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Abstract
The applicability of the linear fitting correction with the three-dimensional reference interaction-site model self-consistent field (LFC/3D-RISM- 
SCF) scheme, a pKa prediction scheme, for methanol solutions was investigated. The correlation between experimental and predicted pKa 
values of dissociative molecules with phenol, amine, and carboxyl derivatives was examined. The pKa values of the LFC/3D-RISM-SCF results 
showed a good linear correlation with the experimental pKa. This result demonstrates that the LFC/3D-RISM-SCF method can be applied to a 
variety of solvents other than water.
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Graphical Abstract

The applicability of the linear fitting correction with the three-dimensional reference interaction-site model self-consistent field (LFC/3D-RISM-SCF) scheme, a 
pKa prediction scheme, for methanol solutions was investigated. The correlation between experimental and predicted pKa values of dissociative molecules with 
phenol, amine, and carboxyl functional groups was examined. The pKavalues of the LFC/3D-RISM-SCF results showed a good linear correlation with the 
experimental pKa. This result demonstrates that the LFC/3D-RISM-SCF method can be applied to a variety of solvents other than water. 

[Received on 8 October 2023; revised on 31 October 2023; accepted on 31 October 2023; corrected and typeset on 27 January 2024] 
© The Author(s) 2023. Published by Oxford University Press on behalf of the Chemical Society of Japan. All rights reserved. For permissions, please e-mail: 
journals.permissions@oup.com

The solvent effect of an organic solvent is an important 
factor in various fields of chemistry, physics, and biology. 
For example, it relates to the reaction rate and reaction 
pathway in organic synthesis, and the solubility and ab-
sorption rate of drugs in pharmacy and drug design.1

Methanol is a simple protic organic solvent that is used 
as a model solvent for molecules with both hydrophobicity 
and polarity.

When solvated molecules contain proton-dissociable func-
tional groups, the properties of the molecules change signifi-
cantly depending on their dissociation state. Therefore, it is 
necessary to know the correct protonation state to predict 
the property, function, and structure of solvated molecules. 
The equilibrium of the deprotonation reaction is greatly af-
fected by solvent effects—the pKa in water is therefore very 
different from that in methanol.
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Recently, we proposed a highly accurate pKa prediction 
scheme, called the linear fitting correction with the three- 
dimensional reference interaction-site model self-consistent field 
(LFC/3D-RISM-SCF) scheme—an extension of the pKa predic-
tion method originally proposed by Matsui et al.—and success-
fully applied it to pKa prediction in an aqueous solution.2–4 This 
scheme combines the data-learning technique and quantum 
chemical computation coupled with the integral equation the-
ory of molecular liquids. It solves the problem common to 
the computational prediction of pKa, i.e. the problem of 
evaluating the Gibbs energy of excess protons, and simultan-
eously gives a highly accurate evaluation of solute–solvent 
interactions.

Earlier, one of the authors confirmed the transferability of 
parameters suitable for pKa in water toward that in DMSO us-
ing quantum chemical calculations with the polarizable con-
tinuum method instead of the 3D-RISM-SCF scheme.5 In the 
present study, the LFC/3D-RISM-SCF scheme is applied to 
molecules in a methanol solution. First, new parameters for 
the methanol solution are determined. Thereafter, the pKa val-
ues obtained from the data sets are compared with experimen-
tal data. The applicability of the LFC/3D-RISM-SCF scheme 
for a methanol solution is then discussed.

The pKa value is related to the Gibbs energy difference of the 
acid dissociation reaction, HA O A− + H+, as

pKa =
ΔG

(ln 10)RT
, (1) 

where

ΔG = G(A−) + G(H+) − G(HA). (2) 

This equation is rewritten by introducing the scaling factor s as,

pKa =
s{G(A−) − G(HA)}

(ln 10)RT
+

s{G(H+)}
(ln 10)RT

= kΔG0 + C0,

(3) 

with

k =
s

(ln 10)RT
,

ΔG0 = G(A−) − G(HA),

C0 =
s{G(H+)}
(ln 10)RT

,

(4) 

where R and T denote the gas constant and absolute tempera-
ture, respectively. The scaling factor s is an adjustable param-
eter, correcting the systematic errors of the computational 
method such as those originating from basis functions or dens-
ity functionals. The parameters k and C0 are determined by 
least square fitting to minimize the errors of pKa values,

ε =


i
{pKexpt

a,i − (kΔG0,i + C0)}
2
, (5) 

where pKexpt
a,i is an experimental pKa value of molecule i and the 

summation over i is taken for all molecules in the training set 
that have the same dissociative chemical group and those 

pKa values are already known. ΔG0,i is evaluated using 
3D-RISM-SCF.6 The parameters k and C0 are determined for 
each of the dissociative chemical groups, such as carboxyl 
and phenol in the present study.

The Gibbs energy of the solvate molecule X is expressed as

G(X) = Esolute + Δμ, (6) 

where Esolute and Δμ denote the solute electronic energy and 
the solvation free energy, respectively, which are given by

Esolute = 〈Ψ|Ĥ0|Ψ〉, (7) 

and

Δμ = ρ/kBT


α
∫ dr[hα(r)2Θ(−hα(r))/2 − cα(r) − hα(r)cα(r)/2],

(8) 

where cα(r) and hα(r), respectively, are the direct and total cor-
relation function obtained by solving the 3D-RISM equation 
coupled with the Kovalenko–Hirata closure.7 ρ, and kB are 
the number density of solvent methanol, and the Boltzmann 
constant. Θ denotes the Heaviside step function.

The parameters for the functional groups (phenol, carboxyl, 
and amine) were determined based on the training data set tak-
en from ref.8 The number of molecules included in the training 
and test set are summarized in Table 1, and the list of mole-
cules is given in the online supplementary material. Prior to 
the Gibbs energy calculation, structure optimizations of the 
protonated (HA) and deprotonated (A−) states were per-
formed at the B3LYP/6-31++G(d,p) level,9–14 in methanol, 
with the polarizable continuum model,15 for all the training 
set molecules.

The following parameters were used in the 3D-RISM-SCF 
calculation:16–18 temperature 298.15 K and density of the 
solvent methanol 0.79 g cm−3. The Lennard-Jones parameters 
for solute molecules were taken from the general Amber force 
field (GAFF) parameter set with antechamber software.19 The 
OPLS-UA parameter set for the geometrical and potential pa-
rameters for the solvent methanol was employed.20 The grid 
spacing for the 3D grid was 0.5 Å and the number of grid 
points on each axis was 128. All calculations were performed 
using a modified version of the GAMESS program package, 
for which the 3D-RISM-SCF program was implemented.21–25

The parameters were determined by least squares fitting for 
the phenol, carboxyl, and amine groups in methanol solution. 
The LFC parameters are summarized in Table 2. The results 
indicate a good correlation between the experimental and the-
oretical pKa values for the phenol and carboxyl groups, which 
suggests that the LFC scheme is applicable to nonaqueous 
solvent systems. The estimated Gibbs energies of protons for 
phenol, carboxyl, and amine groups are −267, −245, and 

Table 1. Number of molecules included in the training and test molecular 
sets.

Training set Test set

Phenol 24 11
Carboxyl 24 10
Amine 24 8
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−262 kcal mol−1, respectively, which are similar to those re-
ported in other computational studies.26–28 This implies that 
in this scheme, high accuracy can be achieved by assigning dif-
ferent parameters to each functional group. In the high accur-
acy limit of the computational value of Gibbs energy, the 
scaling factor s should be 1. The s values are quite different de-
pending on the functional group, namely 0.52, 0.36, and 0.45 
for phenol, carboxyl, and amine groups, respectively. This be-
havior is different from the previous study for the water solv-
ent.4 In the case of water solvent, s values of phenol and 
carboxyl have similar values to each other and the amine has a 
larger s value compared with those for the phenol and carboxyl. 
These differences can be attributed to differences in solvent mod-
els. Unlike water, methanol molecules have hydrophobic methyl 
groups and are more anisotropic than water. This is expected to 
complicate the interactions between solute–solvent interactions. 
Therefore, further improvements may be possible by introdu-
cing the repulsive bridge correction (RBC) or other methods to 
handle such anisotropic solvent interactions.29,30

In Fig. 1, computed pKa values for the training molecular set 
for both the direct and the LFC/3D-RISM-SCF schemes are 
plotted against the experimental values. The result of each 
scheme seems to have a good linear correlation. However, 
the LFC/3D-RISM-SCF scheme has smaller errors than the 
direct scheme, which clearly indicates that the correction of 
the LFC/3D-RISM-SCF scheme is also effective for the 

prediction of pKa in methanol. As seen in Fig. 1, the pKa values 
of the phenol and carboxyl groups are overestimated by about 
55  pKa and those of the amine group by about 35 pKa. These 
differences may be attributed to differences in the charges of 
the molecules participating in the reaction. Namely, the mole-
cules in the amine group have a positive charge in the proto-
nated state, whereas they have a neutral charge in the 
deprotonated state. On the other hand, the molecules in the 
phenol and carboxyl groups are charge neutral in the proto-
nated state and have a negative charge in the deprotonated 
state. In the state with a net charge, strong hydrogen bonds 
form between the solute and solvents. In the case of the amine 
group, the oxygen of the hydroxyl group of the solvent forms 
a hydrogen bond with the excess proton of solute amine, where-
as in the case of the phenol and carboxyl groups, the hydrogen 
of the hydroxyl group of the solvent coordinates with the oxy-
gen of the solute. The difference in the hydrogen bond form is 
thought to be reflected in the difference in the degree of overesti-
mation. The reason why only amines have different effective 
Gibbs energy values for excess proton, as mentioned earlier, 
may also be due to the difference in proton sources as explained 
above. The LFC/3D-RISM-SCF method was shown to be able 
to handle such differences because of the molecular nature, as 
the parameters are determined for each functional group.

For the evaluation of the LFC/3D-RISM-SCF method in 
methanol, the relationships between calculated and experi-
mental pKa values are examined for the test molecular set 
and plotted in Fig. 2. The errors of each group are corrected 
by fitting parameters, and the correlations in each group are 
given in the figure. At a glance, the absolute value of pKa is 
drastically improved by applying the LFC/3D-RISM-SCF 
scheme. On the other hand, the correlation of all the groups 
(R2: 0.657) is lower than the results from the direct scheme 
(R2: 0.747)—values are nonetheless comparable. The correla-
tions of each group are as follows: phenol 0.941, carboxyl 
0.310, and amine 0.421. Although the phenol group showed 
a good correlation with the experimental data, the carboxyl 
and amine groups showed poor correlations. The poor overall 

Table 2. LFC parameters for the phenol, carboxyl, and amine groups in 
methanol solution.

ka C0 RMSEb R2b s G(H+)a

Phenol 0.383 −102.5 0.69 0.93 0.52 −267.4
Carboxyl 0.260 −68.4 0.37 0.81 0.36 −246.6
Amine 0.333 −82.2 1.50 0.80 0.46 −262.4

aThe unit of k and G(H+) are mol kcal−1 and kcal mol−1, respectively. 
bRMSE and R2 denote the root mean square error from the experimental 
value and the coefficient of determination, respectively.

Fig. 2. Computed pK a values for the test molecular set are plotted 
against the experimental values. The direct and LFC/3D-RISM-SCF 
schemes are compared.

Fig. 1. Computed pK a values for the training molecular set are plotted 
against the experimental values. The direct and LFC/3D-RISM-SCF 
schemes are compared.
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correlation is considered to be due to the low R2 values of the 
carboxyl and amines.

The amine group, in particular, shows a relatively low correl-
ation, insufficient to correct only using fitting parameters. In the 
determination of the fitting parameters of amine, as the correl-
ation is already poorer than that of other groups, this result of 
the test molecular set indicates the probability of additional cor-
rection parameters or more detailed separation of amine group 
than current references like aniline, quinoline, and pyridine. 
This behavior of poor correlation for amines has been reported 
in previous studies.3 The development of novel methods to im-
prove this behavior is a future challenge.

In this study, the applicability of the LFC/3D-RISM-SCF 
scheme in methanol solution was examined. Three molecular 
groups which have different functional groups were consid-
ered: the phenol group, the carboxyl group, and the amine 
group. The calculated results showed improvement in the 
pKa values compared with the direct 3D-RISM-SCF scheme 
and showed good agreement with experimental values. 
These findings suggest that LFC/3D-RISM-SCF is also useful 
for predicting pKa in methanol. Although this study was con-
ducted on methanol solutions, a study has been conducted on 
the applicability of the original LFC scheme with PCM to the 
DMSO solution.5 These results suggest that the LFC scheme 
can be applied to a wide range of solutions.

We also found that the accuracy of pKa prediction varies de-
pending on the proton source. We cannot propose a method to 
improve this at this time, but it may be possible to improve the 
accuracy by taking the molecular orientation of the solvent into 
account. For example, one possibility is to introduce the repulsive 
bridge correction method into 3D-RISM, or to use the molecular 
Ornstein-Zernike-SCF method instead of 3D-RISM-SCF.29–33

Such a study is in progress in the authors’ group.
In summary, the results also indicate the extensibility of the 

LFC/3D-RISM-SCF scheme to other organic solvents and 
mixed solvents. 3D-RISM-SCF can easily handle multicompo-
nent solvent systems, which are difficult to handle with con-
tinuum models. The scheme proposed in this article should 
be an effective pKa prediction tool in complex systems.

Supplementary data
Supplementary material is available at Chemistry Letters 
online.
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