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ABSTRACT: Understanding the nature of ionic hydration at a
fundamental level has eluded scientists despite intense interest for
nearly a century. In particular, the microscopic origins of the
asymmetry of ion solvation thermodynamics with respect to the
sign of the ionic charge remains a mystery. Here, we determine the
response of accurate quantum mechanical water models to strong
nanoscale solvation forces arising from excluded volumes and ionic
electrostatic fields. This is compared to the predictions of two
important limiting classes of classical models of water with fixed
point changes, differing in their treatment of “lone pair” electrons.
Using the quantum water model as our standard of accuracy, we
find that a single fixed classical treatment of lone pair electrons
cannot accurately describe solvation of both apolar and cationic solutes, emphasizing the need for a more flexible description of
local electronic effects in solvation processes. However, we explicitly show that all water models studied respond to weak long-
ranged electrostatic perturbations in a manner that follows macroscopic dielectric continuum models, as would be expected. We
emphasize the importance of these findings in the context of realistic ion models, using density functional theory and empirical
models, and discuss the implications of our results for quantitatively accurate reduced descriptions of solvation in dielectric
media.

■ INTRODUCTION

Ion hydration is a far-reaching and fundamental process in
nature, acting as a fundamental driving force for processes like
salting out of biomolecules from solution,1,2 stabilization or
unfolding of proteins by the addition of protectants or
denaturants,2−4 respectively, and many important processes in
atmospheric chemistry.5−9 Despite its importance, the solvation
of ions in water is not completely understood. Nearly a century
ago, Max Born introduced a dielectric continuum theory
(DCT) model for ion solvation where the uniform solvent
(water) was treated as a dielectric continuum that responded
linearly and locally to an imposed charge distribution.10 The
simple Born model for ion solvation considered the hydration
free energy of an ion to be equivalent to that generated by a
point charge at the center of a cavity located inside an
otherwise uniform dielectric medium.
Despite its simplicity, this DCT approach reproduced the

order of magnitude of experimentally determined ion hydration
free energies but was unable to capture significant qualitative
features of ion hydration. Specifically, for ions of the same size,
anions are more favorably hydrated than cations, an important

phenomenon that naive linear DCT models are unable to
describe.
Previous attempts to explain the asymmetry of ion hydration,

even from atomistic principles, have relied on ascribing
different effective sizes to cationic and anionic solutes, even
when modeled with the same neutral excluded volume
cores.11−14 This allowed for the development of empirical
extensions of the Born model that can be fit to experimental
data with quantitative accuracy. The explanation of thermody-
namics in terms of the ion size seems to indicate that the solute
is the source of hydration asymmetries, but the use of effective
radii implicitly accounts for solvent effects, like a spatially
varying dielectric constant, as illustrated in the Supporting
Information. Recent work has further highlighted that much of
the asymmetry of solvation thermodynamics with respect to ion
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charge must originate from the response of the solvent network
to strong local perturbations.15−23

This revelation immediately leads to questions regarding the
molecular sophistication of water models that are needed to
obtain physically accurate ion hydration free energies. Treating
the solvent as a uniform dielectric medium is too simplistic a
description in many cases, and most state-of-the-art studies rely
on empirical point charge models of water to provide a more
detailed description of ionic hydration. This asymmetric
response of the solvent is unlikely to be the only contribution
to the difference in the solvation free energy of real cations and
anions of the same size. Differences in the direct dispersion,
exchange, and induction interactions of the ions with the
solvent molecules will also play a role, although these terms will
partially compensate each other.24−27

Deeper insights into the description of water necessary for
describing ion hydration can be made by monitoring
perturbations of the solvent that are induced by nanoscale
broken symmetries across a range of water models, including
those described from first-principles. Such broken symmetries
in the context of this paper arise from a hard spherical solute,
an electrostatic field arising from an embedded ionic charge
distribution, or a combination of the two. This allows us to
systematically probe the origins of the asymmetric solvent
response that underlie the charge asymmetry of ion hydration.
We have previously shown that this approach can uncover
surprising differences between empirical model descriptions of
the solute size dependence of uncharged hard sphere
solvation.22

In this work, we compare the predictions of fundamentally
different water models to the nanoscale electrostatic and
excluded volume perturbations that generate the asymmetries
observed in ion hydration thermodynamics. The models lie at
opposite extremes of a spectrum of water model complexity
and flexibility, where flexibility here refers to the ability of the
molecular charge distribution to respond to its environment.
The simplest models are classical, empirical models with fixed
charge distributions reflecting different limiting descriptions of
“lone pair” electrons.22,28 These simple fixed descriptions are
contrasted with the inherently more flexible quantum density
functional treatments of the electron density of water.
We find that classical, fixed-charge, empirical potentials

cannot simultaneously describe the response of water to apolar
and ionic solutes, suggesting that significant changes to the
current approach of using fixed charge empirical water models
are needed. The observed model dependencies are demon-
strated to arise from different responses to strong local
perturbations. In contrast, long-ranged properties, like the
dielectric constant, are essentially model independent and
predicted accurately by both the fixed-charge classical- and
quantum-mechanical models. Indeed, we show that both
classical- and quantum-mechanical descriptions of water
quantitatively agree in their long-ranged dielectric response to
(spatially) slowly varying electrostatic fields, which in turn
follows expectations from DCT.23 This important finding
justifies much of our current understanding of screening in
aqueous solutions, which relies on treating water as a dielectric
medium. Finally, we adapt our findings to describe the
hydration of physical ion models, as described by empirical
potentials or with ab initio methods, before placing our results
in a broader context and discussing implications for developing
accurate models of ionic hydration.

■ METHODS
Simulation of Point Charge Models. Classical molecular

dynamics (MD) simulations of the empirical three-site
extended simple point charge (SPC/E)29 and five-site trans-
ferable intermolecular potential (TIP5P)30 models of water
were performed using DL_POLY version 2.18,31 suitably
modified to include the potentials used throughout this work.
The hard sphere excluded volume with radius R interacts with a
water oxygen nucleus at a distance r > R from the cavity center
through the potential used previously:22

= − −⎜ ⎟⎛
⎝

⎞
⎠V r

r R
( ) 1 tanh

0.02 Å (1)

All simulations were performed in the isothermal−isobaric
(NPT) ensemble to maintain the system at an average density.
A temperature and pressure of 300 K and 1 atm were
maintained using a Berendsen thermostat and barostat,
respectively.32 The evaluation of electrostatic interactions
employed the Ewald summation method,33 and neutrality was
maintained through the addition of a neutralizing uniform
background charge density whenever the solute was charged.
Charging free energies of the hard spheres, ΔGQ, were
computed following previous work34 by using eq 4 (discussed
below) and numerically evaluating the integral with the
coupling parameter λ incremented by Δλ = 0.1. Sodium and
chloride ions were modeled using the parameters developed by
Horinek et al.35

Density Functional Theory Molecular Dynamics
Simulations. All DFT-based simulations employed the
CP2K software package.36 Energies and forces were evaluated
for MD within the QUICKSTEP module,36 which contains an
accurate and efficient implementation of DFT employing dual
basis sets of Gaussian-type orbitals (molopt-DZV2P) and plane
waves (expanded to 400 Ry) for the electron density.37

Simulations for the charging of a 2.6 Å sphere utilized the same
system size geometry and protocol as described in ref 34. Total
trajectory lengths of 25 ps were utilized for charged hard sphere
cavities, and 50 ps was used for the neutral hard sphere cavities.
For the larger 4 Å charged cavities, a slab geometry was utilized,
as was discussed in detail in ref 22. A trajectory of 50 ps was
needed for satisfactory convergence of the positively charged
hard sphere, and 30 ps was used for the negatively charged hard
sphere. We only explicitly considered the valence electrons,
with core electrons represented by Goedecker−Teter−Hutter
pseudopotentials.38 We used the revised Perdew, Burke, and
Ernzerhof (revPBE) functional39,40 with the D3 dispersion
correction, introduced by Grimme.41−43 The standard three-
dimensional Ewald convention was used, with neutrality
maintained via a neutralizing background.33 A constant
temperature of 300 K was maintained using a Nose−́Hoover
chain thermostat of length 3 coupled to each molecule, and the
equations of motion were integrated with a time step of 0.5 fs.

■ EMPIRICAL FIXED CHARGE WATER MODELS
CANNOT SIMULTANEOUSLY DESCRIBE IONIC
AND APOLAR HYDRATION

Hydration structure is intimately tied to the thermodynamics of
solvation. Thus, to understand the molecular underpinnings of
ion hydration thermodynamics, we focus on the structural
response of the different representations of liquid water to the
simplest model ion, namely, a charged hard sphere. This crude
description of an ion allows us to compare the hydration
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structure of classical and quantum water models with the same
ion−water interactions. Additionally, modeling an ion as a hard
spherical solute with a point charge allows us to disentangle the
response to a charge from any added complications due to van
der Waals interactions. We also find that the qualitative features
found for these simple ions hold for more realistic ion models,
as detailed below.
We consider three general classes of water models. The most

accurate model used here is the quantum-mechanics-based
description of water provided by density functional theory
(DFT) at the level of the revised Perdew−Burke−Ernzerhof
(revPBE) generalized gradient approximation,39,40 with the
added dispersion correction of Grimme.41−43 This model has
been shown to provide a quantitatively accurate description of
many properties of liquid water, including changes in the
hydrogen bond network near hard sphere solutes of various
sizes, which is crucial to this work.
The next two classes of models are both empirical point

charge models but differ in their representation of classical lone
pair electrons. This plays a key role in determining the response
of the hydrogen bond network to asymmetric perturbations and
strong local perturbations. In the first, the extended simple
point charge (SPC/E) model of water,29 the lone pair electrons
are accounted for with a single charge located on the central
oxygen site, effectively delocalizing them. We find that SPC/E
is representative of an entire class of water models with
delocalized lone pairs, and similar models like TIP4P44 and its
variants yield qualitatively the same results. The last type of
model studied is a classical model with explicit (or localized)
lone pair sites, the TIP5P model of water.30 Models in this class
are more symmetric in their treatment of lone pair and
hydrogen sites, since both are treated as point charges
tetrahedrally displaced from the oxygen core. This apparently
subtle difference in the representation of lone pair electrons has
already been shown to lead to significant differences in the
hydration structure of uncharged solutes,22 and it seems very
plausible that this qualitative difference could also play a key
role in the asymmetric response to the ion charge.
Average measures of the solvation structure around the

model ion, like the nonuniform densities of water around the
solute,22 show little difference between models. Despite this
model insensitivity of the angularly averaged density response,
fluctuations and the orientational structure of hydration water
are strongly dependent on the description of the electronic
structure of water. Such orientational structure is important in
determining the free energetics of charging an uncharged
(ionic) core, in addition to being relevant to spectroscopic
probes of solvation45−47 and interface structure.7,48−51 Here, we
quantify the orientational preferences of hydration water by
monitoring two angles with respect to the vector connecting
the water oxygen and the model ion: the angle formed by the
dipole moment of water, θ, and the angle formed by the
projection of this vector onto the local xy plane, φ. This local
coordinate system uniquely defines the orientation of a water
molecule.22,52

All models yield qualitatively the same hydration structure
around anions; O−H bonds point directly toward the negative
ion forming hydrogen bonds. In contrast, distinct differences in
the hydration structure between models are found for both the
uncharged and cationic spheres.
In the case of cationic hydration, water molecules tend to

orient their dipoles directly away from the solute. This is
illustrated by the description of water provided by van der

Waals corrected revPBE DFT simulations that provide an
accurate first-principles description of the H-bond structure in
water. Note that, although there is a significant size dependence
to ion hydration, similar conclusions can be drawn regarding
the model dependence of the absolute orientation of water
around neutral and charged hard spheres for larger cavities, as is
discussed further in the Supporting Information. The SPC/E
model tends to point its dipole moment away from the anion,
with orientations obtained by rotating about this dipole vector
having high probability. In contrast, TIP5P water tends to point
one of its lone pair sites directly toward the cation, in a manner
completely analogous to pointing an O−H bond toward an
anion, with rotations about the dipole moment vector hindered
due to the inflexibility of the H-bond network. The revPBE
model of water yields structures between the SPC/E and
TIP5P limits, albeit in somewhat better agreement with SPC/E.
Thus, delocalized classical models like SPC/E may capture the
hydration structure around cationic solutes, while those with
explicit lone pair sites cannot.
We also find a similar model dependence around uncharged

hard sphere solutes, as detailed previously22 and shown in
Figure 1. However, around apolar solutes, the TIP5P model of

water is more consistent with DFT results, while SPC/E water
leads to a hydration shell that is too asymmetric with respect to
the tetrahedrality of water. These findings indicate that, around
an uncharged, apolar solute, water is best represented with a
TIP5P-like model, while water more closely resembles SPC/E
water around cations; all models yield the same qualitative
hydration structure around anions. This clearly indicates that
these two empirical, point charge models of water, which are
representative of two general classes of fixed point charge
modelsthose with and without explicit lone pairscannot
simultaneously describe the hydration of apolar and cationic solutes.

Figure 1. Matrix of probability distributions of water orientations in
the first hydration shell of charged and uncharged hard spherical
solutes with a radius of RHS = 2.6 Å. The top row is for SPC/E water,
the middle row is for the revPBE-D3 DFT description of water, and
the bottom row is for the TIP5P model of water. The left, center, and
right columns correspond to hard sphere charges of Q = −1, 0, and +1,
respectively. Variations in the solid angle have been removed.
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■ LONE-PAIR-DEPENDENT RESPONSE TO
CHARGING

In addition to the significant model dependencies observed for
neutral and positively charged model ions, the representation of
lone pairs impacts the entire process of charging the hard
sphere, which is relevant for determining charging free energies.
Thus, we also investigated the changes in orientational
structure that occur upon slowly charging a hard sphere of
radius 2.6 Å from Q = 0 to Q = ±1 in increments of ΔQ =
±0.1. The structural changes are clearly visualized through the
one-dimensional distributions P(θμ) and P(φ). Charging in the
negative directions is similar for all models, as shown in Figure
S2. In contrast, significant differences are observed when
charging to Q = +1, as shown in Figure 2 and expected from the
results discussed above.

In the case of SPC/E water, with delocalized electron density
around the oxygen site, P(φ) does not significantly change
upon moving from a hard sphere to a cation. The dominant
structural change is in the orientation of the water dipoles, with
P(θμ) shifting from a bimodal distribution at Q = 0 to a
unimodal distribution at Q = 1 with a peak growing in at θμ =
180°. This behavior is quite different from what is observed in
the case of the TIP5P water model with explicit, localized lone
pair sites. In this case, significant changes in P(φ) and P(θμ)
occur upon charging as the water molecules reorient to point a
lone pair site directly toward the cation. This is evidenced by

the peak forming near θμ = 135° in P(θμ) as the solute is
charged.
The DFT description of liquid water displays behavior

between the two classical limits. P(φ) is found to be very
similar to that of TIP5P water. However, P(θμ) is significantly
different from both the SPC/E and TIP5P limits. Probability
increases at both θμ = 135° and θμ = 180° as the solute is
charged, with significantly more probability at lower values of
θμ than observed in the classical models. This finding highlights
the flexibility of the H-bond network and electronic density in
quantum mechanical descriptions of liquid water that are not
captured in classical models with rigid charge distributions. The
DFT-based model can act (structurally) as if it has localized
lone pairs and delocalized charge density in different contexts,
spanning TIP5P- and SPC/E-like structures.

■ LOCAL RESPONSE IS DUE TO SHORT-RANGED
FORCES

The local hydration structure around these solutes is dictated
by strong, short-ranged interactions. We illustrate this point by
performing simulations of the classical models with truncated
electrostatic interactions using the formalism of local molecular
field theory.53−56 Namely, we separate the Coulomb potential
according to

σ σ= = + ≡ +v r
r

r
r

r
r

v r v r( )
1 erfc( / ) erf( / )

( ) ( )0 1 (2)

where the smoothing length σ at which the potential is
separated is chosen on the order of the nearest-neighbor
distance in water, here σ = 4.5 Å. The short-ranged potential
v0(r) varies rapidly over σ, while the long-ranged v1(r) varies
slowly over all distances. Previous work has emphasized that
replacing the full Coulomb interaction with only v0(r), leading
to so-called Gaussian-truncated (GT) models, gives a good
representation of the short-ranged interactions and local
structural features in many molecular systems.54−57

We performed simulations with GT variants of the classical
SPC/E and TIP5P models and of the ions to illustrate that
short-ranged interactions determine the orientational structure
of water in the hydration shell of the model ionic solutes
discussed here. The probability distributions characterizing the
orientational structure of the short-ranged GT systems, shown
in Figure S3, are nearly identical to those obtained for the full
systems, shown in Figure 1. The truncated electrostatic models
explicitly illustrate that the structure of the first hydration shell
around ionic solutes is determined exclusively by short-ranged
interactions arising from excluded volume and local electro-
static interactions, which result in an interplay of water−water
and ion−water hydrogen bonding. This finding is in accord
with a wealth of experimental data suggesting that ionic solutes
perturb mainly the first hydration shell of water.7,58−61

■ LONG-RANGED ELECTROSTATIC RESPONSE IS
MODEL INDEPENDENT AND FOLLOWS
DIELECTRIC CONTINUUM THEORY

Significant differences among the water models are observed
when short-ranged interactions dominate the hydration of ionic
solutes, arising from an interplay between excluded volumes
and local hydrogen bonds. However, long-ranged interactions
leading to macroscopic dielectric response should be model-
independent and only reliant on the dielectric constant of
water. Here, we illustrate this point by monitoring the response

Figure 2. Probability distributions of water orientations (left) P(θμ)
and (right) P(φ) for the (top) SPC/E, (middle) TIP5P, and (bottom)
revPBE-D3 water models. Darker lines indicate larger Q, and are
plotted from Q = 0 to Q = +1 in increments of ΔQ = 0.1. Variations in
the solid angle have been removed.
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of classical and quantum water models to the long-ranged
potential v1(r) only, in the absence of any excluded volume
core. This is equivalent to inserting a Gaussian test charge
distribution into solution;23 the finite value of this potential at
small distances removes the delta-function singularity that
prohibits carrying out this procedure with an isolated point
charge. The potential from this Gaussian charge is chosen to
vary slowly over molecular length scales (σ = 3.2 Å), and we
expect the solvent to respond linearly to this perturbation.
Moreover, as described recently,23 the response of the solvent
charge density ρq(r) to a slowly varying test charge distribution
ρQ(r) is linear, with the dielectric solvent locally screening or
canceling all but a fraction 1/ϵ of the applied charge
distribution

ρ
ϵ

ρ= − −⎜ ⎟
⎛
⎝

⎞
⎠r r( ) 1

1
( )q Q

(3)

where ϵ is the dielectric constant of water. Thus, classical and
quantum descriptions of water will yield a similar response to
ρQ(r) if DFT accurately describes the dielectric constant of
water.
We monitor the structural response of water through the

charge density, ρq(r), and the Gaussian-smoothed charge
density, ρqσ(r), defined as the convolution of ρq(r) with a
Gaussian distribution of width σ. The smoothed charge density
ρqσ(r) has been shown to provide a good characterization of the
underlying long-ranged response of molecular systems to
electrostatic perturbations.23,53,62 The charge densities obtained
in the presence of an anionic Gaussian test charge are
compared in Figure 3. Note that the test charge, and therefore
the response, is not rigorously a Gaussian density because
Ewald summation leads to appreciable finite size effects; see the
Supporting Information for further discussion of these and
other subtleties.

Significant differences in ρq(r) are observed due to vastly
different magnitudes of charge fluctuations in the quantum and
classical models. However, the long-ranged response relevant to
dielectric response and captured by ρqσ(r) is model
independent; the small differences at small r arise from
simulation noise due to limited sampling in the quantum
case. This level of agreement between models demonstrates
that both empirical point charge and quantum DFT
descriptions provide an equivalent and highly accurate
description of the dielectric response of liquid water. In the
context of reduced models of ion hydration, our findings
illustrate that modifications incorporating atomistic details are
only necessary for local hydration structure, and long-ranged
effects can still be captured with simple DCT concepts relying
on the dielectric constant. The model independence of long-
ranged effects is also expected to be true for ion association,
where the potential of mean force between ions at large
distances can be predicted with DCT, while the short-ranged
behavior is dominated by local interactions and is highly model
dependent.63−66

■ MORE COMPLEX DESCRIPTIONS OF IONIC
SOLUTES AMPLIFY DEFICIENCIES OF EMPIRICAL
MODELS OF HYDRATION

Real ions are much more complex than the simple hard sphere
plus point charge models studied in this work. However, our
qualitative findings regarding solvation structure are unchanged
by using more physical models of ion−water interactions. For
quantum-mechanics-based models of water, this corresponds to
a similar ab initio treatment of ions using DFT. Such a
treatment includes complex features like electronic polar-
izability of both the ion and water, in addition to van der Waals
interactions, albeit by using a simplistic correction in this case;
more complex functionals explicitly incorporating exact
exchange and nonlocal interactions are not expected to change
our qualitative findings. In the classical description of empirical
models, an ion is typically modeled as a LJ sphere with a point
charge at its center, lacking polarizability in many cases,
although such models have been developed.67,68

We illustrate our findings using Na+ and Cl− ions, chosen
because they are colloquially considered to be a case where
classical descriptions are nearly as good as more complex
quantum models. Orientational distributions are shown in
Figure 4 for both first-principles and empirical descriptions of
ionic hydration. The hydration structure around chloride is
similar for all systems, in agreement with what was found for
anionic hard spheres. However, qualitative differences among
all models are observed in the case of sodium hydration, with
the DFT model adopting an orientation somewhat in between
the extremes of SPC/E and TIP5P. In fact, the individual
orientational probability distributions obtained for revPBE
water around the five Na+ ions that are averaged to obtain the
data in Figure 4, shown in the Supporting Information, clearly
indicate that the DFT model adopts structures consistent with
the SPC/E-like and TIP5P-like limits, as well as structures in
between these limits. This further strengthens the earlier
conclusion that empirical fixed-charge models cannot describe
the hydration of ionic and nonpolar species simultaneously.
Moreover, previous work has shown that more complex
polyatomic ions can adopt electronic structures that are
completely different from the simple methods used to construct
standard empirical models, implying that such classical
potentials are unable to describe their hydration structure.69

Figure 3. (a) Charge densities, ρq(r), and (b) Gaussian-smoothed
charge densities, ρqσ(r), in response to a Gaussian test charge with a
width of 3.2 Å and Q = −1. Gaussian smoothed charge densities were
obtained by convoluting ρq(r) with a Gaussian distribution of width σ
= 3.2 Å.
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The accuracy of our ab initio models, to which we compare
the empirical SPC/E and TIP5P potentials, is supported by
numerous experimental results.58 A classic neutron diffraction
study by Soper et al. suggested that water molecules tend to
orient their O−H bonds toward anions in a manner completely
analogous to our findings.70 In the same study, evidence for
hydration waters to orient their dipoles away from cations was
also found.70 More recently, a combination of femtosecond
time-resolved infrared and terahertz dielectric relaxation
spectroscopies47 revealed that the dynamics of water molecules
in ionic hydration shells are consistent with the orientational
preferences described here. This evidence suggests that the
microscopic description of water provided by the DFT-based
techniques used here is reasonably accurate, although
deficiencies have been noted for the hydration of some ions.71

■ IMPLICATIONS FOR MODELS OF ION HYDRATION
Continuum models of dielectric phenomena, like the solvation
of ionic and dipolar solutes, by definition neglect atomic
features of the solvent. In this work, we have demonstrated that
such atomistic details have a profound impact on the hydration
structure and consequently the macroscopic thermodynamics
of solute hydration. The hydration structure impacts the
charging free energy of a hard sphere through the relevant
electrostatic potential difference between the bulk and inside
the core, ΔϕC, which depends sensitively on the orientation of
water molecules at the solute surface and their charge
distribution. The corresponding charging free energy is

∫ λ ϕΔ = ⟨Δ ⟩λG Q dQ
0

1

C (4)

where λ is a coupling parameter used to change the charge from
zero to Q and ⟨···⟩λ indicates an ensemble average when
sampling is performed in the presence of an ionic charge equal
to λQ. Thus, for a model to have even qualitative success, it
must include some representation of the atomistic details of the
local response of water to the nanoscale broken symmetries
presented by a solute.
The deficiencies in the classical models in estimating ion

hydration thermodynamics can be clearly observed by
comparing the extent of the cation−anion asymmetry, ΔΔG
= ΔG− − ΔG+, for a hard sphere ion with a core size of 2.6 Å,
where ΔG refers to the real single ion solvation free energies,
which reference the zero of the electrostatic potential to the
vacuum phase. For the revPBE model,34 the asymmetry is
βΔΔGrevPBE = −88, while SPC/E and TIP5P yield βΔΔGSPC/E

= −102 and βΔΔGTIP5P = −28; ΔΔG as a function of ionic
charge for the classical models is shown in the Supporting
Information. The TIP5P asymmetry is significantly smaller than
SPC/E and revPBE, in accord with the more symmetric
hydration structures produced by this model. SPC/E lies at the
other extreme and has a large asymmetry due to the
significantly different hydration structures of cations and anions
in this model, further highlighting the effects of structure on
thermodynamics. We also note that, when both the ion and
water are modeled within the density functional theory
framework, the asymmetry produced by the revPBE is largely
canceled by a large exchange contribution to the solvation free
energy.72

The thermodynamically relevant portion of the electrostatic
potential inside a solute core is a molecular-level detail that
must be incorporated into theoretical descriptions of ionic
hydration. There are two components of this potential, one
arising from boundaries, like a liquid−vapor interface far from
the solute or the excluded volume core of the hydrated ion, and
a component due to the structural response to the ionic
charging. The former arises from structural perturbations that
exist even in the absence of ionic charge, and its contribution to
the charging free energy does not require knowledge of the
charging process. The latter contribution is more complex, and
we have shown that rigid classical models cannot describe the
structural response to an ion over the entire charging process,
as provided by DFT calculations. Recent DFT calculations34

illustrate that the charging process can also have significant
nonlinearities that will additionally complicate any theoretical
treatment.
Our findings illustrate the importance of the flexibility of the

underlying charge distribution of water in determining hydration
structures and thermodynamics, and previous work has
highlighted its impact in understanding the hydrogen bond
dynamics of water.28 Despite the quantitative inaccuracies
associated with using a GGA-level functional, the DFT-based
model used here highlights that quantum water models can
adopt a range of structures spanning the TIP5P-like and
SPC/E-like limits, and that the charge distribution of water may
not have a fixed form, even qualitatively. Thus, most polarizable
models, which typically also assume a fixed underlying charge
distribution of water on which to place Drude oscillators or
similar fluctuating electrostatic multipoles, may not be able to
capture this inherent flexibility of the electronic structure of
water. However, for many properties of aqueous solutions,
empirical point charge models and their extensions will remain
at the center of many investigations, and this study aids in
understanding the strengths and limitations of such models.

Figure 4. Probability distributions of the orientational structure of
water molecules in the first hydration shell of (left column) Cl− and
(right column) Na+. Data are shown for (top row) SPC/E, (middle
row) revPBE-D3, and (bottom row) TIP5P descriptions of water. Also
note that the classical ions are treated as nonpolarizable, empirical
potentials in the SPC/E and TIP5P systems, such that Cl− and Na+ are
charged Lennard-Jones spheres. In contrast, the ions are treated within
DFT in the ab initio systems. Variations in the solid angle have been
removed.
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It would be of interest to determine if intermolecular
potentials obtained by different routes, such as neural network
or other machine-learning-based approaches,73,74 can capture
the inherent flexibility of quantum-mechanics-based models,
with and without the explicit inclusion of configurations that
span the range of configurations obtained with localized and
delocalized lone electron pairs. In these approaches, one should
train with higher levels of theory than that used here, including
new accurate density functionals,75,76 coupled-cluster theo-
ries,77−79 and random phase approximations.80 The subtleties
in ion hydration structures involve a delicate interplay between
direct ion−water interactions and the response of the hydrogen
bond network to the constraints imposed by solvating the ion.
Thus, any such training will need to incorporate a description
of hydration structure, including the charging process in the
condensed phase. Although GGA-level DFT functionals are
known to be deficient in capturing the energetics of
configurations as compared to coupled-cluster theories,75 this
work suggests that attention to the fluctuations in the energy of
ion−water interactions could be an important aspect in
capturing complex collective phenomena. Indeed, the average
ion−water energetics are important to capture solvation free
energies. However, if efficient quantum-mechanics-based
models at the GGA level provide the correct structures and
fluctuations in the energetics, simple corrections based on
efficient resampling of representative clusters at correlated wave
function levels of theory can be straightfowardly implemented
to correct solvation free energies.72
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