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Abstract: The irregular order in basicities of a series of methylamines in aqueous solution is studied by means of
an ab initio quantum chemical calculation combined with the extended reference interaction site method in statistical
mechanics of molecular liquids (RISM-SCF method). By using the restricted Hartree—Fock level approximation in
the theoretical treatment for solute electronic structure, the irregular order in basicities is reproduced in qualitative
agreement with well-established experimental results. The method does not require a priori cavity assumption in
solution, which introduces ambiguous parameters into the theories and enables us to explain the physical origin of
the basicity entirely from a microscopic point of view. Solvation structures around methylamines are also examined
in terms of radial distribution functions. The result is an encouraging indication of the potential usefulness of the
RISM-SCF approach to investigate a variety of quantum processes in solution.

1. Introduction

It is well-known that acidity and basicity are seriously affected
by the environment: the relative order of strength among a series
of compounds is drastically altered by solvent effects. The
irregular order in basicities of a series of methylamines! in
aqueous solution has been a typical problem in the fundamental
acid—base concept in solution. While the basicity increases
monotonically with methyl substitution in the gas phase,2~ the
order reverses with trimethylamine in aqueous solution.’~10
Theoretical studies!!~1® have been carried out to clarify the
origin of this phenomenon with particular interest in the solvent
effect on chemical processes in which the electronic structure
of the solute plays an essential role. One of the successful
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approaches for calculating the electronic structure of a solvated
molecule is based on the continuum solvent model, but this
leaves several conceptual ambiguities unresolved. A cavity
artificially introduced to represent a solute molecule and
parameters associated with boundary conditions for the con-
tinuum model seriously affect the results of free energy of the
system as well as the solute electronic structure.

In this article, we report results of a theoretical investigation
concerningthe irregular order in basicities of a series of
methylamines in aqueous solution compared with those in the
gas phase on the basis of the recently developed RISM-SCF
method.1”18  The RISM-SCF method is an ab initio self-
consistent field method in quantum chemistry combined with
an extended version of the reference interaction site method
(RISM)" in statistical mechanics of molecular liquids. Unlike
the quantum chemical calculations based on the continuum
solvent models, the present method employs a microscopic
model for the solvent as well as the solute, thereby, it does not
introduce any ambiguous parameters such as the dielectric
constant of the solvent and the cavity size. This method
provides information concerning the microscopic structure of
the solvent around a solute molecule, such as hydrogen bonds,
in terms of the correlation functions for solute—solvent and
solvent—solvent pairs of molecules. The electrostatic field
produced on the solute molecule, which is considered as one
of the major contributions to the basicity, can be calculated on
the basis of pair correlation functions. With this method, we
can calculate the electronic structure of solute molecules in
solution along with the microscopic solvation structure around
solute molecules in a self-consistent manner without introducing
a priori such an ambiguous concept as cavity.
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Basicities of Hydrated Methylamines

Table 1. Dipole Moments of Methylamines and Protonated
Methylamines (in Debye)?

gas phase aqueous solution
molecule DMI®> DPC! ¢ exp® DMI DPC
NH; 1.82 186 147 2.57 2.60
(CH3)NH; 1.47 137 1240rl35 2.02 1.92
(CH;);NH 1.11 122 1.03 1.96 2.08
(CH3):N 074 088 0.67 1.60 1.78
NH4* 0.00 0.00 0.00 0.01
(CH;)NH3*  2.23 2.18 2.65 2.59
(CH:):NH;* 150 1.48 1.95 1.92
(CH;):NH* 087 090 1.27 1.30

¢ Dipole moments of protonated methylamines are calculated with
respect to the center of mass. ? See text. ¢ Experimental data in the gas
phase (ref 23).

An important aspect of this article is to present the results of
the calculation by means of the recently developed RISM-SCF
method. The detailed explanations of the theoretical methods
and the related methodological issues for the problems are
therefore omitted. In the following section, brief explanations
of the important points of the theoretical methods for the
problems are only presented. We refer readers who are
interested in the methodology to our previous articles.!”-13
Results and discussions are provided in Section III, in which
the irregular order in basicities is analyzed in terms of
components of the free energy.

I1. Methods

Prior to the RISM-SCF calculation, the geometries of methylamines
and the corresponding ammonium ions (protonated methylamines) are
optimized in vacuum at the restricted Hartree —Fock level approxima-
tion. The 6-31G basis set,?® augmented by d polarization functions on
carbon and nitrogen atoms and p polarization functions on hydrogen
atoms directly attached to nitrogen atoms, is employed throughout this
investigation. A normal mode analysis is also performed to evaluate
the zero-point energy for each solute molecule in vacuum and then'the
total free energy change on the protonation of each methylamine in
the gas phase is calculated. In the RISM-SCF calculation, the solute
electronic structures are calculated from solvated Fock operators that
include the microscopic mean field generated by charge distributions
of classical solvent molecules. On the other hand, the statistical solvent
structures are determined by RISM integral equations in which the
solute-induced potential field is incorporated via partial charges?
distributed on each interaction site of the solute molecule. Both the
electronic structure of the solute molecule and the solvent distribution
are derived simultaneously in a self-consistent manner. In the ab initio
calculation, we use the Hartree—Fock level approximation and the
RISM equations are solved with a hyper-netted chain (HNC)-like
approximation that is regarded superior to other approximations for
polar solvent.

Concerning the determination of partial charges of solute molecules,
those obtained from the Mulliken population analysis?? are notorious
in depending on the basis set. In order to minimize the error associated
with the determination of partial charges, we employ the least-squares
fitting procedures in order to reproduce the electrostatic field around a
solute molecule.!'® The first moment of the charge distribution, or
the dipole moment, is the primary measure for the accuracy of the fitting
procedure. In Table 1, the dipole moments calculated from the
molecular integrals (DMI) and from the partial charges (DPC) are
compared for the methylamines as well as the protonated methylamines.

In aqueous solution, the DPC agrees well with the corresponding
DMI. The agreement is satisfactory, demonstrating the reliability of
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Figure 1. (a) Radial distribution functions of water oxygen around
nitrogen atoms of methylamines: dotted line, NHj; dash-dot line,
(CH3)NH,; dashed line, (CH3),NH; solid line, (CH;):N. (b) Radial
distribution functions of water oxygen around nitrogen atoms of
protonated methylamines: dotted line, NH4*; dash-dot line, (CH3)NH;";
dashed line, (CH3),NH;*; solid line, (CH3):NH*.

the fitting procedure. In the gas phase, though the comparison between
DMI and DPC is not directly concerned with the RISM-SCF calculation,
the results are in good agreement for each molecule. The theoretical
results are also in fair agreement with experimental data, demonstrating
the reliability of our calculations.

Among several choices of models for solvent molecules, we employ
a SPC-like water model?*?5 which has been successfully used in liquid
simulations. Further, in order to describe the van der Waals interactions
between solute and solvent molecules, the Lennard-Jones parameters
for solute molecules are taken from the OPLS.” We fix the Lennard-
Jones parameters because the van der Waals interaction does not change
too much compared to the electrostatic interaction during the RISM-
SCF procedure.

III1. Results and Discussions

The radial distribution functions (RDF) of water oxygen
around nitrogen atoms of methylamines and of the correspond-
ing ammonium ions are plotted in Figurel, parts a and b,
respectively, as typical examples to show the solvation structure.
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Table 2. Free Energy Changes of Methylamines upon Protonation
in Aqueous Solution (in kcal/mol)

molecule AG(solute)? AG(solvent)? AG*
NH;3 0.0 0.0 0.0
(CH3)NH; -79 4.8 -3.0
(CH3),NH -154 10.0 —53
(CH3)sN —18.5 143 —4.3

4 Free energy changes relative to those of ammonia. See text.
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Figure 2. Free energy changes upon protonation referred to NH;: (A)

AG(solvent); (M) AG(solute); (@) AG in solution; (O) experimental
values.

The first and second peaks of the curve for NH3 (Figure 1a)
located at ca. 3.2 and 5.8 A correspond to the positions of
oxygen atoms in the first and second solvation shells. Both of
them decrease with successive methyl substitutions due es-
sentially to the volume exclusion effect of the methyl groups.
The new peaks appearing at ca. 4.7 A with successive methyl
substitutions are assigned to oxygen atoms next to the methyl
groups and grow with a cost to the peaks at ca. 3.1 and 5.8 X
Such alteration in the water distribution or solvation structure
causes significant changes in the potential field on the solute
molecule and consequently in its electronic structure. The
curves for the protonated form (Figure 1b) show essentially the
same behavior with the unprotonated form. It is important to
notice that the present method is capable of reproducing such
complicated behavior in solvation structure associated with
methyl substitutions.

The free energy changes, AG, upon protonation?” of methy-
lamines in aqueous solution relative to ammonia, AG[NH3], are
tabulated in Table 2 and shown in Figure 2.

AG can be expressed as a sum of contributions from the solute
itself, AG(solute), and from solute—solvent interaction as well
as solvent reorganization, AG(solvent). It should be noted that
the former includes the solvent-induced change in the electronic
structure, although the changes in the small contributions from
other degrees of freedom such as vibration are neglected. As
is expected from experiments and theoretical calculations in the
gas phase,?8 the free energy changes AG(solute) from solute
electronic structure decrease with the number of methyl sub-
stituents due to the inductive effect or the polarization effect in
both the gas phase and aqueous solution, whereas AG(solvent)
from solute—solvent interactions increases with successive
methyl substitutions. The total free energy change concerned
with basicities, viz. a sum of the above two terms, decreases
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up to dimethyl substitution. However, tertiary substitution
destabilizes by 1.0 kcal/mol, and this increase in the free energy,
namely the decrease in basicity, corresponds to the irregular
order in basicity experimentally 9bserved in aqueous solution.?

The solvation free energy AG(solvent) can be conceptually
divided into two major contributions: the work required to form
a cavity to accommodate a solute, or the free energy of cavity
formation, and the interaction between solute and solvent
molecules. The cavity so defined is a physically sensible
concept unlike the cavity used in the continuum model. The
two cavity concepts should not be confused. The free energy
of cavity formation is positive in general and it increases on
each methyl substitution. The first peak position in the RDF
of water oxygen around nitrogen atoms roughily corresponds to
the cavity size. In unprotonated forms, as can be seen in Figure
1a, the first peaks are at 3.07, 3.10, 3.15, and 3.25 A for NHs,
(CH3)NH;, (CH3):NH, and (CHj3);N, respectively. In the
protonated forms, as can be seen in Figure 1b, the corresponding
values are at 2.92, 2.93, 2.97, and 3.01 A, respectively. The
deviations of the position due to protonation are nearly constant,
thereby the differences of these deviations with methyl substitu-
tions are negligible. In the methylamines, the dominant
contribution to increase G(solvent) upon methyl substitutions
referred to NH; comes from the cavity formation, whereas in
the portonated from, viz. positive ions, the Born-like free energy
makes as significant contribution as that of cavity formation to
increase G(solvent). Since the contributions from the cavity
formation cancel each other in the protonated and unprotonated
forms, the difference in G(solvent) can be largely due to the
Born-like free energy. This part is sensitive to the size and
shape of the solute molecules, so that it is important to evaluate
such quantities entirely from a microscopic point of view without
any artificial presumptions.

To summarize, the methyl substitution gives essentially two
competing effects on the basicity: the inductive effect, which
makes the basicity higher, and the steric effect on the electro-
static solute—solvent interaction, which makes basicity lower
in solution. With trimethylamine, the latter effect becomes
dominant. The conclusion is apparently in accord with the
intuitive pictures given by using less sophisticated theories.!1~16
However, it should be indicated that the present approach does
not depend on any ad hoc assumptions concerning the solvent
structure as well as the solute electronic structure. It is an
advantage of the method employed here to be able to explore
the detailed structure of solvent around the solute molecule.
Further analyses of the solvation structure and free energy in
terms of the solute—solvent RDF are under investigation for
the forthcoming publication.

Tunon and co-workers! could reproduce the irregular order
in basicities with continuum solvent models but with more
sophisticated treatment for electron correlations in the quantum
chemical calculation. The present calculation based on the
microscopic solvent model also attains qualitatively similar
results with Tunon et al. without including electron correlations.
It remains an open question for further investigation which gives
more significant effect on the cause of the irregularity.
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