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The dielectric permittivity of salt water decreases on dissolving more salt. For nearly a century, this
phenomenon has been explained by invoking saturation in the dielectric response of the solvent water
molecules. Herein, we employ an advanced deep neural network (DNN), built using data from density
functional theory, to study the dielectric permittivity of sodium chloride solutions. Notably, the decrease in
the dielectric permittivity as a function of concentration, computed using the DNN approach, agrees well
with experiments. Detailed analysis of the computations reveals that the dominant effect, caused by the
intrusion of ionic hydration shells into the solvent hydrogen-bond network, is the disruption of dipolar
correlations among water molecules. Accordingly, the observed decrease in the dielectric permittivity is
mostly due to increasing suppression of the collective response of solvent waters.
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In chemistry and biology, water is widely referred to as
the universal solvent [1,2]. As salts dissolve in water, the
anomalously large dielectric permittivity of water promotes
the solubilization of salt by screening interionic Coulomb
interactions. At the same time, the dielectric response of
water is influenced by the presence of dissolved salts [3-9].
Almost 100 years ago, it was found that the static dielectric
permittivity of sodium chloride (NaCl) solution decreases
as more salt is dissolved [3]. Later, more sophisticated
experiments revealed a nonlinear behavior in which dielec-
tric decrement slows down at high solute concentrations
[4,8,9]. A theoretical explanation of this phenomenon was
conceived soon after the first experiment. As stated in their
dielectric saturation theory, Debye [10] and Sack [11]
envisioned the formation of hydration shells due to the
tendency of water dipoles to be aligned along electric fields
of dissociated ions. Debye further estimated that ionic
electric fields are strong enough to saturate the polar-
izability of water molecules near the ions and therefore
lower the dielectric response [10]. Because of its built-in
physical intuition, dielectric saturation has been, to date,
the most adopted theory to explain dielectric decrement in
salt water [11-15].

The past half-century has witnessed significant progress
in understanding water through principles of quantum
mechanics and statistical physics [16-20]. This progress
calls into question the dielectric saturation explanation.
Indeed, consensus has been reached that the high dielectric
permittivity of water is closely associated with correlated
dipole fluctuations of water molecules on the underlying
hydrogen(H)-bond network [21-23]. However, this collec-
tive dipolar response is missing in the picture of dielectric
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saturation which mainly concerns the suppressed dielectric
response of individual water molecules [10,11,13]. More
disturbingly, based on classical electrodynamics, dielectric
saturation is estimated to occur on water molecules that
are a few angstroms away from ions [10]. The above
length scale is comparable to the estimated de Broglie
wavelength of electrons at room temperature [24].
Physical interactions at such length scales are governed
by quantum mechanics rather than a classical description.
In this regard, density functional theory (DFT)-based
[25,26] ab initio molecular dynamics (AIMD) [27] pro-
vides an ideal framework to predict properties of liquids
from quantum mechanical principles. Indeed, recent
AIMD simulations found that polarizabilities of water
molecules in ionic first hydration shells are only slightly
different from that in neat water [28,29], which contradicts
the dielectric saturation hypothesis.

Because of the long-range nature of the dipole-dipole
interaction and the disordered liquid structure, the predic-
tion of dielectric response in water demands both a spatially
extensive model containing many hundreds of water
molecules and a simulation time beyond nanoseconds
[30,31]. However, AIMD simulations of such large time-
scale and system size are simply not feasible using current
computer architectures. Thus, to date, dielectric decrement
has been mostly studied using molecular dynamics with
classical force fields, and the effect of electronic polar-
izability has been neglected [13,14,32,33].

Herein, we overcome the challenge by studying dielec-
tric decrement by combining AIMD and deep neural
networks (DNNs) [34-36]. The liquid structures of NaCl
solutions are simulated by a DNN that explicitly

© 2023 American Physical Society
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incorporates long-range electrostatic interactions [34] with
periodic simulation cells containing about 4000 water
molecules. Importantly, the potential is trained on DFT
calculations based on the strongly constrained appropri-
ately normed (SCAN) functional [37,38]. In addition, a
second DNN [39] is trained separately for centers of
electronic orbitals, in terms of maximally localized
Wannier functions [40]. Notably, this second DNN allows
us to rigorously partition the electronic charge density into
contributions from dipole moments of individual water
molecules. The dual DNNs enable efficient computations
of dielectric permittivity at the DFT accuracy. (See
Supplemental Material [41] for more details on this
methodology).

Based on linear response theory, the static dielectric
permittivity of NaCl solutions éy,ci(aq) 18 related to the
fluctuation of the total dipole moment M by [13,57]

(M?2)
ENaCl(aq) = WBT&'O

_ <<MW(aq) + MI(aq))2> €

3VkBT€0

+ €

= EW(aq) T EW(agHi(aq) T El(agq) T Ecor (1)

where V, kg, T, and ¢, are the system volume, Boltzmann
constant, temperature, and vacuum permittivity, respec-
tively. e, is the electronic contribution in the high-
frequency limit. As expected, the theoretical ¢, are small
values around 1.88-1.99 at concentrations under consid-
eration. We report the computed dielectric permittivity of
NaCl solutions in Fig. 1 together with experimental data.
Note that both results have been normalized to enable a

1.5 _gNaCI(a/q)/ € ater
o g €,
10l . N 8‘vv(aq/;g ‘water i
10 (aq) Cwater
- w
\A * gi/swater
5 3
g 5 0.5
w 08} & i
\’E OO 2 A ARXKRRXIRARR
g 1 2 3 4
5 Concentration (M)
2
“ 06} = Experiment® h
e Experiment®
A Experiment??
This Letter A
0.4 L ' ' ' : —
0 1 2 3 4 5
Concentration (M)
FIG. 1. Static dielectric permittivity of NaCl solutions, &x,ci(ag)-

from this work and experiments [8,9,60]. All results are nor-
malized by the dielectric permittivity of neat water €y, The
inset shows the decomposition of the computed dielectric
permittivity.

better comparison of dielectric decrement behavior. There
is good agreement between experiments and present
calculations. In particular, the nonlinear behavior in dielec-
tric decrement observed in experiment is well reproduced.
The dielectric permittivity drops steeply at low concen-
trations, but its slope becomes gradually flattened as solute
concentration increases. Notably, the nonlinearity generates
a bowing feature in dielectric decrement. Absolute values
of the computed dielectric permittivity are reported in
Supplemental Material, Table 1 [41]. It should be noted
that the predicted dielectric permittivity of neat water by
SCAN functional is 102.5, which is larger than the
experimental value of 78. The overestimation of the
dielectric permittivity is consistent with a previous study
employing the SCAN functional [30], and this overesti-
mation is particularly attributed to the self-interaction error
in the SCAN functional that overstrengthens H bonds. The
slightly overstructured liquid water has been widely
reported in literature [17,58,59] and its effects on observ-
ables can be approximated by the effects of decreasing the
temperature, which does not affect our conclusions.

In NaCl solutions, the fluctuation of the overall dipole
moment M involves contributions from both water mol-
ecules Myy(,q), and ions Mj(,q). Therefore, the dielectric
permittivity, énaciag) 10 Eq. (1) is composed of the self-
terms ey and éy,q), whose dipole fluctuations are
restricted to water molecules and solvated ions only, and
the cross-coupling term &y (yq)1(aq) reflecting dipole fluc-
tuations in water induced by the movements of ions or vice
versa. The computed values of the above terms are
presented in the inset of Fig. 1. Notably, enaci(aq) 18
dominated by ew(,q) at all concentrations, which agrees
with previous findings [13,61]. Thus, dielectric decrement
observed in NaCl solutions is due to the weakened
dielectric response of solvent water molecules.

The dielectric component ey (,q) due to solvent water can
be further evaluated via the dipolar correlation formalism
proposed by Kirkwood [21] as

2
pu-Gg
= 2
EW(aq) 3kpTe, ’ ( )

where p and p denote water number density and average
dipole moment per water molecule, respectively, and G is
the so-called correlation factor that measures the total
angular correlations among water dipoles. In polar liquids,
G is obtained by the integration of the dipolar correlation
function as Gy = [C(r)dr = (1/N)> 2%, >0 i - iy,
where fi; is the unit vector of the ith molecular dipole
and N is the number of water molecules. The dipolar
correlation is defined as C(r) = (d(0) - d(r)), accounting
for the spatial correlation between the dipolar density as a
function of distance, r. Because of the discretized nature
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FIG. 2. (a) Decrease of the correlation factor G, water number
density p, and the square of water molecular dipole y?, as a
function of concentration. All three quantities are normalized by
their corresponding values at zero concentration. (b) Schematic
diagram of the intrusion of ionic hydration shells into the
tetrahedral H-bond network.

of water molecules, the dipolar density is defined as d(r) =

N, p;6(r — r;) with r; denoting the position vector of the
ith water molecule.

In neat water, both the dipole moment u and the
correlation factor G are largely enhanced by the under-
lying H-bond network, leading to the anomalously large
dielectric permittivity [23]. In NaCl solutions, as shown in
Fig. 2(a), the correlation factor Gg, the water number
density p, and the water dipole moment y, all decrease as
increasing amounts of salt dissolved, which according to
Eq. (2) leads to dielectric decrement.

The effect from the disrupted H-bond network.—As seen
in Fig. 2(a), dielectric decrement of NaCl solutions is
mostly attributed to the decreased correlation factor G,
relative to that of neat water. Thus, the strong correlation
among dipole moments in neat water is significantly
suppressed in salt solutions. In neat water, the large Gy
is closely associated with the tetrahedral H-bond structure,
in which a water molecule at the center of a tetrahedron is H
bonded with four neighboring water molecules. The
directions of dipole moments of any two H-bonded water
molecules, therefore, point in a similar direction, resulting
in a positive @; - f1;, which gives rise to the first positive
sharp peak at 2.7 A in the dipolar correlation function in
Fig. 3(b). Under the influence of the directional H bonding,
dipole moments on vertices of a tetrahedron also prefer to
be aligned in a similar direction to some extent, which
yields a second positive peak around 5.1 Ain Fig. 3(b). In
the same fashion, the dipolar correlation propagates to the
third coordination shell and beyond.

The H-bond network is disrupted increasingly as more
salt is dissolved. Salt ions exert electrostatic fields that can

attract water molecules by competing with the H bonding.
In the close vicinity of ions, water molecules hydrate the
ions by orienting their electric dipole moments towards
the ions, thereby lowering the electrostatic energy of the
system, as schematically shown in Fig. 2(b). For a sodium
cation, the first hydration shell can be described as a
relatively tight sphere comprised of about 5 or 6 water
molecules, whose oxygen is attractive to the cation at the
center [62]. On the other hand, the first hydration shell of a
chloride ion is a relatively large sphere composed of as
many as 6—8 water molecules whose protons are attracted
to the chloride lone pair electrons [62,63].

Because of the intrusion of the hydration shells, water
molecules in the solvent are now divided into two distinct
categories: the “hydration (H) water” inside the ionic
hydration shells and the “bulk (B) water” outside it. As
such, the pattern of dipolar correlation is fundamentally
revised. As shown in Eq. (3),

Gy = / (CP(r) + CH(r) + CPM(r)]dr
=GB + GH 4+ GBH, (3)

the total correlation factor G involves the self-terms of G&
(G%) by dipolar correlation restricted to bulk water (hydra-
tion water) only, and the coupling term GEH! due to the
dipolar correlation between bulk water and hydration
water. The above components in correlation factors, re-
lative to neat water, are presented in Fig. 3(a). (See the
Supplemental Material [41] for more details.)

As seen in Fig. 3(a), the reduction in the overall
correlation factor G is mostly from GY, which describes
the correlation among hydration water. This is because
water molecules in hydration shells are constricted by the
ion-water attraction instead of H bonding. Within a
hydration shell, the cation (anion)-water attraction reor-
ientates the dipole moments from an H-bonding direction
to a central-force direction pointing outwards (towards)
ions. As such, the dipolar correlation between two neigh-
boring hydration water molecules is thereby significantly
suppressed. This is evidenced by the sharp negative peak at
~2.7 A in the dipolar correlation function ACH(r) as
plotted relative to neat water in Fig. 3(c). Moreover, the
absence of H bonding even causes anticorrelations between
two hydration water molecules located on the opposite
sides of a single ion as schematically shown by opposite
directions of water molecular dipoles in the inset of
Fig. 3(c). Therefore, the aforementioned positive peak of
neat water in Fig. 3(b) due to correlated dipole moments on
vertices of a tetrahedron at 5.1 A disappears. Instead, it is
replaced by two negative peaks at 4.8 and 6.1 A, which are
caused by the anticorrelated water dipoles in hydration
shells of Na™ and CI~ ions, respectively. At long range,
water molecules in a hydration shell, in principle, should be
correlated to those in another hydration shell. However,
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(a) Decomposition of the loss of correlation factor G, of NaCl solutions relative to neat water into contributions from

correlations between bulk water G&, hydration water G¥, and cross-correlations between bulk water and hydration water, G8H. (b) The
dipolar correlation function C(r) of neat water and 4.9 M NaCl solution. Decomposition of the difference of correlation factor AC(r)
between 4.9 M NaCl solution and neat water into the contribution from (c) the correlation between hydration water ACH () and (d) the
cross-correlation between bulk water and hydration water ACBH(r). Insets in (b)—(d) schematically show molecular configurations with
arrows representing some representative molecular dipoles: H-bonded water dipoles in (b) point in similar directions contributing to a
positive dipolar correlation; the presence of ions in (c) and (d) introduces negative dipolar correlations, as shown by the opposite

directions of water molecular dipoles.

such correlations are also weaker than those in neat water as
expected in Fig. 3(c). As concentration increases, the loss
of G¥ should accumulate linearly, which is responsible for
most of the linear dielectric decrement in salt water.

Of course, hydration water is H-bonded to bulk water,
and in this way, the H-bond network is partially restored.
Nevertheless, the reconstructed H-bond structure deviates
from that found in neat water. Within a hydration shell, two
water molecules located on opposite sides of a single ion
are anticorrelated, as mentioned above. Because of the
highly directional nature of H bonding, the anticorrelation
extends to the correlation between one hydration water
molecule and one bulk water molecule that is H bonded to
another hydration water molecule at the other side of the
ion, as schematically shown by the opposite direction of
green arrows in the inset of Fig. 3(d). Again, these
anticorrelations can be identified as a broad negative peak
centered at 8 A, which weakens the dipolar correlation. As
a result, G®H also contributes to the decreased overall
correlation factor of G relative to neat water, as shown in
Fig. 3(a). Moreover, GBH plays a surprisingly key role in
the nonlinear dielectric decrement as evidenced by its arc
shape in Fig. 3(a). This nonlinearity is an intrinsic property
because GEH describes the correlation between the dipolar
density of bulk water dB(r) and the dipolar density of
hydration water d"(r), and its value depends on the
existence of both types of water, i.e., (d®(0)-d'(r)). In
neat water, G2 = 0 since the dipolar density of hydration

water d"(r) is zero. As salt dissolves in water, hydration
shells appear in the solution, and the absolute value of GEH
starts to increase, reaching its maximum at about 2.3 M, in
which the NaCl solution is roughly equally occupied by
bulk water and hydration water. After the maximum, G&H
decreases with further elevated concentrations. In principle,
it will vanish again atd®(r) = 0, when the entire solution is
completely occupied by hydration shells.

The tetrahedral H-bond network is expected to recover in
the bulk water outside the hydration shell. The dipolar
correlation among bulk water molecules is captured by the
G® component of the correlation factor. Indeed, the
analysis in Fig. 3(a) shows that G& of NaCl solutions at
all concentrations are little different from neat water. Thus,
the large decrease in the correlation factor G in salt water
is mostly due to the disrupted H-bond network in the
hydration water.

Excluded volume effect.—Because of short-range repul-
sion, ions and water molecules are separated by 2—4 A. This
extra volume demanded by ions is no longer accessible to
water molecules, and the water number density is therefore
decreased. In the literature, this is referred to as the
excluded volume effect [64]. According to Eq. (2), this
effect should lead to the decreased dielectric permittivity.
Indeed, the present computations show that the excluded
volume effect makes a small contribution to dielectric
decrement, in which the water number density decreases
slightly with increasing solute concentration as shown in
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Fig. 2(a). Since the repelled volume by ions is proportional
to the salt concentration, dielectric decrement due to the
excluded volume effect is indeed linear as expected.

Local field effect—Hydrated ions, like all charged
defects, change the electrostatic potential profile through-
out the solution. As expected, water molecules nearby an
ion are polarized in a different manner from neat water. In
condensed matter physics, related phenomena have been
already identified, for example around defects in semi-
conductors or at interfaces in solid materials, and they have
long been recognized as the local field effect [24]. There is
consensus that a proper description of local field effects,
particularly for regions close to charged defects, demands
electronic structure details computed from quantum
mechanics. Based on DFT, the present DNN simulations
yield a dipole moment, ¢ = 2.85 (2.91) D for the hydration
water of the cation (anion), which is only slightly smaller
than the value of 2.99 D in neat water. This suggests that the
capability of ions to polarize the water dipole is comparable
to that of H bonding. Indeed, it is also consistent with the
recent theoretical discovery that molecular polarizabilities
of the hydration water are only marginally different from
that in neat water [28,29]. Since H bonding is mostly
electrostatic in nature, it strongly indicates that water
molecules nearby ions are far from being saturated by
ions’ local fields. Nevertheless, the local field effect also
contributes slightly to dielectric decrement as indicated by
Eq. (2). Because the u of the hydration water is only a little
smaller than in neat water, u*> of NaCl solutions drops
slowly as a function of concentration, as shown in Fig. 2(a).

In addition to the SCAN ab initio simulations, we also
simulated the dielectric permittivity using the classical OPC
water model [65]. As shown in Supplemental Material [41],
the results obtained using the OPC model agree well with
those from the SCAN-DFT approach. A notable distinction
between the OPC model and the SCAN-DFT model is that
the OPC model is a rigid model with a fixed dipole moment
of 2.48 D, indicating that the DFT approach is necessary for
accurately capturing the local field effect.

In conclusion, dielectric decrement, as a century-old
problem, has been extensively studied over decades.
However, a critical question remains unresolved in the
field regarding the main origin behind the dielectric
decrement—whether it is the dielectric saturation effect
[10,11] or the loss of dipolar correlation on the H-bond
network [13,14]. To provide an unambiguous answer,
theoretical simulations must explicitly include both a
polarizable model of water molecules and an accurate
model of H bonding, which can account for the dielectric
saturation effect and correlation effect simultaneously.
Importantly, the polarizable models of water molecules
should be described from first principles at the quantum
mechanics level, because the length scale of dielectric
saturation effect is about a few angstroms which is
comparable to the de Broglie wavelength of electrons at

room temperature. In this work, we achieve the above goal
by reproducing dielectric decrement in NaCl solutions on
the DFT level using advanced DNNs. The results unam-
biguously determine that the dielectric decrement in NaCl
solutions is dominated by the loss of correlations between
water molecules due to the intrusion of ionic hydration
shells into the H-bond network, while the contribution from
dielectric saturation effect is small. Importantly, the present
computations provide a quantitative explanation of dielec-
tric decrement in salt water; we found that the linear
dielectric decrement is due to the loss of correlation within
hydration shells, while nonlinear dielectric decrement is
due to the loss of correlation between water in hydration
shells and bulk water.

We thank Roberto Car, Linfeng Zhang, and Han Wang
for fruitful discussions. This work was supported by
National Science Foundation through Grants No. DMR-
2053195. We also acknowledge support from the
“Chemistry in Solution and at Interfaces” (CSI) Center
funded by the U.S. Department of Energy through Award
No. DE-SC0019394. This research used resources of the
National Energy Research Scientific Computing Center
(NERSC), which is supported by the U.S. Department of
Energy (DOE), Office of Science under Contract No. DE-
AC02-05CH11231. This research includes calculations
carried out on HPC resources supported in part by the
National Science Foundation through major research
instrumentation Grant No. 1625061 and by the
U.S. Army Research Laboratory under Contract
No. WO9I1NF-16-2-0189. This research used resources
of the Oak Ridge Leadership Computing Facility at the
Oak Ridge National Laboratory, which is supported by the
Office of Science of the U.S. Department of Energy under
Contract No. DE-AC05-000R22725.

*mlklein@temple.edu
"xifanwu @temple.edu

[1] F. Franks, Water: A Matrix of Life, 2nd ed. (Royal Society of
Chemistry, Cambridge, UK, 2000).

[2] D. Eisenberg, W. Kauzmann, and W. Kauzmann, The
Structure and Properties of Water (Oxford University Press,
Oxford, 2005).

[3] O. Bliih, Z. Phys. 25, 220 (1924).

[4] J. B. Hasted, D. M. Ritson, and C. H. Collie, J. Chem. Phys.
16, 1 (1948).

[5] G. Haggis, J. Hasted, and T. Buchanan, J. Chem. Phys. 20,
1452 (1952).

[6] F.E. Harris and C.T. O’Konski, J. Phys. Chem. 61, 310
(1957).

[7] J.B. Hasted and G.W. Roderick, J. Chem. Phys. 29, 17
(1958).

[8] J. H. Christensen, A. J. Smith, R. B. Reed, and K. L. Elmore,
J. Chem. Eng. Data 11, 60 (1966).

[9] R. Buchner, G. T. Hefter, and P. M. May, J. Phys. Chem. A
103, 1 (1999).

076801-5


https://doi.org/10.1007/BF01327524
https://doi.org/10.1063/1.1746645
https://doi.org/10.1063/1.1746645
https://doi.org/10.1063/1.1700780
https://doi.org/10.1063/1.1700780
https://doi.org/10.1021/j150549a009
https://doi.org/10.1021/j150549a009
https://doi.org/10.1063/1.1744418
https://doi.org/10.1063/1.1744418
https://doi.org/10.1021/je60028a017
https://doi.org/10.1021/jp982977k
https://doi.org/10.1021/jp982977k

PHYSICAL REVIEW LETTERS 131, 076801 (2023)

[10] P.J.W. Debye, Polar Molecules (Dover Publications,
New York, 1929).

[11] H. Sack, Phys. Z. 27, 206 (1926).

[12] P. Stiles, J. Hubbard, and R. Kayser, J. Chem. Phys. 77,
6189 (1982).

[13] K. F. Rinne, S. Gekle, and R. R. Netz, J. Chem. Phys. 141,
214502 (2014).

[14] S. Seal, K. Doblhoff-Dier, and J. Meyer, J. Phys. Chem. B
123, 9912 (2019).

[15] A. Gorji and N. Bowler, J. Chem. Phys. 153, 014503 (2020).

[16] K. Laasonen, M. Sprik, M. Parrinello, and R. Car, J. Chem.
Phys. 99, 9080 (1993).

[17] M. Chen, H.-Y. Ko, R. C. Remsing, M. F. Calegari Andrade,
B. Santra, Z. Sun, A. Selloni, R. Car, M. L. Klein, J.P.
Perdew, and X. Wu, Proc. Natl. Acad. Sci. U.S.A. 114,
10846 (2017).

[18] C.Zhang, F. Tang, M. Chen, J. Xu, L. Zhang, D. Y. Qiu, J. P.
Perdew, M. L. Klein, and X. Wu, J. Phys. Chem. B 125,
11444 (2021).

[19] N. O’Neill, C. Schran, S.J. Cox, and A. Michaelides,
arXiv:2211.04345.

[20] C. Schran, F.L. Thiemann, P. Rowe, E.A. Miiller, O.
Marsalek, and A. Michaelides, Proc. Natl. Acad. Sci.
U.S.A. 118, €2110077118 (2021).

[21] J. G. Kirkwood, J. Chem. Phys. 7, 911 (1939).

[22] J. A. Pople, Proc. R. Soc. A 205, 163 (1951).

[23] M. Sharma, R. Resta, and R. Car, Phys. Rev. Lett. 98,
247401 (2007).

[24] D.E. Milovzorov, in Electric Field, edited by M.S.
Kandelousi (InTech, London, 2018).

[25] P. Hohenberg and W. Kohn, Phys. Rev. 136, B§64 (1964).

[26] W. Kohn and L.J. Sham, Phys. Rev. 140, A1133 (1965).

[27] R. Car and M. Parrinello, Phys. Rev. Lett. 55, 2471 (1985).

[28] A.P. Gaiduk and G. Galli, J. Phys. Chem. Lett. 8, 1496
(2017).

[29] V. Rozsa, T. A. Pham, and G. Galli, J. Chem. Phys. 152,
124501 (2020).

[30] A. Krishnamoorthy, K.-i. Nomura, N. Baradwaj, K.
Shimamura, P. Rajak, A. Mishra, S. Fukushima, F.
Shimojo, R. Kalia, A. Nakano, and P. Vashishta, Phys.
Rev. Lett. 126, 216403 (2021).

[31] C. Zhang and M. Sprik, Phys. Rev. B 93, 144201 (2016).

[32] A.Y. Zasetsky and I. M. Svishchev, J. Chem. Phys. 115,
1448 (2001).

[33] R. Fuentes-Azcatl and M. C. Barbosa, J. Phys. Chem. B
120, 2460 (2016).

[34] L. Zhang, H. Wang, M. C. Muniz, A. Z. Panagiotopoulos, R.
Car, and W. E, J. Chem. Phys. 156, 124107 (2022).

[35] L. Zhang, J. Han, H. Wang, R. Car, and W. E, Phys. Rev.
Lett. 120, 143001 (2018).

[36] L. Zhang, J. Han, H. Wang, W. Saidi, R. Car, and W. E, in
Advances in Neural Information Processing Systems 31,
edited by S. Bengio, H. Wallach, H. Larochelle, K.
Grauman, N. Cesa-Bianchi, and R. Garnett (Curran
Associates, Inc., New York, 2018), pp. 4436-4446.

[37] J. Sun, A. Ruzsinszky, and J. P. Perdew, Phys. Rev. Lett.
115, 036402 (2015).

[38] J. Sun, R. C. Remsing, Y. Zhang, Z. Sun, A. Ruzsinszky, H.
Peng, Z. Yang, A. Paul, U. Waghmare, X. Wu et al.,
Nat. Chem. 8, 831 (2016).

[39] L. Zhang, M. Chen, X. Wu, H. Wang, W. E, and R. Car,
Phys. Rev. B 102, 041121(R) (2020).

[40] N. Marzari and D. Vanderbilt, Phys. Rev. B 56, 12847
(1997).

[41] See  Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.131.076801 for meth-
odology and numerical details and the dielectric permittivity
simulated using the OPC water model, which includes
Refs. [42-56].

[42] H. Wang, L. Zhang, J. Han, and W. E, Comput. Phys.
Commun. 228, 178 (2018).

[43] Y. Zhang, H. Wang, W. Chen, J. Zeng, L. Zhang, H. Wang,
and W. E, Comput. Phys. Commun. 253, 107206 (2020).

[44] P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C.
Cavazzoni, D. Ceresoli, G. L. Chiarotti, M. Cococcioni, 1.
Dabo et al., J. Phys. Condens. Matter 21, 395502 (2009).

[45] D.R. Hamann, M. Schliiter, and C. Chiang, Phys. Rev. Lett.
43, 1494 (1979).

[46] D. Vanderbilt, Phys. Rev. B 32, 8412 (1985).

[47] D.R. Hamann, Phys. Rev. B 88, 085117 (2013).

[48] G. Pizzi, V. Vitale, R. Arita, S. Bliigel, F. Freimuth, G.
Géranton, M. Gibertini, D. Gresch, C. Johnson, T.
Koretsune et al., J. Phys. Condens. Matter 32, 165902
(2020).

[49] S. Plimpton, J. Chem. Phys. 117, 1 (1995).

[50] R. W. Hockney and J. W. Eastwood, Computer Simulation
Using Particles (Adam Hilger, New York, 1989).

[S1] N. A. Spaldin, J. Solid State Chem. 195, 2 (2012).

[52] D. Vanderbilt and R. D. King-Smith, Phys. Rev. B 48, 4442
(1993).

[53] P. L. Silvestrelli and M. Parrinello, Phys. Rev. Lett. 82, 3308
(1999).

[54] S. Baroni, S. De Gironcoli, A. Dal Corso, and P. Giannozzi,
Rev. Mod. Phys. 73, 515 (2001).

[55] A.K. Soper, J. Phys. Condens. Matter 9, 2399 (1997).

[56] A. Sengupta, Z. Li, L.F. Song, P. Li, and K. M. Merz,
J. Chem. Inf. Model. 61, 869 (2021).

[57] J. Sala, E. Guardia, and J. Marti, J. Chem. Phys. 132,
214505 (2010).

[58] J. Xu, C. Zhang, L. Zhang, M. Chen, B. Santra, and X. Wu,
Phys. Rev. B 102, 214113 (2020).

[59] P. M. Piaggi, A.Z. Panagiotopoulos, P. G. Debenedetti, and
R. Car, J. Chem. Theory Comput. 17, 3065 (2021).

[60] V. Shcherbakov, Y. M. Artemkina, and E. Korotkova, Russ.
J. Inorg. Chem. 59, 922 (2014).

[61] A. Chandra, J. Chem. Phys. 113, 903 (2000).

[62] C. Zhang, S. Yue, A.Z. Panagiotopoulos, M. L. Klein, and
X. Wu, Nat. Commun. 13, 822 (2022).

[63] J. Xu, Z. Sun, C. Zhang, M. DelloStritto, D. Lu, M. L. Klein,
and X. Wu, Phys. Rev. Mater. 5, LO12801 (2021).

[64] R.M. Adar, T. Markovich, A. Levy, H. Orland, and D.
Andelman, J. Chem. Phys. 149, 054504 (2018).

[65] S. Izadi, R. Anandakrishnan, and A. V. Onufriev, J. Phys.
Chem. Lett. 5, 3863 (2014).

076801-6


https://doi.org/10.1063/1.443819
https://doi.org/10.1063/1.443819
https://doi.org/10.1063/1.4901927
https://doi.org/10.1063/1.4901927
https://doi.org/10.1021/acs.jpcb.9b07916
https://doi.org/10.1021/acs.jpcb.9b07916
https://doi.org/10.1063/1.5144301
https://doi.org/10.1063/1.465574
https://doi.org/10.1063/1.465574
https://doi.org/10.1073/pnas.1712499114
https://doi.org/10.1073/pnas.1712499114
https://doi.org/10.1021/acs.jpcb.1c03884
https://doi.org/10.1021/acs.jpcb.1c03884
https://arXiv.org/abs/2211.04345
https://doi.org/10.1073/pnas.2110077118
https://doi.org/10.1073/pnas.2110077118
https://doi.org/10.1063/1.1750343
https://doi.org/10.1098/rspa.1951.0024
https://doi.org/10.1103/PhysRevLett.98.247401
https://doi.org/10.1103/PhysRevLett.98.247401
https://doi.org/10.1103/PhysRev.136.B864
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1103/PhysRevLett.55.2471
https://doi.org/10.1021/acs.jpclett.7b00239
https://doi.org/10.1021/acs.jpclett.7b00239
https://doi.org/10.1063/1.5143317
https://doi.org/10.1063/1.5143317
https://doi.org/10.1103/PhysRevLett.126.216403
https://doi.org/10.1103/PhysRevLett.126.216403
https://doi.org/10.1103/PhysRevB.93.144201
https://doi.org/10.1063/1.1381055
https://doi.org/10.1063/1.1381055
https://doi.org/10.1021/acs.jpcb.5b12584
https://doi.org/10.1021/acs.jpcb.5b12584
https://doi.org/10.1063/5.0083669
https://doi.org/10.1103/PhysRevLett.120.143001
https://doi.org/10.1103/PhysRevLett.120.143001
https://doi.org/10.1103/PhysRevLett.115.036402
https://doi.org/10.1103/PhysRevLett.115.036402
https://doi.org/10.1038/nchem.2535
https://doi.org/10.1103/PhysRevB.102.041121
https://doi.org/10.1103/PhysRevB.56.12847
https://doi.org/10.1103/PhysRevB.56.12847
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.076801
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.076801
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.076801
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.076801
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.076801
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.076801
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.076801
https://doi.org/10.1016/j.cpc.2018.03.016
https://doi.org/10.1016/j.cpc.2018.03.016
https://doi.org/10.1016/j.cpc.2020.107206
https://doi.org/10.1088/0953-8984/21/39/395502
https://doi.org/10.1103/PhysRevLett.43.1494
https://doi.org/10.1103/PhysRevLett.43.1494
https://doi.org/10.1103/PhysRevB.32.8412
https://doi.org/10.1103/PhysRevB.88.085117
https://doi.org/10.1088/1361-648X/ab51ff
https://doi.org/10.1088/1361-648X/ab51ff
https://doi.org/10.1006/jcph.1995.1039
https://doi.org/10.1016/j.jssc.2012.05.010
https://doi.org/10.1103/PhysRevB.48.4442
https://doi.org/10.1103/PhysRevB.48.4442
https://doi.org/10.1103/PhysRevLett.82.3308
https://doi.org/10.1103/PhysRevLett.82.3308
https://doi.org/10.1103/RevModPhys.73.515
https://doi.org/10.1088/0953-8984/9/11/008
https://doi.org/10.1021/acs.jcim.0c01390
https://doi.org/10.1063/1.3429253
https://doi.org/10.1063/1.3429253
https://doi.org/10.1103/PhysRevB.102.214113
https://doi.org/10.1021/acs.jctc.1c00041
https://doi.org/10.1134/S0036023614090186
https://doi.org/10.1134/S0036023614090186
https://doi.org/10.1063/1.481870
https://doi.org/10.1038/s41467-022-28538-8
https://doi.org/10.1103/PhysRevMaterials.5.L012801
https://doi.org/10.1063/1.5042235
https://doi.org/10.1021/jz501780a
https://doi.org/10.1021/jz501780a

