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ABSTRACT: Insertion of a hard sphere cavity in liquid water
breaks translational symmetry and generates an electrostatic
potential difference between the region near the cavity and the
bulk. Here, we clarify the physical interpretation of this potential
and its calculation. We also show that the electrostatic potential
in the center of small, medium, and large cavities depends very
sensitively on the form of the assumed molecular interactions for
different classical simple point-charge models and quantum
mechanical DFT-based interaction potentials, as reflected in
their description of donor and acceptor hydrogen bonds near the
cavity. These differences can significantly affect the magnitude of
the scalar electrostatic potential. We argue that the result of
these studies will have direct consequences toward our understanding of the thermodynamics of ion solvation through the cavity
charging process.

SECTION: Molecular Structure, Quantum Chemistry, and General Theory

The solvation of ions in water presents many conceptual
and computational challenges to current models of ion

and water interactions. The solvation free energy is usually
described using a two step process: (i) the formation of a cavity
in water that accommodates the neutral ion core along with its
associated ion−water dispersion interactions and (ii) the
additional free energy resulting from charging the core to the
full charge of the ion. The simplest Born model treats water
outside the cavity as a continuum dielectric that responds
linearly to the inserted charge, and predicts that the resulting
electrostatic free energy contribution is independent of the sign
of the charge.1−8 This disagrees with experiment, and workers
have long recognized that nonlinear electrostatic effects
induced by the initial insertion of the uncharged ion core
must be taken into account.1,2,4−7,9−14 These nonlinearities
arise from the molecular nature of the system, since steric
effects arising from inserting even a neutral ion core can
strongly perturb local water molecules, affecting the number
and arrangements of local hydrogen bonds and orientations of
molecular dipoles and other multipoles.
The fixed cavity or ion core itself breaks the translational

symmetry of the bulk solvent and induces molecular scale
interfaces between the solute and solvent. The nonuniform
charge density induced by a neutral solute can be generally
characterized as a locally broken charge symmetry, and will
typically generate an electrostatic potential difference between
the region near the solute and in the bulk solvent. Accounting

for this potential difference as the solute itself is further charged
represents an important correction to the Born theory.1,2,5,6

However, water and other molecular solvents can also exhibit
broken angular symmetry from nonspherical molecular cores
and asymmetric intramolecular charge distributions. Using
quantum chemistry results, Agmon has suggested that regions
with a net effective positive charge in a water molecule are
localized near the distinct hydrogen sites, while the associated
negative charge is smeared nearly uniformly along a “negativity
track” between the classical lone pair sites.15 Broken angular
symmetry from any source would give rise to differences
between donor and acceptor hydrogen bonds even in bulk
water, and this should have more dramatic effects on the
molecular scale interfaces and asymmetric charge densities
induced by solvation of neutral and charged solutes.
In this paper we study the structural and electrostatic

consequences of the various broken symmetries that arise from
inserting the simplest model of an uncharged ion core, a hard
sphere solute, or cavity of varying radius RC, into water as
described by two classical water models, SPC/E16 and TIP5P,17

and by state of the art quantum density functional theory
(DFT) calculations. We consider a state near the triple point at
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liquid−vapor coexistence with T = 300 K. As we will show, the
broken symmetries from hard sphere solvation generate special
configurations that are particularly sensitive to small differences
between neighboring donor and acceptor hydrogen bonds and
to local variations in the induced charge density.
Hydrogen bonds in almost all classical water models arise

from “frustrated charge pairing”, where an effective positive
charge on a donor hydrogen site of one molecule is strongly
attracted to a negatively charged acceptor site on a neighboring
molecule.18,19 This strong attractive force is opposed by the
overlap of the repulsive Lennard-Jones (LJ) cores centered on
the oxygen sites and the presence of other hydrogen sites in the
acceptor molecule. Indeed, the thermodynamic stability of
these classical models requires that the effective point charges
be embedded inside harshly repulsive molecular cores that
prevent a positive charge in one molecule from approaching too
closely to a negative charge in another.
The classical SPC/E and TIP5P models differ qualitatively in

their treatment of donor and acceptor hydrogen bonds. Both
models place positive effective point charges on explicit
hydrogen sites displaced tetrahedrally outward from the central
oxygen site. In the TIP5P model, two negative point charges
are similarly located on explicit “lone-pair” sites on the other
side of the oxygen site, while in the SPC/E model, a single
negative point charge is placed on the central oxygen site.
Because of the more symmetric treatment of positive and
negative charges, we would expect much smaller differences in
properties of donor and acceptor hydrogen bonds in TIP5P
water as compared to SPC/E water. Moreover, charge pairing
to distinct negative sites in TIP5P should also yield hydrogen
bonds with reduced angular fluctuations when compared to
those in SPC/E and related three- and four-site water models
like TIP4P, where all the negative charge is placed on a single
site located much further inside the LJ core. This permits
greater flexibility in accepting hydrogen bonds from neighbor-
ing molecules and effectively generates a classical version of the
negativity track discussed by Agmon.15

The negativity track may be more apparent if we consider a
“smeared” SPC/E model (SSPC/E) where the oxygen point
charge in each molecule is replaced by a spherically symmetric
charged shell with the same total charge and a radius equal to
the hydrogen distance. Equivalently, we can add to the charges
in the original model a spherically symmetric neutral charge
distribution with a positive point charge equal in magnitude to
the original oxygen charge placed at the oxygen center and a
neutralizing negative charge smeared on a spherical shell with
radius equal to the hydrogen distance. By Gauss’ law, a test
charge located outside the smeared shells in any configuration
of SSPC/E or SPC/E water will experience exactly the same
net force.20 Thus, most relevant structural and thermodynamic
properties of the two models are the same, as will be discussed
in more detail later.
However, the smeared charge distributions clearly do change

intramolecular Coulomb energies, but such terms are constant
in rigid classical models and are usually ignored. One notable
exception, however, is the value of the mean electrostatic or
“Bethe” potential ϕB of a translationally invariant bulk liquid
phase relative to a bulk vacuum of zero density.21−23 For the
rigid point charge models considered here, this is proportional
to the density times the negative of the trace of the primitive
molecular quadrupole tensor as given by
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where for a given choice of molecular center, rγ is the distance
to the effective charge qγ and the sum is over the Γ charged
sites in the molecule.24,25 The added spherically symmetric
neutral charge distributions change only this molecular trace
and hence ϕB with no modification of the molecular dipole or
the usual traceless quadrupole moments.20 By construction in
the SSPC/E model, the trace is set equal to zero using the
oxygen site as the molecular center, while it is positive in the
SPC/E model. There has been much discussion in the literature
about the possible role of the Bethe potential in ionic solvation,
see, e.g., reviews by Hunenberger and Reif26 and Lin et al.27 and
references therein, and our consideration of smeared models
below should help clarify this point.
In this paper we focus on the physically relevant differences

in the classical SPC/E and TIP5P models, and in quantum
DFT descriptions of intermolecular interactions by accurately
determining the solvent response to a hard sphere of varying
radius. Although DFT has been used to study hydrophobic
solvation for small molecular solutes in the past,28 the use of
hard spheres with different radii affords an unbiased
comparison between the various water models that will
ultimately lead to an assessment of their accuracy for
understanding solvation.
Differences between the water models are most evident in

their description of donor and acceptor hydrogen bonds. The
donor/acceptor asymmetries are not easily seen in common
measures of interfacial structure like the nonuniform density
(see Supporting Information (SI)), but they are manifested in
the orientational structure of water around solutes, and
therefore the manner in which the hydrogen bond network is
maintained in the interfacial region. The orientation of a water
molecule relative to the solute can be uniquely defined by two
angular coordinates:29 θμ and φ. The first of which is the angle
formed by the vector between the water oxygen and the center
of the solute, rO⃗S, and the dipole moment vector of the water
molecule, μ⃗, where rO⃗S points in the direction of the solute. The
coordinate φ is the angle made by the projection of rO⃗S onto a
local xy-plane and the local x-axis, which is normal to the H−
O−H plane.
Joint probability distributions P(θμ,φ) are shown in Figure 1

for water molecules within 1 Å of the surface of a hard sphere
with a radius of RC = 4 Å, for the classical SPC/E and TIP5P
models, as well as DFT results obtained with both the revPBE
and BLYP functionals. This solute size is near the upper end of
the small length scale regime of hydrophobic interactions,
where the hydrogen bond network is basically maintained
around the solute.19,30−35 There are two dominant orientations;
both correspond to a water molecule pointing one H-bonding
group directly toward the bulk while the other three H-bonds
continue around the solute. In the case of SPC/E water (Figure
1a), pointing the donor hydrogen sites around the solute is
preferred, such that an acceptor group is pointed into the bulk,
indicated by the large peak at low φ labeled B. However, the
orientation obtained upon interchange of donor/acceptor
groups, orientation B̃, is much less populated. Pointing acceptor
groups outward provides more opportunities for hydrogen
bonding between the first and second shells in SPC/E water.
However, this asymmetry is nearly absent in the TIP5P model
as in shown Figure 1b, as would be expected from the nearly
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symmetric treatment of donor and acceptor sites. Interestingly,
the results obtained from both sets of DFT simulations are also
consistent with a nearly symmetric representation depicted in
panels c (BLYP) and d (revPBE) of Figure 1, in stark contrast
to what is expected from previous ab initio studies that support
the negativity track picture discussed by Agmon and others.15

Hydrogen bond configurations and the associated nonuni-
form charge density near the inserted solute have very
interesting behavior as the solute radius is varied,19,30−35 with
the most dramatic change occurring at a crossover radius
between volume and area scaling of the hydrophobic free
energy RX ≈ 0.5 nm.33 Hydrogen bonds must be broken to
accommodate larger solutes, and the resulting molecular
interface resembles the liquid−vapor interface of water. Both
SPC/E and TIP5P give qualitatively similar descriptions of this
enthalpically driven length scale transition and of the interfacial
and electrostatic properties of large solutes, but just below the
transition differences in the arrangements of donor and
acceptor bonds discussed above can play a key role.
We classify these arrangements through the fraction of

hydration shell waters xα(RC) in orientation α as a function of
solute size in Figure 2, where the orientations are defined in
Figure 1. Orientation α̃ corresponds to interchanging the lone
pair and hydrogen sites of orientation α. Panels a and c of
Figure 2 show that significant asymmetries between α and α̃
persist in SPC/E water for all solute sizes under study. In
contrast, panels b and d of Figure 2 depict that TIP5P water is
much more symmetric with regard to interchange of donor and
acceptor sites (α and α̃) for all RC; any small asymmetries are
commensurate with the slight differences between the lone pair
and hydrogen sites. Note that the dominant orientational
populations display a peak in the vicinity of RX for both models,
supporting the idea that the qualitative features of the length-
scale transition are captured by both potentials, while the
specific details involving donor/acceptor asymmetry near the
crossover differ.
Also shown in Figure 2 are the BLYP and revPBE data.

Although there are clear convergence issues, especially for the 2
Å sphere size, the data suggests more symmetric populations of

donor/acceptor sites in agreement with the TIP5P water
model. The smaller error bars in revPBE are likely due to the
initial conditions; they were taken from converged BLYP
calculations. In contrast, the BLYP calculations were started
from equilibrated SPC/E configurations, and the strong
movement away from the donor/acceptor asymmetry that is
present in the SPC/E water model depicted in Figures 1 and 2
gives us confidence in our conclusions reported in this study.
The donor/acceptor angular asymmetries and the corre-

sponding broken charge symmetries discussed here clearly also
affect the electrostatic potential in the vicinity of the water-
solute interface and inside the solute. Related electrostatic
effects will play an even more important role when the solute is
fully charged to model an ion. We will discuss the effects of
charging the solute and the relation to previous work elsewhere
and focus here on electrostatic properties of the uncharged hard
sphere.
To make contact with previous work.4,6,7,12,13,36 we consider

a slab geometry with explicit planar liquid−vapor interfaces and
measure the electrostatic potential relative to that of the dilute
vapor phase. More precisely we can insert a hard wall in the
vapor phase and take the potential zero as that of the
electrostatic vacuum inside the wall, and will ignore the small
potential change between the hard wall and the dilute vapor.
Since there is complete drying at coexistence with water vapor
at the hard wall interface,35 this is an excellent approximation.
(This hard wall setup will also allow us to use this same
interfacial framework and potential zero at densities other than
the coexistence density as will be discussed elsewhere.)
We now consider the change in the electrostatic potential

when a test charge is moved from this hard wall vacuum into
and through the liquid−vapor interface and the liquid phase,
and then through the molecular scale interface surrounding a
cavity of radius RC located in the liquid phase and into the
cavity center, as schematically depicted in Figure 3. Subtle
differences in orientational structure can lead to dramatic
changes in the value of the mean electrostatic potential at the
center of the cavity ΦHW, termed the cavity potential herein.
The HW superscript indicates the presence of the hard wall

Figure 1. Joint probability distributions P(θμ,φ) calculated for
molecules within 1 Å of the surface of the solute with RC = 4 Å for
the classical (a) SPC/E and (b) TIP5P water models, as well as the
corresponding distributions obtained from DFT-based simulations
using the (c) BLYP and (d) revPBE functionals. Red indicates high
probability, while blue corresponds to low probability. The specific
orientations discussed in the text and in Figure 2 are indicated in panel
b by the dashed regions.

Figure 2. Solute size dependence of the fractions of orientations α and
α̃ in (a,c) SPC/E and (b,d) TIP5P water models for (a,b) α = A and
(c,d) α = B. The data for BLYP (blue) and revPBE (green) is
replicated and superimposed on both the SPC/E and TIP5P data for
direct comparison. The error bars for the DFT data represent standard
deviations.
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liquid−vapor interface and potential zero far from the solute,
necessary because charging free energies rigorously consider
moving a test charge from vacuum to the center of the cavity.
As we will see, the cavity potential depends only on the same
physically relevant intermolecular Coulomb forces that contrib-
ute directly to interfacial solvent structure, independent of
possible smearing that would change the value of the Bethe
potential.
In principle, the electrostatic potential in a particular

configuration R̅ of the nonuniform solvent at a fixed
observation point r is

∫ϕ ρ
̅ = ′ ′ ̅

| − ′|
dr R r

r R
r r

( ; )
( ; )q

(2)

Here ρq(r;R̅) is the total charge density at r in configuration R̅,
the ensemble average of which is ρq(r) = ⟨ρq(r;R̅)⟩. Similarly,
ϕ(r;R̅) is the scalar potential at position, such that the
ensemble averaged electrostatic potential is ϕ(r) = ⟨ϕ(r;R̅)⟩.
However, care must be exercised in taking ensemble averages in
eq 2.
Since an idealized test charge is not affected by the

nonelectrostatic potentials defining the classical molecular
cores, the ensemble averaged potential ϕ(r) at a general
point r in the solvent can have contributions from certain
configurations where the test charge at r is inside a molecular
core. Indeed such configurations can lead to a nonzero Bethe
potential in eq 1 for a uniform system even though the
ensemble averaged charge density ρq(r) = 0 for all r. However,
as stressed by ref 23, results from typical experimental probes
and standard measures of solvation free energies should not
depend on these intramolecular terms.
This is particularly clear for the cavity potential ΦHW 

ϕ(0), where the observation point is inside the fixed cavity.
Because of the shielding LJ cores between different water
molecules and the presence of the hard sphere cavity, only
intermolecular Coulomb interactions are sampled in all
physically relevant configurations in eq 2. Thus, smeared and
unsmeared models must give identical results for ΦHW,
independent of the value of the Bethe potential.
The numerical determination of the cavity potential has been

a source of much confusion throughout the literature. A wide
range of estimates that are inconsistent even in the sign of the
potential have been reported.1,2,4,6,11,14,37−43 Here we show
how these results can be consistently interpreted by removal of

the model-dependent Bethe potential and proper consideration
of the locally broken charge symmetries near the cavity and at
other interfaces in the simulation cell.
Figure 3 schematically indicates the different contributions to

the electrostatic potential as a test charge is moved from the
hard wall vacuum into a solute cavity near the hydrophobic
length-scale transition size for SPC/E water. Ignoring the very
small change at the wall-vapor interface, the first significant
change ΔϕD is generated on crossing the LV interface due to
the broken charge symmetry at this physical interface. For rigid
models in a slab geometry, this can be shown to depend only
on the average orientation of molecular dipole moments at the
LV interface.24,25

Strictly speaking, there will also be an additional Bethe
contribution ϕB to the potential change at the LV interface,
proportional to the bulk LV density difference, as shown for the
dashed red path in Figure 3. However, we know from the
general argument above that this cannot contribute to the final
ΦHW, and it is conceptually simpler to imagine we are using a
smeared water model with zero Bethe potential where only
ΔϕD contribution appears, as depicted in the upper solid
orange path.
The next and most physically relevant contribution ΔϕC for

this path is generated by the locally broken charge symmetry
near the cavity−water interface as the test charge moves into
the cavity. We refer to ΔϕC as the cavity interface component.
Thus, the final cavity potential has two components associated
with broken symmetries at physical interfaces encountered
along the path:

ϕ ϕΦ = Δ + ΔHW
D C (3)

As would be expected, in the limit RC → ∞, the cavity
potential ΦHW → 0 since the interface approaches that of a hard
wall or liquid−vapor interface. However, significant changes in
ΔϕC occur at smaller RC, particularly near the crossover radius,
resulting from changes in the local hydrogen bond structure
near the cavity, and this will be directly reflected in variations in
ΦHW as well as in ΔϕC itself.
These same conclusions follow from the dashed red path for

general water models, since the Bethe contribution from the
transit from the hard wall vacuum to bulk water indeed cancels
identically with that from bulk water to the cavity vacuum, as
indicated in Figure 3. This “two interface cancellation” picture
has been stressed in previous work4,6 and has been used to
remove the Bethe contribution from estimates of the cavity
potential. However, the ΔϕD contribution to ΦHW from the
distant HW interface remains in this picture, while solvation
thermodynamics and effects of charging are dominated by the
local structure around the cavity as reflected in ΔϕC.
The various components of the cavity potential are reported

in Table 1, and details pertaining to the calculation of the
quantities in Table 1 are discussed in the SI. The most notable
feature that emerges from the data in Table 1 is the consistent
sign and magnitude of ΔϕC for both classical and DFT results;
all cavity interface components are consistently negative and on
the order of a tenth to a half of a volt. However, the magnitudes
for ΔϕC obtained in SPC/E water are significantly larger than
the TIP5P results, a direct consequence of the higher level of
symmetry in the latter model and the concurrent solvation
structure this manifests. This relative consistency for ΔϕC
contrasts with the very different magnitudes and even signs
for the Bethe potentials in different classical and quantum

Figure 3. A schematic of a cavity immersed in a slab of water near the
length-scale transition, with a liquid−vapor interface and hard wall far
from the solute on the right, illustrated by the gradient in color. In our
simulations, there are also symmetrically placed interfaces on the left,
but this portion of the system is omitted from the schematic, as
indicated by the dashed black line. Dashed lines indicate the
electrostatic potential of the classical SPC/E model of water, while
solid lines are indicative of the potential for a smeared variant of the
same model, which has zero Bethe potential.
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models, but these fortunately play no role in most physical
processes.
As a self-consistent check on the validity of our estimates for

the cavity potential, we have also shown that ΔϕC can also be
obtained using a traceless or Buckingham multipole expansion
of eq 2, which must be valid for an observation point inside the
cavity, as discussed above and further in the SI. In accord with
previous findings,7 we find that the local structure induced by
the HS solute will produce significant contributions to ΔϕC
through multipoles as high as the octupole moment for small
values of RC.
Surprisingly, the cavity interface components given by DFT

models are in near quantitative agreement with the SPC/E
model, although the structures of the two systems are quite
different. We believe the quantitative consistency between these
models is fortuitous. The structure obtained from DFT is
consistent with TIP5P, and one might therefore expect a similar
ΔϕC. However, the DFT models implicitly include polarization
at the interface, which increases the magnitude of ΔϕC relative
to that of the classical TIP5P model.
Differences between the classical and quantum models arise

because the intramolecular charge density of a single molecule
in a rigid classical point charge model is trivially related to the
nuclear structure of that molecule. However, this is not the case
for quantum mechanics-based models, and the intramolecular
charge density of a molecule will depend on its interactions
with its surroundings through the electron density, leading to
polarization and other many body configurational effects. This
fact allows us to understand the differences that arise between
the TIP5P and DFT models, which have similar solvation
structures but yield different cavity potentials.
To illustrate this point, we resample the configurations

generated with the classical SPC/E and TIP5P interaction
potentials with DFT by performing wave function optimiza-
tions on the classical trajectories. Table 2 shows that ΦHW for
resampled TIP5P is in better agreement with the DFT values

than those obtained from resampled SPC/E configurations. It
should be pointed out that the value for ΦHW under the
resampled protocol is in good agreement with the value
obtained by Beck (referred to as the “net potential”) in similar
fashion.6 In contrast, ΔϕC values obtained from resampled
SPC/E configurations are in better agreement with those from
DFT simulations than that from TIP5P configurations.
However, performing the resampling, and therefore including
electronic effects, moves ΔϕC for TIP5P closer toward the
DFT values while resampling increases the disparity between
the SPC/E and DFT results, as expected from the similar
solvation structure of the DFT and TIP5P models.
We conclude by emphasizing that the local molecular

structure induced by a cavity is responsible for electrostatic
potential changes most relevant for ion solvation thermody-
namics through ΔϕC. The detailed hydration structure around
a hard solute near the crossover radius is dictated by the
hydrogen bond network of water, and, as such, this structure
depends sensitively on the interaction potentials used to model
the aqueous solvent. In particular, whether or not lone pairs are
explicitly modeled in classical point charge models, like the
TIP5P and SPC/E models, significantly influences the solvation
structure and the accompanying cavity interface component;
models with explicit lone pairs are more symmetric with respect
to interchange of lone pair and hydrogen positions. The TIP5P
solvation structure is consistent with that of the quantum
mechanics-based DFT simulations, and based on previous
studies,36,44−48 we posit that the unbiased DFT interaction
potentials yield the physically correct solvent response to the
hard solute.
The central focus of this work has been on the asymmetric

local solvation structure around a cavity and how this structure
influences the cavity potential ΦHW through variations in the
cavity interface component ΔϕC. This electrostatic potential,
and its dependence on the magnitude of a point charge placed
at the center of the cavity in particular, is a key ingredient in
understanding the solvation free energy of an ion, as well as in
understanding fluctuations, dielectric response, and the
decomposition of short- and long-range contributions to the
electrostatic interaction energy. Here we have established that
the Bethe potential can play no role in the solvation process. In
future work we will focus on this process, and computation of
ion hydration free energies in both classical and quantum
models. This will provide a stringent test of the validity of both
classical and quantum water models and of ion−water
potentials.

Table 1. Relevant Electrostatic Potential Differences in the
System Considered in Figure 3

Model RC ΔϕC ϕB ΔϕD ΦHW

SPC/E 2 −394 −850 +260 −147
4 −522 −850 +260 −259
6 −499 −850 +260 −251

TIP5P 2 −114 −200 +103 −9
4 −136 −200 +103 −38
6 −144 −200 +103 −42

BLYP 2 −372 +3870 +480 108
4 −481 +3870 +480 −1
6 −505 +3870 +480 −25

revPBE 2 −234 +3840 +480 246
4 −401 +3840 +480 79
6 −433 +3840 +480 47

The cavity interface component ΔϕC, Bethe potential ϕB, the dipole
component to the liquid−vapor surface potential ΔϕD, and the net
cavity potential ΦHW are measured at the center of the cavity from the
vapor, through the liquid−vapor interface, across the bulk, and into the
cavity. All quantities are schematically depicted in Figure 3 and are
reported in mV. The Bethe potential is calculated with respect to the
location of the water oxygen site, as discussed in the text. It is
important to note that for DFT calculations ΔϕC was estimated from
direct use of eq 3 based on estimates of ΔϕD and ΦHW (see SI). For
the classical models, each component is computed independently and
thus reflects all of the uncertainties contained therein.

Table 2. Electrostatic Potential Differences Obtained from
DFT Resampling of Classically Generated Configurations

Model RC ΔϕC ΔϕD ΦHW

re-SPC/E 2 −228 +137 −191
4 −474 +137 −337

re-TIP5P 2 −115 +70 −45
4 −185 +70 −115

The cavity interface component ΔϕC, the dipole component to the
liquid−vapor surface potential ΔϕD, and the net cavity potential ΦHW

are obtained from resampling of classical SPC/E and TIP5P
configurations, indicated by the prefix “re-” when referring to the
models. All quantities are reported in mV.
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■ METHODS
Systems with buffering liquid−vapor interfaces contain 340
water molecules and a hard sphere excluded volume in the
center of the simulation cell modeled in a slab configuration.
Cell dimensions are 20 × 20 × 70 Å3 for the classical point
charge (SPC/E16 and TIP5P17) and 20 × 20 × 50 Å3 for DFT
interaction potentials. The hard sphere excluded volume with
radius RC interacts with the water oxygens (distance to center
of the simulation cell RC) only through an external potential
centered in the middle of the simulation cell:

= −
−⎜ ⎟⎛

⎝
⎞
⎠V r

r R
( ) 1 tanh

0.02
C

(4)

All DFT simulations were performed using the CP2K
simulation suite.49 The energies and forces were computed for
the ab initio MD within the QUICKSTEP module,49 which
contains an accurate and efficient implementation of DFT that
employs dual basis sets of Gaussian-type orbitals (molopt-
DZV2P) and plane waves (expanded to 400 Ry) for the
electron density.50 Only the valence electrons were considered
explicitly, and the core electrons were represented using
Goedecker−Teter−Hutter pseudopotentials.51 Two different
DFT functionals, the Becke exchange and correlation due to
Lee, Yang, and Parr (BLYP),52,53 as well as the revised Perdew,
Burke, and Ernzerhof (revPBE)54,55 were simulated using a
dispersion correction, introduced by Grimme, D1 and D3, for
BLYP and revPBE, respectively.56−58 Periodic images were
screened by using a two-dimensional wavelet Poisson solver.59

A Nose−́Hoover thermostat chain60 of length 3 was coupled to
every molecule and maintained a temperature of 300 K, and an
integration time step of 0.5 fs was utilized. The BLYP
trajectories were started from an equilibrated SPC/E initial
configuration. Two trajectories were spawned for the 2 and 4 Å
solute sizes. A total of ∼40 ps was used as a production run
with the first 7 ps of each trajectory discarded. For the 6 Å
sphere a single trajectory was spawned yielding roughly 20 ps
with the first 7 ps discarded for equilibration. The revPBE runs
were started from the equilibrated BLYP trajectories.
Production runs of 25−30 ps for each sphere size was used
to analyze the data. The classical Molecular dynamics
simulations used the standard three-dimensional Ewald
method.61

Additional classical molecular dynamics simulations of cavity
solvation in bulk (in the absence of a buffering liquid−vapor
interface) were performed with a modified version of
DL_POLY v2.1862 in the isothermal−isobaric (NPT)
ensemble for solute sizes in the range 0 < RC <10 Å. Results
obtained using this approach are virtually identical to those
obtained in the presence of a liquid−vapor interface, however,
fewer water molecules can be used, permitting more efficient
exploration of the solute size range of interest. A temperature
and pressure of 300 K and 1 atm were maintained using a
Berendsen thermostat and barostat, respectively.63 The
evaluation of electrostatic interactions employed the Ewald
summation method.61
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