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The differences in solvation of ions in water play important roles in biology and chemistry, such as the
kosmotropic and chaotropic properties of different ions. However, the differences in certain properties of ions
in aqueous solutions have been difficult to capture in atomistic computer simulations. Given the uniqueness of
water as a liquid, this may be due to oversimplifications in empirical potential energy functions used to describe
water in these simulations. Recently, a single-site multipole (SSMP) non-polarizable model of water, which uses
multipoles from a quantum mechanical calculation, has been shown to model the properties of liquid water over
arange of temperatures and pressures with remarkable accuracy compared to both nonpolarizable and polariz-
able multi-site models. Thus, it appears to capture features of the average electrostatic potential that other
models lack. Here, the ability of SSMP to model the structure of the hydration shell of monovalent ions is inves-
tigated. Although only multipoles up to the octupole are needed for water-water interactions, it is shown to be
necessary to include the hexadecapole for interactions with charged species, so that the multipole expansion en-
ergies are all truncated at order 1/r°. More importantly, it is shown that solvation of cations in SSMP water leads
to agreement of the orientational distribution of water molecules with ab initio molecular dynamics results, un-
like typical multi-site models. The additional orientation seen in SSMP water may lead to an understanding of the

differences in the kosmotropic and chaotropic properties of sodium and potassium ions.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Water is the most important solvent for biological and chemical sys-
tems on this planet. Therefore, accurate descriptions of liquid water and
aqueous solutions are crucial in our understanding of many physical,
chemical, and biochemical problems. For instance, simple salts are im-
portant for the structure, dynamics, and function of biological macro-
molecules, including the stability and activity of proteins [1,2]. For
atomistic computer simulations of biological macromolecules, explicit
water models are generally considered to be the most accurate method
for treating solvent effects, which requires adding neutralizing salts
since Ewald methods are generally preferred for handling long-range
electrostatic interactions. However, there are indications that current
models do not represent ions in water accurately enough to make criti-
cal distinctions between important biological ions such as sodium and
potassium.

While most potential energy functions for ions do well for free ener-
gies of hydration, two problems have recently been noted. In particular,
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the hydration number of cations is overpredicted in most potential en-
ergy functions [3] and the anomalous water diffusion in salt solutions is
not even qualitatively predicted by most nonpolarizable and polarizable
force fields [4], while ab initio molecular dynamics (AIMD) simulations
give good agreement with experiment for both the hydration [3] and
diffusion [5]. The hydrogen bonding properties of water were pointed
out as a source of discrepancies between classical simulations and ex-
periment [5]. However, when the main object of interest is a macromo-
lecular solute as is often the case for biological problems, a balance
between accuracy and efficiency of the water model must be consid-
ered, thus making AIMD simulations impractical and the search for bet-
ter empirical models essential.

Recently, some new ideas have come forward in the search for em-
pirical potentials for ions. There are indications that charge transfer
may be important for ion-water interactions [6], since accounting for
charge transfer in polarizable models was attributed for giving good dif-
fusion properties [7,8]. While adding charge transfer may eventually
prove necessary, there are also some indications that pair-wise additive
approaches can work. For example, a pair-wise approach that also leads
to good diffusion behavior uses charge scaling for ions described by
more modern force fields [9-12] and reduced dielectric water models

(2016), http://dx.doi.org/10.1016/j.molliq.2016.10.007

Please cite this article as: ].M. Rodgers, T. Ichiye, Multipole moments of water molecules and the aqueous solvation of monovalent ions, J. Mol. Liq.



http://dx.doi.org/10.1016/j.molliq.2016.10.007
mailto:ti9@georgetown.edu
Journal logo
http://dx.doi.org/10.1016/j.molliq.2016.10.007
http://www.sciencedirect.com/science/journal/01677322
www.elsevier.com/locate/molliq
http://dx.doi.org/10.1016/j.molliq.2016.10.007

2 J.M. Rodgers, T. Ichiye / Journal of Molecular Liquids xxx (2016) Xxx-Xxx

[12,13], which essentially means that the charges of the ions and the
waters are moving in an electronic continuum. However, our ultimate
goal is to make a solvent force field compatible with current biomolec-
ular force fields that do not use charge scaling. Thus, our focus here is on
the water model in the ion-water interaction, while future work will be
in the ion parameterization, whereby charge transfer effects are includ-
ed in the short-range forces such as in the Lennard-Jones potential is
possible.

A good description of the electrostatics is the most important deter-
minant of the accuracy of an empirical water model. Although much re-
cent effort has been made in introducing polarizability, considerable
evidence indicates nonpolarizable models that account for the average
polarization in the condensed phase are sufficient for many problems
[14,15]. Moreover, simple polarizable models have struggled to achieve
the same agreement with experiment as the best nonpolarizable
models [15], and understanding what makes good nonpolarizable
models could lead to better polarizable models. Thus, the focus here is
on nonpolarizable pair-wise additive models. Typically, the molecular
charge distribution is represented using “partial charges” even though
partial charges located on sites can only qualitatively describe electron
density. For water, good liquid state properties require “dummy” sites
in addition to sites on the nuclei [15,16]. Alternatively, the electrostatic
potential due to a charge distribution can be described by a multipole
expansion outside of the charge distribution, which becomes exact in
the limits of infinite distances or infinite order of multipoles [17,18]. For
electrostatic interactions between water molecules, multipoles up to
the octupole appear to be necessary and sufficient because the octupole
is the first moment that breaks the tetrahedral symmetry of the positive
charge from the hydrogens and the negative charge from the p-orbital
density perpendicular to the molecular plane [19-21]. Interestingly,
the soft-sticky dipole-quadrupole-octupole (SSDQO) model [20], a sin-
gle-site multipole model for water that uses an approximate 1/r° term
in the interaction energy, predicts accurate properties of water as a
function of temperature and pressure [22] as well as the minimum in
the partial molar volume of ethanol in ethanol-water mixtures [23],
when the SSDQO1 parameters [22] are used. The dipole and quadrupole
mimic hydrogen bonding [24], while the octupole distinguishes be-
tween solvation of cations and anions [19,25]. In effect, the multipole
representation up to octupoles allows a better description of the charge dis-
tribution than a partial charge representation using up to five sites.

In addition, the computational efficiency of a water model is espe-
cially important when a macromolecular solute is the focus of interest,
since most of the computer time is spent on the water. On one hand, a
multipole expansion of the interaction energy gains in efficiency for a
complex charge distribution if a single site is used on each molecule
since only one distance is calculated between the molecules, while a
model with n partial charges per molecule requires n? distances. On
the other hand, multipole expansions can also lose in efficiency because
higher-order tensor multiplications are required. The implementation
of MPOLE [26], a computationally fast method for multipole interactions
that uses spherical harmonic multipoles within a particle mesh Ewald
(PME) framework [27], into the CHARMM molecular mechanics/dy-
namics program [28] affords the opportunity for exploring accurate
and efficient multipole models of water in biological simulations.

Recently, a new single-site multipole (SSMP) model for liquid water
has been developed for use with MPOLE, which exhibits even better
temperature and pressure dependency of liquid properties that meet
or exceed 4- and 5-site models, but with the computational efficiency
of 3-site models [29]. Like SSDQO1, the dipole, quadrupole, and octupole
tensors and a van der Waals sphere are all located on a single site in
SSMP. However, while SSDQO1 uses multipoles as well as Lennard-
Jones parameters that were optimized for standard temperature and
pressure (STP) properties of liquid water, SSMP uses multipoles based
on QM/MM calculations [30] and only the Lennard-Jones parameters
are optimized. The good results for SSMP can be attributed to having
both a large quadrupole and a good description of the charge out of

the molecular plane, which can be characterized as p-orbital rather
than sp>-hybridized [30]. These characteristics are found independently
in the best site models but not together in one model; i.e., the TIP4P-
type [31] models have large quadrupoles due to the “M” site but no
out-of-plane charge and the TIP5P-type [32] models have out-of-plane
charge due to the two “L” sites but a very small quadrupole.

In developing the SSMP model, the importance of truncating in
power of distance rather than order of multipole has recently been dem-
onstrated for water since the higher order multipoles are large [33]. In
practical terms, since the MPOLE module truncates in order of multi-
pole, a dipole-octupole term has been added to the implementation in
CHARMM. However, it remains to be seen whether a monopole-
hexadecapole 1/r° term is needed for interactions between a charge,
such as a partial charge on a molecule or the net charge of an ion, and
a water molecule. This term was needed for good water structure
around sodium when the approximate multipole model SSDQO with
multipoles corresponding to SPC/E [34] were used [21], although appar-
ently less so when the SSDQO1 multipoles with a large quadrupole were
used [35]. Thus, it is important to investigate the effects of the mono-
pole-hexadecapole term.

Simulations are performed here of a Na*-Cl™~ pair in water and of a
K*-CI~ pair in water to examine the effects of multipoles on the struc-
ture of water around ions. These two ion pairs are examined because of
their biological importance, and the simulations are at very low concen-
trations (0.0136 M). Since the emphasis is on the water model in the
ion-water interactions rather than the ion parameters, the ion parame-
ter set optimized for TIP4P-Ew [36] in ref. [37] was used because TIP4P-
Ew is a reasonable water model for biomolecular simulations. First, mo-
lecular dynamics simulations of these two ion pairs in TIP4P-Ew water
and in a single-site multipole model with the multipole moments and
Lennard-Jones parameters of TIP4P-Ew, referred to here as MP:TIP4P-
Ew, are compared. This allows testing of the effects of including
hexadecapoles in the ion-water interaction against a case where the
charge distribution is known; i.e., the TIP4P-Ew charge distribution.
This hexadecapole only appears in solute-water interactions, not in
water-water interactions since water has no monopoles. Next, simula-
tions of the same two ion pairs in SSMP water are compared with the
simulations in TIP4P-Ew water to assess how well the two models per-
form compared to experimental and AIMD results from the literature. In
addition, the differences between the hydration shells of SSMP and
TIP4P-Ew are discussed in terms of how they could affect the properties
of ions in aqueous solution.

2. Theory and methods
2.1. Multipolar model for ion-water interactions

The multipole parameters utilized here are defined in a molecular
coordinates system centered on the water oxygen with the positive z-
axis pointing towards the hydrogens and the y-axis parallel to the mo-
lecular plane. A monopole, or charge, is referred to as g, and in terms
of the traceless Cartesian multipole tensors for the dipole p, the quadru-
pole O, the octupole Q, and the hexadecapole H, the spherical harmonic
components Lo, Og, O2, Qo, O, Hy, Ha, and H, are defined as.
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