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ABSTRACT
The van der Waals (vdW) interaction plays a crucial role in the description of liquid water. Based on ab initio molecular dynamics simulations,
including the non-local and fully self-consistent density-dependent implementation of the Tkatchenko-Scheffler dispersion correction, we
systematically studied the aqueous solutions of metal ions (K+, Na+, and Ca2+) from the Hofmeister series. Similar to liquid water, the vdW
interactions strengthen the attractions among water molecules in the long-range, leading to the hydrogen bond networks softened in all the
ion solutions. However, the degree that the hydration structure is revised by the vdW interactions is distinct for different ions, depending on
the strength of short-range interactions between the hydrated ion and surrounding water molecules. Such revisions by the vdW interactions
are important for the understanding of biological functionalities of ion channels.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5086939

I. INTRODUCTION

The nature of the interactions between hydrated ions from the
Hofmeister series1 and their surrounding water molecules plays a
key role in understanding several fundamental physiological phe-
nomena. For example, during the process of signal transduction, the
selective permeability of the ligand-gated ion channels that allows
the K+, Na+, or Ca2+ to pass through membranes is crucially depen-
dent on the subtle details in their solvation structures.2–4 There-
fore, uncovering the precise picture of ion hydration continues to
be at the center of scientific interest.5–10 During the past years,
state-of-the-art scattering and spectroscopy techniques have been
developed and employed in experiments.11–13 Complementary to
the experimental approaches, ab initio molecular dynamics (AIMD)
simulation14,15 provides an ideal theoretical framework to study
ion hydration in aqueous solution. Within the AIMD simulations,
the hydrogen-bond (H-bond) network, under thermal fluctuation,
and its dynamical interaction with hydrated ions are both mod-
eled at a finite temperature. For the electronic degrees of freedom, a
direct quantum mechanical treatment is allowed since the forces are

computed from the ground state determined by density functional
theory (DFT).16 Therefore, AIMD simulations can describe the sol-
vated ions at the molecular level, with the spatial and temporal
resolutions that are inaccessible by current experiments.

Despite extensive AIMD simulations in aqueous solutions
for over two decades, uncertainty remains. The accuracy of the
predicted H-bond network critically depends on the level of
exchange correlation approximations for the interacting electrons.
To date, most AIMD simulations adopted the semilocal approx-
imations at the generalized-gradient approximation (GGA) level,
such as Perdew-Burke-Ernzerhof (PBE)17 and Becke-Lee-Yang-
Parr (BLYP)18,19 functionals. Although the computed liquid struc-
tures are in qualitative agreement with experiments, it is widely
recognized that GGA functionals predicted an over tetrahedrally
structured water compared to available scattering experiments.20
The overestimated H-bond strength originates partially from the
self-interaction error21 inherited from the semilocal approxima-
tion, artificially facilitating the donation of proton to oxygen lone
pair electrons.22 Furthermore, even more severe drawbacks arise
from the neglect of the non-local exchange correlation effects
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that are responsible for long-range van der Waals (vdW) inter-
actions/dispersion forces.23 It has been repeatedly shown that
considering vdW interactions in GGA-AIMD simulations not only
softens the H-bond structure towards the experimental direction but
also is the key physical effect underlying the greater density of water
than that of ice.24–29

Embedded in the H-bond network,30 the first solvation shell
of hydrated ions can be described by a polyhedron with each ver-
tex occupied by a water molecule. In general, more than one type
of polyhedron can be identified, indicating the competing nature
among different solvation patterns under thermal fluctuation. The
softened liquid structure by the vdW interactions can tilt the delicate
balance with the free energy profiles, thus introducing non-trivial
revisions to the ion hydration. Recently, it was found that the vdW
interactions introduce major revisions to the hydration of water ions
which revised the traditional mechanism of proton transfer.31 Due
to the emerging importance, whether vdW interactions have univer-
sal or rather ion-specific effects on the solvated Hofmeister cations,
especially for the solvation structures which are important for the
understanding of biological functionalities of ion channels, has not
been well addressed.

To address the above issues, here we perform a systematic study
of K+, Na+, and Ca2+ hydrations in aqueous solutions by considering
the long-range vdW interactions based on PBE-AIMD simulations.
In particular, we adopt the recently developed non-local and fully
self-consistent implementation of Tkatchenko and Scheffler vdW
(TS-vdW) correction.22,32,33 Since the dispersion coefficients are
computed as an explicit functional of the charge density, TS-vdW
can capture the local chemical environment on-the-fly. Under the
influence of vdW interactions, the increased interstitial water popu-
lation softens the ion solvation structures within a less polarizable
solvent. Accordingly, the hydration structures represented by the
polyhedra with larger number of vertices are more stabilized. How-
ever, the extent to which the ion hydration is revised under the
influence of dispersion forces differs significantly for different three
metal ions, relying on the nature (size and charge) of the hydrated
ion which decides the short-range interactions between the ion and
surrounding water molecules. Namely, the rather flexible hydrations
of K+ undergo the largest revisions while the hydrations of Na+

only gently perturbed. For the case of Ca2+, the rather rigid solva-
tion shells barely changed by the vdW interactions. Interestingly, the
ordering of the ability of ions solvating water molecules and forming
hydration structures is in accordance with the ionic ordering in the
Hofmeister series, and such a phenomenon becomes more obvious
when the vdW interactions are taken into account.

II. SIMULATION DETAILS
Born-Oppenheimer molecular dynamics have been performed

based on DFT within the canonical ensemble as implemented in
a modified version of the Quantum ESPRESSO34,35 code package.
Each of the three aqueous solutions studied here (K+, Na+, and Ca2+

aqueous solutions) was modeled by a periodic cubic cell with the size
of 12.44 Å and a target temperature of 363 K, consisting of one ion
and 63 water molecules. Simulations for pure water were also carried
out with 64 water molecules using identical size as a benchmark. We
adopted the PBE exchange correlation approximation combining
with a fully self-consistent implementation of the density-dependent

dispersion correction of TS-vdW

ETS-vdW[ρ(r)] = −1
2∑AB

f AB[ρ(r)]C6,AB[ρ(r)]
R6

AB
. (1)

See Ref. 22 for more detailed information about Eq. (1). The inter-
actions between valence electrons and the ion (comprising the
nuclei and their corresponding frozen-core electrons) were approx-
imated by the pseudopotential approach, in which the Hamann-
Schlüter-Chiang-Vanderbilt36,37 construction was used for H(1s1),
O(2s22p4), and K(3s23p64s1), SG15 optimized norm conserving
Vanderbilt38–40 was used for Ca(3s23p64s2), and Goedecker-Teter-
Hutter41 was used for Na(2s22p63s1). A cutoff energy of 85 Ry was
used in the plane-wave expansions, and the Brillouin zone was sam-
pled at the Γ point. All the AIMD trajectories have been equilibrated
by over 30 ps, in which the Nose-Hoover thermostats42 are applied
to control the target temperature at 363 K. The hydrogen atoms were
replaced with deuterium in order to maximize the allowable time
step in the integration of the equations of motion and reduce the
importance of quantum nuclear effects.43,53 Such replacement did
not affect the structural properties in the simulations in which the
ions were treated as classical particles. In K+ and Ca2+ AIMD trajec-
tories, a time step of 0.48 fs was used for the molecular dynamics.
For the case of Na+, a time step of 0.36 fs was used. At each molec-
ular dynamics time step in all AIMD trajectories, the wavefunction
was fully relaxed and the electronic ground state was considered to
be achieved if the difference in the total energy was equal or less than
0.5 × 10−7 Hartree between two consecutive steps of damped
dynamics44 on electrons.

III. RESULTS AND DISCUSSION
It is well known that the semilocal functional significantly over-

estimates the strength of H-bond, resulting in a sluggish liquid that
barely diffuses at room temperature.22 In order to mimic water
under ambient conditions, much higher temperatures are com-
monly applied.45–47 Even under the elevated temperature at 363 K
in current simulations, the resulting over-structured H-bond net-
work can be clearly seen in the oxygen-oxygen radial distribution
function goo(r) of the solvent water as shown in Figs. 1(a)–1(c). For
all the three aqueous solutions, the first maximum and minimum of
goo(r) are predicted to be gmax1

oo (r) = 2.92–3.00 at rmax1 = 2.70–2.73 Å
and gmin1

oo (r) = 0.49–0.59 at rmin1 = 3.29–3.32 Å, respectively (see
Table I for detailed values). The previous results of combined X-ray
and neutron diffraction data in pure liquid water48 are also given in
the last row of Table I for comparison. A higher first peak as well
as a deeper first minimum in the goo(r) is consistent with the fact
that liquid water by PBE-AIMD is over-structured. When the vdW
interactions are taken into account in the PBE+TS-vdW AIMD tra-
jectories, the above drawback is largely improved. Unlike the vector
nature of the H-bond pointing from the proton to the oxygen lone
electron pair, the vdW interactions apply non-directional attractive
forces to all the water molecules in the long-range. The strength-
ened attractions among water molecules soften the coordination
shell of water solvent, evidenced by the systematically decreased
average number of H-bonds (utilizing the definition proposed by
Luzar and Chandler49) from 3.65-3.72 in PBE-AIMD to 3.54-3.56 in
PBE+TS-vdW-AIMD trajectories similarly in the solvent of all three
ion solutions in Figs. 1(d)–1(f) (see Table I for detailed values). As
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FIG. 1. The O–O radial distribution func-
tions goo(r) for K+ (a), Na+ (b), and Ca2+

(c) aqueous solution (aq) at the PBE and
PBE+TS-vdW levels. The probability dis-
tributions for different types of H-bonds
in K+(d), Na+ (e), and Ca2+ (f) aque-
ous solution at the PBE and PBE+TS-
vdW levels. The x-axis label AxDy repre-
sents the number of accepted (Ax) and
the number of donated (Dy) H-bonds,
respectively. All other types of H-bonds
have contributions less than 8% and are
neglected for clarity.

a result, the non-bonded water molecules perturbed by vdW inter-
actions enter the region between the first and second coordination
shell and increase the population of interstitial water as shown by
the less deep first minimum in Figs. 1(a)–1(c). In all the aqueous
solutions under consideration, the correction by the vdW interac-
tions on the oxygen-oxygen radial distribution function goo(r) is
rather similar, yielding gmax1

oo (r) = 2.64–2.68 at rmax1 = 2.73–2.74 Å
and gmin1

oo (r) = 0.71–0.74 at rmin1 = 3.25–3.31 Å towards the exper-
imental direction, respectively (see Table I for detailed values). It is
also noted that the vdW effects on the goo(r) is similar to the recent
studies on pure liquid water using a similar approach.22

Under the influence of long-range vdW interactions, the ion
hydration structures undergo additional attraction in a similar way
as described in the H-bond network in water. As a result, the water
molecules in the first and second coordination shells of solvated ions
are brought closer in all the three ion solutions, facilitated by the
attractive dispersion forces that are non-directional in nature. How-
ever, to what extent the hydration structure is revised by vdW inter-
actions is distinct for each individual ion, as shown in Figs. 2(a)–2(i)
and Table II.

Among all the three ions, the monovalent charged potassium
ion has the largest ion size with the ion radius of 1.38 Å. Not sur-
prisingly, the solvated K+ also exhibits the most flexible hydration
structure, which can be identified by the potassium-oxygen pair dis-
tribution function gKO(r) as shown in Fig. 2(a). Comparing the three
ion solutions, the gKO(r) has the least structured first coordination
shell with the first maximum located at rmax1 = 2.70 Å, in good
agreement with the experimental value of 2.73 Å determined by
extended X-ray absorption fine-structure spectroscopy (EXAFS),50
followed by a rather weak second coordination shell whose max-
imum position is at rmax2 = 4.60 Å at the PBE level. Noticeably,
the relatively less shallow first minimum, located at rmin1 = 3.55 Å,
indicates an increase in the population of water molecules in the
interstitial region, with the coordination number (CN) of 6.00. The
structural characteristic between the solvated K+ and the molecules
in its first hydration shell can be conveniently depicted by the poly-
hedra with each vertex hosting one water molecule. The rather flexi-
ble hydration structure of K+ makes such polyhedra compatible with
a broad spectrum in terms of vertex count, spanning from 4 to 10 as
shown in Fig. 2(d), in comparison with 6 ± 2 detected by EXAFS.50

TABLE I. Tabulated summary of the structural properties of aqueous solutions obtained via the AIMD simulations performed
in this work. From left to right, the positions (in Å) and intensities of the first maximum (rmax1 and gmax1

oo (r)), the first minimum
(rmin1 and gmin1

oo (r)) of the corresponding oxygen-oxygen radial distribution function goo(r); the average number of H-bonds
(nHB) per water molecule. The available experimental data are provided in the last row.

System Method rmax1 gmax1
oo (r) rmin1 gmin1

oo (r) nHB

K+ PBE 2.70 3.00 3.29 0.49 3.72
PBE+TS-vdW 2.73 2.65 3.29 0.71 3.56

Na+ PBE 2.73 3.00 3.32 0.53 3.68
PBE+TS-vdW 2.73 2.68 3.25 0.74 3.54

Ca2+ PBE 2.73 2.92 3.31 0.59 3.65
PBE+TS-vdW 2.74 2.64 3.31 0.73 3.54

Pure water Expt.48 2.76 2.62 3.42 0.82 . . .
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TABLE II. Tabulated summary of the structural properties of aqueous solutions obtained via the AIMD simulations performed in this work. From left to right, the positions (in
Å) and intensities of the first maximum (rmax1 and gmax1

ion-o(r)), the first minimum (rmin1 and gmin1
ion-o(r)), and the second maximum (rmax2 and gmax2

ion-o(r)) of the corresponding
ion-oxygen radial distribution function gion–o(r); the coordination number (CN) of the three ions; and the average dipole moment µ (in Debye) per water molecule belonging to
the first solvation shell of the three ions. The available experimental peak position are provided for comparison.

Solution Method rmax1 gmax1
ion-o(r) rmin1 gmin1

ion-o(r) rmax2 gmax2
ion-o(r) CN µ

K+

PBE 2.70 3.40 3.55 0.61 4.60 1.32 6.00 2.99
PBE+TS-vdW 2.80 3.18 3.70 0.74 4.71 1.08 7.66 2.93

Expt.50 2.73 . . . . . . . . . . . . . . . . . . . . .
Expt.52 2.81 . . . . . . . . . . . . . . . . . . . . .

Na+

PBE 2.38 5.13 3.23 0.22 4.42 1.43 5.12 3.00
PBE+TS-vdW 2.41 4.62 3.23 0.41 4.37 1.25 5.15 2.95

Expt.12 2.37 . . . . . . . . . . . . . . . . . . . . .
Expt.12 2.38 . . . . . . . . . . . . . . . . . . . . .

Ca2+

PBE 2.37 9.59 3.16 0.00 4.42 2.07 6.00 3.33
PBE+TS-vdW 2.38 9.63 3.04 0.002 4.39 2.09 6.00 3.36

Expt.13 2.38 . . . . . . . . . . . . . . . . . . . . .
Expt.58 2.39 . . . . . . . . . . . . . . . . . . . . .

Within the PBE functional approximation, these polyhedra describ-
ing the first hydration shell of K+ are dominated by square pyramid
(CN = 5), pentagonal pyramids and octahedrons (CN = 6), and
pentagonal bipyramids and triangular prisms (CN = 7) as shown
in Fig. 2(d). Consistently, there are two noticeable peaks in the
O–K–O angle distribution function as shown in Fig. 2(g). The main
peak around 90○ originates from the fact that the line connecting

the apical oxygens and the K+ is approximately normal to the base
plane in polyhedra with CN = 5 and 6. The satellite peak around 55○
is intrinsically from the polyhedra with a relatively larger number
of vertices (CN ≥ 7). At the PBE+TS-vdW level, the vdW interac-
tions apply long-range forces attracting the water molecules between
the first and second coordination shells. Due to the flexible hydra-
tion shell, the above attraction can be seen by an obvious outward

FIG. 2. The ION–O radial distribution
functions (a) gK–O(r), (b) gNa–O(r), and
(c) gCa–O(r) at the PBE and PBE+TS-
vdW levels. The red hollow triangles and
red solid triangles in each panel rep-
resent the corresponding running coor-
dination number CN(r) at the PBE and
PBE+TS-vdW levels, respectively. With
the x-axis ending at the first minimum
rmin1 of the ION–O radial distribution
functions, the terminal points of CN(r)
give the evaluated CN for the three ions
at the PBE and PBE+TS-vdW levels. The
probability distributions of CN for K+ (d),
Na+ (e), and Ca2+ (f) at the PBE and
PBE+TS-vdW levels. The typical hydra-
tion structures for K+, Na+, and Ca2+ with
different CNs are presented. Red, white,
purple, yellow, and cyan balls refer to O,
H, K, Na, and Ca atoms, respectively.
The angle distribution functions of O–
ION–O ' for water molecules in the first
solvation shell of K+ (g), Na+ (h), and
Ca2+ (i) at the PBE and PBE+TS-vdW
levels.
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movement of the first coordination shell (rmax1 = 2.80 Å and
rmin1 = 3.70 Å) in Fig. 2(a), consistent with previous simulation
results,51 and the X-ray and neutron diffraction experiments for
KCl aqueous solutions with a K–O distance of 2.81 Å.52 At the
same time, the second coordination shell is destructed with a largely
smeared peak due to the rather flexible hydration shell, allowing
more water molecules to populate in the interstitial region. As a
result, such a significant expansion of hydration volume by the dis-
persion forces enables K+ to solvate more water molecules within
its first coordination shell as shown in Fig. 2(a), which weakens the
K+-water interaction, with an increased CN of 7.66. Therefore, the
first hydration shell is dominated by polyhedra with larger number
of vertices [Fig. 2(d)]. In turn, it shifts the position of the main peak
in the O–K–O angle distribution function to be further smaller than
90○ and increases the magnitude of the peak around 55○ [Fig. 2(g)]
because of the increased population of polyhedra corresponding
to CN = 7 influenced by the vdW interactions [Fig. 2(d)]. Such a
tendency has also been observed from previous simulation results.53

The sodium ion carries a single positive charge as well. How-
ever, it has a smaller ion radius of 1.02 Å compared to that of K+

due to its more compact electronic configuration of 1s22s22p6. Con-
sequently, the interaction between Na+ and its surrounding water
molecules is stronger, which can be seen from the closer and more
structured coordination shells in Fig. 2(b) compared to those in K+

solution. At the PBE level, the first maximum rmax1, the first mini-
mum rmin1, and the second maximum rmax2 of the pair distribution
function gNa–O are located at 2.38 Å, 3.23 Å, and 4.42 Å, respec-
tively. The location of the first maximum is in good agreement with
the recent X-ray diffraction (XRD) and EXAFS experimental val-
ues of 2.38 Å and 2.37 Å, respectively.12 Consistent with its more
rigid hydration structure, the solvation complexes are dominated
by the polyhedra with five vertices (CN = 5), represented by both
the square pyramid and triangular bipyramid in Fig. 2(e), which
has been reported in previous theoretical studies.54 Such more rigid
hydration structures give rise to the main peak of the O–Na–O angle
distribution function centered at 90○ followed by a second broader
peak at around 170○ [Fig. 2(h)]. In addition, tetrahedron (CN = 4)
and octahedron (CN = 6) complexes are also found but with small
fractions at the PBE level, suggesting a higher free energy than that
of the solvation complex with CN = 5. At the PBE+TS-vdW level,
the attraction among water molecules in the long-range distance is
strengthened as usual. However, unlike the vdW effects in K+ solu-
tion that significantly weakens the ion-water interaction, the first
hydration shell of Na+ is only gently perturbed with rmax2 = 2.41 Å
and becomes less structured. This difference is due to the stronger
Na+-water interaction than the K+-water interaction. More obvious
vdW effects can be observed from the second coordination shell,
which is not only less structured but also closer to the first shell
with rmax2 = 4.37 Å [Fig. 2(b)]. The less structured hydration shells in
turn make more water molecules populate in the interstitial region,
resulting in a lifted first minimum in Fig. 2(b). Consistently, the
majority of solvation complexes are still comprised by polyhedra
with five vertices, but are more broadly distributed with a pref-
erence towards a larger number of vertices as shown in Fig. 2(e),
with the CN increasing to 5.15 from 5.12. These values are consis-
tent with the experimental data of 5.2 and 5.5 determined by X-ray
absorption spectroscopy (XAS)11 and XRD,12 respectively. Under
the influence of increased interstitial water fluctuations, most of the

solvation complexes are perturbed and more distorted polyhedra are
identified. As a result, the main peak of the O–Na–O angle distri-
bution function shifts from 90○ to an acute angle at 84○, and the
second broad peak decreases slightly too, as shown in Fig. 2(h). Sim-
ilar effects have been recently reported in pure liquid water22 as well
as solvated water ions in aqueous solutions.51,53

The calcium ion bears two positive charges with the smallest
ion radius of 0.99 Å among the three ions. Solvated in water, it
presents the strongest ion-water interaction via its high electrostatic
field among the three ion solutions, indicated by the pair distribution
function gCa–O in Fig. 2(c), showing that the first hydration shell is
much more closer to the Ca2+ than K+ and Na+. At the PBE level,
the first maximum rmax1, the first minimum rmin1, and the second
maximum rmax2 are located at 2.37 Å, 3.16 Å, and 4.42 Å, respec-
tively. Meanwhile, both the first and second coordination shells are
much more structured than those of K+ and Na+, and the octahedron
with CN = 6 [Fig. 2(f)] is found to be the only stable solvation com-
plex at the PBE level, consistent with previous studies.55–57 It turns
out that the octahedron solvation complexes are responsible for the
two sharp peaks at 90○ and 165○ in the O–Ca–O angle distribution
function in Fig. 2(i). The rather rigid hydration shell of solvated
Ca2+ induces a unique effect under the influence of vdW interac-
tions, i.e., the first hydration shell is nearly intact (rmax1 = 2.38 Å),
consistent with the recent experimental data of 2.38 Å determined
by neutron scattering,13 and the entire second hydration shell only
slightly moves inwards (from 4.42 Å to 4.39 Å) with its shape almost
unchanged perturbed by the attractive vdW forces. At the PBE+TS-
vdW level, the octahedron with CN = 6 is also the most stable sol-
vation complex with only a negligible increased fraction of complex
with CN = 7. As expected, the O–Ca–O angle distribution function
barely changes when considering the vdW interactions as shown in
Fig. 2(i).

The electric properties of the water molecules in ion solutions
also undergo non-trivial changes due to the vdW effects. The elec-
tric dipole moment of water molecules in the liquid condensed phase
(2.9D)59 is much higher than that of the gas phase (1.85D),60,61
which is attributed to the poling effect via the H-bonding. At
the PBE level, the artificially strengthened H-bonding yields an
overestimated electric dipole moment µw = 3.16D in pure liquid
water, computed from the maximally localized Wannier functions
(MLWF)62,63

µ = RH1 + RH2 + 6RO − 2
4
∑
i=1

RWi , (2)

in which RH1 , RH2 , and RO are the Cartesian coordinates of the
hydrogen and oxygen atoms comprising the water molecule, respec-
tively, and RWi are the coordinates of the four corresponding MLWF
centers. As a measurement of the ability of the hydrated ion to
polarize surrounding water molecules, the electric dipole moment
of the water molecules in the first coordination shell of hydrated
ions are predicted to be 2.99D (0.95 × µw), 3.00D (0.95 × µw), and
3.33D (1.05 × µw) in K+, Na+, and Ca2+ solutions, respectively. The
above is consistent with the assignment of Ca2+ as the structure-
maker, K+ as the structure-breaker, and Na+ as the weak structure-
breaker.10,29 After the long-range vdW interactions are taken into
account, the softened liquid water structure becomes less polariz-
able, with the average electric dipole moment per water molecule
in pure liquid water µw−v = 3.05D, close to the experimental value
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of 2.9D, which has been reported in a previous theoretical study,22
and the electric dipole moment of the water molecules in the first
coordination shell of hydrated ions are predicted to be 2.93D (0.96
× µw−v), 2.95D (0.97 × µw−v), and 3.36D (1.10 × µw−v) in K+, Na+,
and Ca2+ solutions, respectively. In fact, the increase in CN for K+

and Na+ originating from the dispersion forces weakens the inter-
actions between the hydrated ion and water molecules in the first
coordination shell, leading to the polarization of neighboring water
molecules becoming closer to that of in pure liquid water at the
PBE+TS-vdW level. However, for the case of Ca2+, the interactions
between the ion and neighboring water molecules are so strong that
they are less affected by the long-range vdW attraction originating
from the coupled dipole fluctuations non-locally;23 therefore, the
interactions between Ca2+ and water molecules in its first hydration
shell are relatively enhanced, resulting in more polarized surround-
ing water molecules. Interestingly, the hydrated Ca2+ becomes an
even stronger structure-maker, while the role played by K+ ∼ Na+ as
the structure-breaker is even slightly weaker, which is in agreement
with the experimental estimation.64

IV. CONCLUSIONS
We have performed a systematic study on the hydration of

metal ions (K+, Na+, and Ca2+) from the Hofmeister series, based
on a semilocal density functional approximation including the non-
local and fully self-consistent density-dependent implementation of
the Tkatchenko-Scheffler dispersion correction within the frame-
work of AIMD simulations. Similar to liquid water, the H-bond
networks in all the ion solutions are found to be softened under the
influence of vdW interactions, strengthening the attractions among
water molecules in the long-range. However, the vdW interactions
have ion-specific effects on the solvated Hofmeister cations consid-
ered here, relying on the nature (size and charge) of the hydrated
ion which decides the short-range interactions between the ion
and surrounding water molecules. Thus, the rather flexible hydra-
tions of K+ undergo the largest revisions, and the solvation struc-
tures are dominated by polyhedra with larger number of vertices,
while the hydrations of Na+ only gently perturbed, with the major-
ity of solvation complexes are still with five vertices but are more
broadly distributed with a preference towards a larger number of
vertices. For the case of Ca2+, the rather rigid hydration shells barely
changed by the vdW interactions, and the only stable solvation struc-
ture of octahedron is still the most stable solvation complex with
only a negligible increased fraction of complex with CN = 7. The
present results are consistent with the available experimental data.
At the same time, we have computed the electric dipole moment of
the water molecules in the first coordination shell of the hydrated
ions using the methods of MLWF, and the results seem to con-
sistent with the assignment of Ca2+ as the structure-maker, K+ as
the structure-breaker, and Na+ as the weak structure-breaker10 even
though considering the vdW interactions. Our study shows that
vdW interactions have vital effects on the hydration of metal ions
from the Hofmeister series, in particular, on the subtle details of
the solvation structures, which are the features with the biological
functionalities such as the ion channels. Furthermore, the order-
ing of the ability of ions solvating water molecules and forming
hydration structures is in accordance with the ionic ordering in the
Hofmeister series, and such a phenomenon becomes more obvious

when the vdW interactions are taken into account. Such observa-
tions suggest that a proper treatment of vdW interactions may be
significant for the investigation of permeability through biological
channels.
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