant, the best results were ob-
tained for CPCM and TEFPCM at gas phase geometry
and for Pople’s basis sets, due to a partial compensation
of errors in AGs(A™), AGs(OH™), and AGs(H,0). For
example, taking the best result: m.u.e. and mean error
1.29, at B3LYP/6-311++G** level (Table 9), the sum
AGs(H;0) — AGs(OH™) equals 94.0kcal/mol, which
differs from the experimental values of 98.4 kcal/mol
by 4.4kcal/mol. This figure partially compensates for
the errors resulting from the too low absolute values of
AGs(A7)[Eq. (3)]. Whatis more, the calculated value of
Gg(H20) — Go(OH™), occurring in Eq. 3, is more neg-
ative than the experimental value. They equal —391.7
and —390 kcal/mol, respectively. (The results obtained
for HF / 6-311 ++G**, B3LYP/6-31+G*, and B3LYP/
6-311++G** are even better than those obtained by us-
ing Cycle A, DPCM, Icomp =4, at these three levels).
For Dunning basis sets the results of all methods are
poor, especially in DPCM, gas-phase geometry, com-
bined with cc-pVTZ basis set, where AGs values of
OH™ were exceedingly low (—89 kcal/mol for HF and
—86 kcal/mol for B3LYP).
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Table 6 pK, calculated using DPCM model: experimental pK, —Cycle B

Radii=UAHF, n=9 Gas-phase geometry Geometry optimized Gas-phase geometry

Icomp =4 (default) in water, Icomp =2 (default) Icomp=2

m.u.e. =mean m.u.e. Mean m.u.e. Mean

error error error
HF/6-31+G* 5.44 6.14 6.14 7.38 7.38
HF/6-311++G** 7.16 6.99 6.99 8.26 8.26
B3LYP/6-31+G* 6.72 7.15 7.15 8.72 8.72
B3LYP/6-311++G** 8.18 7.44 7.44 9.01 9.01
HF/cc-pVDZ 4.93 4.71 4.35 5.72 5.61
HF/cc-pVTZ 8.96 5.75 5.45 6.67 6.60
B3LYP/cc-pVDZ 6.16 5.44 5.01 6.67 6.56
B3LYP/cc-pVTZ 9.60 5.64 5.18 6.85 6.69

Gaussian 98

Table 7 pK, calculated using IEFPCM model: experimental pK, —Cycle B

Radii=UAHF, n=8 Radii=UAO, n=9

Gas-phase geometry Geometry optimized in water Gas-phase geometry Geometry optimized in water

m.u.e.=mean error m.u.e. Mean error m.u.e.=mean error  m.u.e. =mean error
HF/6-31+G* 7.27 3.66 3.66 25.34 24.06
HF/6-311++G** 7.83 3.95 3.95 25.51 2422
B3LYP/6-31+G* 8.72 4.04 4.04 26.67 25.44
B3LYP/6-311++G** 8.88 4.05 4.05 26.69 25.31
HF/cc-pVDZ 6.62 3.15 2.81 23.98 22.81
HF/cc-pVTZ 6.94 3.46 3.32 24.13 22.98
B3LYP/cc-pVDZ 7.50 3.20 3.09 24.68 23.48
B3LYP/cc-pVTZ 7.73 323 3.23 24.99 23.79

Gaussian 03

Table 8 pK, calculated using DPCM model: experimental pK, —Cycle C

Radii=UAHEF, n=9 Gas-phase geometry Geometry optimized Gas-phase geometry
Icomp =4 (default) in water, Icomp =2 (default) Icomp=2
m.u.e. Mean error m.u.e. = mean error m.u.e. = mean error
HF/6-31+G* 2.86 1.74 7.01 6.80
HF/6-311++G** 3.01 1.51 5.83 5.63
B3LYP/6-31+G* 2.47 0.99 7.50 7.17
B3LYP/6-311++G** 3.06 1.64 7.16 6.86
HF/cc-pVDZ 4.43 4.43 8.40 8.46
HF/cc-pVTZ 7.87 —8.89 8.62 8.57
B3LYP/cc-pVDZ 5.28 5.28 9.89 9.90
B3LYP/cc-pVTZ 9.10 —9.99 9.31 9.27

Gaussian 98

Table 9 pK, calculated using IEFPCM model: experimental pK, —Cycle C

Radii=UAHF, n=8 Radii=UAO,n=9

Gas-phase geometry Gas-phase geometry Geometry optimized in water

m.u.e. = mean error m.u.e. Mean error m.u.e. Mean error
HF/6-31+G* 242 8.07 -8.07 8.77 -8.77
HF/6-311++G** 1.96 8.05 -8.05 8.74 -8.74
B3LYP/6-31+G* 1.44 8.20 —8.20 8.72 -8.72
B3LYP/6-311++G** 1.29 8.19 -8.19 8.84 —8.84
HF/cc-pVDZ 6.64 6.78 —6.20 6.98 —6.75
HF/cc-pVTZ 5.77 6.55 —6.51 7.13 -7.13
B3LYP/cc-pVDZ 7.70 6.46 —5.41 6.58 -5.79
B3LYP/cc-pVTZ 6.99 6.41 —5.64 6.58 —6.16

Gaussian 03
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However, for CPCM and IEFPCM the calculation
could not be performed after geometry optimization
in water because for OH™ the optimization resulted in
AGg(OH™) values amounting to —300 kcal/mol.

Radii=UAQ. In this case the results of CPCM and
IEFPCM make no sense whatsoever, the AGy absolute
values for OH™ are about 20 kcal/mol lower, than the
experimental ones (Table 9 and Tables 15S, 16S). Here
the pK, values are not as high as for Cycle B using UA0
Radii (Table 7) because the strongly biased values of
AGs(OH™) and AGs(A™) are subtracted [Eq. (3)].

4 Conclusions

The results of pK, calculations are given for the ther-
modynamic Cycle A, with the combined experimental
and calculated free energy terms, and for the Cycles B
and C, with only calculated ones. In all cases the pK,’s
are positive, meaning that there is a marked tendency in
the calculated values to be higher than the experimental
ones. This effect is attributable mainly to the exceedingly
low (negative) AGs as calculated for anions. It turned
out that the Radii = UAO setting, which is a default one
in the CPCM and IEFPCM calculation in Gaussian 03,
produced far poorer results than the Radii = UAHF set-
ting did (which, however, is recommended for the cal-
culation of AGj together with the keyword SCFVAC
performing the gas phase calculation prior to the calcu-
lation in a solution [45]). Although the UAHF method
for assigning atomic radii was optimized using DPCM,
the UAHEF radii set also works fairly well when it is
applied together with the more recent versions of PCM.
Yet, using the CPCM and IEFPCM methods with the
UAHEF radii produced irrationally large (negative) AGs
for the small anions, i.e. NH; and OH™, which are sup-
posed to generate strong electric field near their cavities.

When using Cycle A, the application of DPCM
method implemented in Gaussian 98 produced the best
results for anion solvation free energies (at the HF level)
and consequently for pK,’s. It was true given two con-
ditions were met. The first one involved calculation of
free energies of solvation for gas-phase geometry per-
formed using Icomp =4 default setting (The effect of the
outlying charge is accounted for by means of an addi-
tional effective charge, distributed according to the sol-
ute electronic density [44]). With the forced Icomp =2
setting (The calculated charge on each tessera is scaled
by a constant factor), the results were much poorer. The
second condition relates to the level/basis set used. To
be specific, the best results have been obtained at HF/6-
31+G*, B3LYP/6-31+G*, HF/6-311++G**, and HF/cc-
pVDZ levels.

The conclusion that follows from the above-described
results is that the manner in which the solute polariza-
tion and the outlying charges are treated is more impor-
tant than the treatment of the solvent (as a dielectric or
as a polarizable conductor). In other words, the impact
of the boundary conditions (such as solute cavity/bulk of
the solvent) surpasses that of the separate solute (geom-
etry optimization) or solvent properties. It seems to us
that the very noticeable influence of the atomic radii
employed for the construction of cavity (UAHF vs. UAO
ones) may also be explicable by the impact of the cavity
shape on the boundary phenomena.

Regardless of the applied model, the results deterio-
rated when more polarization and/or diffuse functions
were added to the basis set used. These additional func-
tions allow for displacement of electron distributions
away from the nuclear positions, e.g. larger spatial exten-
sion of the wave function.

It appeared that for the four basis sets tried (two of
them being Pople and two Dunning ones), the results at
the B3LYP level were always poorer than the HF results
arrived at using the same basis set.

As concerns Cycle B, the results are better than those
obtained using Cycle A only for CPCM and IEFPCM
models (Radii=UAHF, at B3LYP level, after geom-
etry optimization). This is due to slightly more neg-
ative AGs(H30%) values (calculated at B3LYP) than
the experimental value equaling —110.3 kcal/mol
(Tables 128, 13S). This entails lowering of the pK® val-
ues [Eq. (2)]. Application of Cycle C also resulted, in
some cases (UAHF radii, Pople basis sets, gas phase
geometry), in better pK,’s than those from Cycle A.
This improvement is due to the differences in the cal-
culated (used here in Cycle C) and experimental (used
in Cycle A) values of Gg(H20) — Gg(OH™), as well
as AGs(H20) — AGs(OH™). Other results generated in
Cycles B and C were poorer than those obtained by
using Cycle A.

We thus concluded that of the three simple cycles
used here, application of Cycle A is the most practi-
cal and recommendable for two reasons. The first rea-
son is the uncertainty of the calculated AGjg values for
small ions OH™ and H30™, occurring in cycles B and
C. For example, by using UAO radii, one obtains for
OH™ and H3O% the AG; absolute values about 25
kcal/mol too low. Such effect has also been reported
for other radii sets [25]. What follows, application of
the two cycles entailed very large errors in pK, val-
ues. Quality of the best results is attributable to com-
pensation of errors in some terms. The second reason
is that all three cycles generate the same pK, values
when experimental values for Gs(H30™), AGs(OH™),
AGs(H20), Gg(H,0) — Gy(H30%), and G4(OH™) —
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Gg(H20) are used in Egs. (1), (2), and (3) (as it has
been derived in the Introduction).

However, there is another possibility of pK, calcu-
lation, although it has not been investigated here. It
consists in the application of cycles similar to those
considered here in which one or more explicit water
molecules are added to small ions [1,24,35,62,63] and
some larger ones [1,34,35,62,64]. (In ref. [1] only to
those bearing large partial negative atomic charges).
This alternative is a very attractive one and in some
cases it indeed produced better results than the three
cycles taken into consideration presently. Nevertheless,
so far it has been explored in a very limited scope.

We are of the opinion that future investigation will
explore this option further. It would be reasonable to
assume that the clusters had the structure similar to the
one really existing in water solution, and this is the main
difficulty because the genuine structure of solvated ions
and that of water itself is far from being fully recognized.
In practice, the most frequently encountered number of
water molecules is one to four [1,24,35,62-64].

Results obtained with the simple Cycle A, preferred
in this investigation, depend on the accepted experimen-
tal free energy of proton solvation. The recent value of
Tissandier et al. [39] corrected to IM—1M standard state
(—265.9 kcal/mol), considered timely as the most accu-
rate one and accepted here, have been recently repro-
duced to within 0.1 [42] and 0.2 kcal/mol [35]. Yet it may
be superseded by better measurements in the future.
In this case, the pK,’s resulting from Cycle A can be
simply shifted by adding a constant correction value. In
order to see whether our conclusions are robust towards
a change in the AGs(H™) value, we repeated the calcu-
lations with the theoretical value of Zhan and Dixon
quoted as —262.4 kcal/mol [65]. Despite the fact that
both the results of calculations of AGs for anions (as
compared to the experimental ones) and of the pK,’s
worsened, all of the conclusions were still valid.
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