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• We develop the strategy to compute
the solvation free energy.

• The TIP4P water model was incorporat-
ed into the continuum solvent model.

• The dielectric polarization calculated
from this strategy was similar to from
molecular dynamic simulations.

• We derive the analytical solution for
the solvation free energy of ions.

• The hydration free energies of various
ions calculated from the derived equa-
tion were similar to from experimental
data.
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Continuum solvent model is the common used strategy for computing the solvation free energy. However, the di-
electric polarization from Gauss's law differs from that obtained from molecular dynamics simulations. To mimic
the dielectric polarization surrounding a solute in molecular dynamics simulations, the first-shell water molecule
wasmodeled using a charge distribution of TIP4Pmolecule in a hard sphere. The dielectric polarization of the first-
shell water was modeled as a pair of surface charge layers with a fixed distance between them, but with variable,
equal, and opposite chargemagnitudes that respond to the electric field on the first-shellwater. Thewater outside
the first shell water is treated as a bulk solvent, and the electric effect of the bulk solvent can be modeled as a sur-
face charge. Based on this strategy, the analytical solution describing the solvation free energy of ions was derived,
and the values of computed solvation free energy were compared to the values of experiments.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Solvent plays a significant role in the stability of protein conformations
[1] and the binding affinity of protein–protein/ligand interactions [2]. A
ghts reserved.
lot of strategies had been developed for computing solvation free energy.
They can be grouped into explicit [3], hybrid [4,5] and implicit [6,7] sol-
vent models. Several of these strategies, such as the Born equation [8],
the generalized Born equation [9], Poisson's equation [10], the two Born
radii [11,12], the Poisson–Boltzmann equation, and the distance-
dependent dielectric constant were derived from continuum solvent
models. The continuum solvent model is conventionally incorporated
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into the quantum mechanism to examine protein functions [7] or incor-
porated into docking algorithms for computer-aided drug design [13,14].

The solvation free energy ΔGhyd
cal can be partitioned into the charging

solvation free energy and nonpolar free energy [15]. The charging solva-
tion free energy ΔGelec(0→ Q) can be calculated by integration of the
electrostatic potential Φ(q) at the solute, which is contributed by the
solvent for the solute charge to increase from 0 to Q [8]. The nonpolar
free energyΔGnp depends on the solute surface area and can be approx-
imated asΔGnp=γA+β, where A(Å2) is the solute surface area, the pa-
rameter γ = 0.00542 kcal/(mol·Å2), and β = 0.92 kcal/mol [16].
Therefore, the ΔGhyd

cal is

ΔGcal
hyd ¼

Z Q

0
Φ qð Þdqþ γAþ βð Þ: ð1Þ

The Φ(q) can be calculated from the dielectric polarization, −P,
based on the continuum solvent model. However, the P(r) frommolec-
ular dynamics (MD) simulations behaves oscillation as distance r from
the solute. This substantially differs from the P proposed in the continu-
um solventmodel [17–19]. Despite this difference, the parameters, Born
radii, are used to fit the experimental solvation free energy. A solute
comprising n atoms contains n Born radii and only one experimental
solvation free energy. From this perspective, numerous sets of Born
radii can be adjusted to fit the experimental solvation free energy. The
experimental data of solvation free energy is integrated and weighted
by the probability over all possible solute conformations. However,
the n parameters of the Born radii are insufficient for fitting the solva-
tion free energy from numerous solute conformations unless the func-
tion describing the solvation free energy is accurate [11].

Therefore, the solvent scheme developed in this study mimics the P
fromMD simulations. It was known that to treat a solvent molecule as a
point dipole at the center of a hard sphere, and to assume the electric di-
pole perwatermolecule, p(r), is proportional to the electricfield, the so-
lution of the p(r) exhibits oscillations as distance r from the solute as
observed from MD simulations [11,19,20]. Therefore, in this study, the
surface water molecule was modeled using a TIP4P charge distribution
in a hard sphere solvent [21,22], and the water molecules outside the
first-shell water were treated as a bulk solvent. The electric effect of
the bulk solvent can be solved by Maxwell's equations by treating the
water as the dielectric continuum, and the dielectric polarization of
the bulk solvent can be modeled as a surface charge [23]. The dielectric
polarization of the first-shell water is proportional to the electric field
that is contributed from the solute and the excluded solvent molecules.
The electric effect of the first-shell dielectric polarization ismodeled as a
pair of surface charge layers with a fixed distance between them, but
with variable, equal, and opposite charge magnitudes that respond to
the electric field. For one-particle solute, the equation describing the
solvation free energywas derived by this solvent scheme, and the solva-
tion free energies of ions calculated using the derived equation were
compared with the experimental data.

2. Methods

2.1. MD simulations

The solute with charge Q=−1.0e,−0.8e,−0.4e, +0.4e, +0.8e,
or +1.0 e was fixed at the center of a spherical water cluster with a
radius of 15Å containing 471 TIP3P [21] water molecules. The vdW pa-
rameters of the solutes were assigned the same values as the oxygen
atoms of the TIP3P water, where ε=−0.1521 kcal/mol and Rmin/2=
1.7682 Å. Simulations were performed in an NVE ensemble by using
the CHARMMpackage [24] and applying spherical boundary conditions
without cutoffs. The ion–water and water–water interaction energies
were calculated by summing the electrostatic and vdW pairwise ener-
gies. The length of the O\H bonds in TIP3P and the angle of the
H\O\H bond were constrained during the simulations by using the
SHAKE algorithm [25]. All atoms were propagated according to
Newton's equations by using the leapfrog Verlet algorithm and a time
step of 2 fs at a mean temperature of 300K. Each system was first min-
imized for 1000 steps, equilibrated for 100ps, and then subjected to 4ns
of production dynamics for analysis.

2.2. Calculating the normalized dielectric polarization Pn(r) from the
trajectories of MD simulations

The Pn(r) is defined as 4πr2P(r)/Q. The amplitude of Pn(r) can be
calculated by summing the radial direction of the electric dipole moment
of the water molecules with its oxygen atom located between r−Δr/2
and r+Δr/2 over NC configurations, divided by the solute charge Q as,

Pn rð Þ ¼ 1
QNCΔr

Z rþΔr=2

r−Δr=2

XNC

l¼1

Xn
m¼1

X3
i¼1

qi rlmi •
rlmO
rlmO

 !
δ r0−rlmO
� �

dr0 ð2Þ

where the first summation is over Nc configurations and the second sum-
mation is over n solvent molecules in the simulation system, where rO

lm

denotes the oxygen atom coordinates for the water molecule m in the
configuration l, rilm denotes the coordinates of atom i of water molecules
m in configuration l, qi is the charge ofwater atom i,Q is the solute charge,
and Δr is set as 0.1Å.

3. Theory

For a solute molecule in a macroscopic water cluster, the solvent di-
electric polarization changes drastically in the near-solute andwater/air
interface regions, and approaches those of the bulk solvent in the inter-
mediate region. For the solvent molecules in the intermediate region,
the electric effect of the solvent can be modeled as a continuum solvent
and solved by Gauss's law [23]. For the solvent in thewater/air interface
region, the solvent dielectric polarization is independent on the distri-
bution of the solute charge, and the electrostatic potential at the solute
contributed by the solvent in the water/air interface region is constant
[26–28]. Hence,Φ(q) in Eq. (1) can be computed by summingΦstruc(q),
Φcon(q), and Φsur as Φ(q)=Φstruc(q)+Φcon(q)+Φsur, [26] where Φ-
struc(q), Φcon(q), and Φsur are contributed by the water cluster in the
near solute, the bulk solvent, and thewater/air interface region, respec-
tively. By substituting it into Eq. (1), ΔGhyd

cal can be calculated as,

ΔGcal
hyd ¼

Z Q

0
Φstruc qð Þdqþ

Z Q

0
Φcon qð Þdqþ QΦsur þ γAþ βð Þ: ð3Þ

In Eq. (3), A(Å2) is the solute surface area, the parameter γ =
0.00542 kcal/(mol·Å2), andβ= 0.92 kcal/mol [16]. For the ion with a
charge Q=−1.0 e, −0.8 e, −0.4 e, +0.4 e, +0.8 e, or +1.0 e in TIP3P
water, the Pn(r) calculated using Eq. (2) has a large peak at the position
near Rgmax according to MD simulations and approaches a constant
value in the region far away from the solute (Fig. 1), where Rgmax is
the first peak position in the ion-water radial distribution function. For
mimicking the P observed in MD simulations, the solvent scheme used
in this study was the surface water at the position distance solute
Rgmax and the continuum solventmodel used in the region distance sol-
ute greater than (Rgmax+ RW), where RW is the water molecule radius
(Fig. 1). In Eq. (3),Φcon(q) is contributed by the continuum solvent out-
side thefirst-shellwater and is in the solute distance region greater than
(Rgmax+RW). Δcon(q) can be calculated as

Φcon qð Þ ¼ − q 1−1=εrð Þ
4πε0 Rgmax þ RW

� � ð4Þ

Φstruc(q) was computed by incorporating TIP4P water model. The TIP4P
model has four interaction sites. The three sites are on the three atoms,
and the fourth site is moved off the oxygen and towards the hydrogens



Fig. 1. Comparison of Pn(r) values obtained from the MD simulations and the solvent
scheme used in this study. The solute with the charge Q=−1.0 e (dashed black), −0.8 e
(dashed red), −0.4 e (dashed blue), +0.4 e (solid blue), +0.8 e (solid red), or +1.0 e
(solid black)was in the TIP3Pwater cluster, and thewatermolecule trajectories are obtain-
ed after equilibrium. The Pn(r) was calculated using Eq. (2). The results show that the Pn(r)
fromMD simulations has a large peak in the first-shell water region and approaches a con-
stant value in the region far from the solute. For the solvent scheme used in this study, the
water in the first shell is modeled as surface water at the position r= Rgmax, and a contin-
uum solvent model is used in the region r≥ (Rgmax+ RW) (gray line). The dielectric polar-
ization of the surface water was described using Dirac delta function, and the dielectric
polarization in the continuum solvent region was described using Heaviside function.

Fig. 2. Calculation of Esolvent(z). For the solutewith a chargeQ at the origin, one of the solvent
moleculeswith a radius RW is located at the position of (x=0, y=0, z). The electrostaticfield
at (0, 0, z) contributed by the dielectric polarization P(R) is calculated by summing the posi-
tive surface charge density at R+ with amplitude of +|P(R)|/(rHb,O− rM,O) and the negative
surface charge density at R−with amplitude of−|P(R)|/(rHb,O− rM,O). The distance between
R+ and R− is (rHb,O− rM,O).
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at a point (M) on the bisector of the HOH angle. The M site with charge
qM is displaced at 0.15Å from the oxygen atom. Charges of the twohydro-
gen atomswere qH1 and qH2, and a Lennard–Jones sphere is placed on the
oxygen atom [21,22]. Treating the electric effect of surface waters as two
layers of surface charge density, the negative and positive surface charge
densities are from the M site and hydrogen atoms of the TIP4P water
model, and are at the solute distance positions (Rgmax+ s(Enet)rM,O) and
(Rgmax + s(Enet)rHb,O), respectively, where s(Enet) is the sign of the net
electric field on the surface water, rM,O and rHb,O are the distance
between the oxygen atom and the M site and hydrogen bisector
center of the TIP4P, respectively. The amplitude of the surface charge
density depends on Enet on the surface water. After evaluating the
amplitude of the positive and negative surface charge density, the
equations describing Φstruc(q) in Eq. (3) and the solvation free energy
can be derived.

The dielectric polarization P is decomposed into the product of the
electric dipole moment per water molecule p, the bulk solvent molecu-
lar density Nbulk, and the ratio between the solvent molecular density
and the bulk solvent molecular density g, as P(r) = Nbulkg(r)p(r)
[17,19]. p is proportional to the electric field at the solvent molecule
Enet [17,18] when p(r)= ε0γmolEnet(r), where ε0 is the vacuum permit-
tivity, and γmol is the solvent molecular polarizability. Combining
these relations, P(r) can be written as

P rð Þ ¼ Nbulkg rð Þε0γmolEnet rð Þ: ð5Þ

The Enet can be decomposed into contributed from the solute,
−Esolute, and the other solvent,−Esolvent. For one-particle solutewith a
charge Q in the water solvent, and one of the solvent molecules at posi-
tion (x=0, y=0, z), the amplitude of Esolvent(z) can be calculated as an
integration of Esolvent(z; R) as,

Esolvent zð Þ ¼
Z ∞

0
Esolvent z;Rð ÞdR ð6Þ

where Esolvent(z; R) is the electrostatic field at (0, 0, z) from the dielectric
polarization P(R).

For the TIP4P water model, the electric effect of the P(R) was
modeled as the negative surface charge density with amplitude of
−|P(R)|/(rHb,O− rM,O) at distance R− from the solute, and the posi-
tive surface charge density with amplitudeof +|P(R)|/(rHb,O− rM,O)
at distance R+ from the solute. (rHb,O− rM,O) is the distance between
the M site and the hydrogen bisector center of the TIP4P molecule.
Assuming that the radius of water molecule is RW, Esolvent (z; R) can
be calculated as (Fig. 2),

Esolvent z;Rð Þ

¼ P Rð Þj j
4πε0 rHb;O−rM;O

� �Z π

θW

z−Rþ cosθ

R2
þ þ z2−2Rþz cosθ

� �3=2
− z−R− cosθ

R2
− þ z2−2R−z cosθ

� �3=2

2
6664

3
77752πR2 sinθdθ:

ð7Þ

In Eq. (7), cosθW=(z2+R2−RW
2 )/(2zR).

By integrating the electrostatic field on the right side of Eq. (7),
Esolvent(z; R) is,

Esolvent z;Rð Þ ¼ R3=2 P Rð Þj j
4ε0 rHb;O−rM;O

� �
z2

z2 þ R2−2RRþ−R2
Wffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

z2−RþR
� �

R−Rþ
� �þ RþR

2
W

q
− z2 þ R2−2RR−−R2

Wffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2−R−R
� �

R−R−ð Þ þ R−R2
W

q

2
6666664

3
7777775
:

ð8Þ

Substitute R−=(R+s(Enet)rM,O) andR+=(R+s(Enet)rHb,O) into (8),
Esolvent(z; R) is,

Esolvent z;Rð Þ

¼ R P Rð Þj j
4ε0 rHb;O−rM;O

� �
RWz2

z2−R2−2Rs Enetð ÞrHb;O−R2
Wffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ rHb;O
R2
W

rHb;O þ s Enetð ÞR
2
W−z2 þ R2

R

 !vuut
−

z2−R2−2Rs Enetð ÞrM;O−R2
Wffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ rM;O

R2
W

rM;O þ s Enetð ÞR
2
W−z2 þ R2

R

 !vuut

2
6666666666664

3
7777777777775
:

ð9Þ

image of Fig.�2
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Esolvent(z) can be calculated using Eq. (6) as

Esolvent zð Þ ¼
Z z−Rw

0
Esolvent z;Rð ÞdRþ

Z zþRw

z−Rw
Esolvent z;Rð ÞdR

þ
Z ∞

zþRw
Esolvent z;Rð ÞdR:

ð10Þ

The first and third terms on the right side of Eq. (10) are zero based
on Gauss's law.

The electric effect of P((z−RW)bRb (z+RW)) on the solute is mim-
icked using the surface dielectric polarization PS(z). PS(z) is approximat-
ed as

PS zð Þ ¼
Z zþRW

z−RW

P Rð ÞdR: ð11Þ

By substituting Eqs. (9) and (11) into Eq. (10), Esolvent(Rgmax) can be
approximated as,

Esolvent Rgmax

� �

¼ −
PS Rgmax

� �
4ε0 rHb;O−rM;O

� �
RWRgmax

2rHb;ORgmax þ s Enetð ÞR2
Wffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ rHb;O
R2
W

rHb;O þ s Enetð Þ R2
W

Rgmax

 !vuut
−

2rM;ORgmax þ s Enetð ÞR2
Wffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ rM;O

R2
W

rM;O þ s Enetð Þ R2
W

Rgmax

 !vuut

2
6666666666664

3
7777777777775
:

ð12Þ

By substituting Eqs. (5) into (11) and treating g(r)=1, PS(Rgmax) can
be approximated as

PS Rgmax

� �
≈2RWNbulkε0γmolEnet Rgmax

� �
: ð13Þ

The Enet(Rgmax) in Eq. (13) is a summation of Esolute(Rgmax) and
Esolvent(Rgmax). By substituting Eqs. (13) into (12),

PS Rgmax

� �
2RWNbulkε0γmol

¼ Q
4πε0R

2
gmax

−
PS Rgmax

� �
4ε0 rHb;O−rM;O

� �
RWRgmax

2rHb;ORgmax þ s Enetð ÞR2
Wffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ rHb;O

R2
W

rHb;O þ s Enetð Þ R2
W

Rgmax

 !vuut
−

2rM;ORgmax þ s Enetð ÞR2
Wffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ rM;O

R2
W

rM;O þ s Enetð Þ R2
W

Rgmax

 !vuut

2
6666666666664

3
7777777777775
:

ð14Þ

PS can be solved as

4πR2
gmaxPS Rgmax

� �
¼ 2RWCQ ð15Þ
where

1
C
¼ 1

2 rHb;O−rM;O

� �
Rgmax

2rHb;ORgmax þ s Enetð ÞR2
Wffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ rHb;O
R2
W

rHb;O þ s Enetð Þ R2
W

Rgmax

 !vuut
−

2rM;ORgmax þ s Enetð ÞR2
Wffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ rM;O

R2
W

rM;O þ s Enetð Þ R2
W

Rgmax

 !vuut

2
6666666666664

3
7777777777775

þ 1
Nbulkγmol

: ð16Þ

The electric potential at the solute contributed by the surface dielec-
tric polarization at distance r=Rgmax from the solute,−Φstruc(q),is

Φstruc qð Þ ¼
1

4πε0
4πR2

gmax

h
PS Rgmax

� ���� ���= rHb;O−rM;O

� �
Rgmax þ s Enetð ÞrHb;O

−
4πR2

gmax PS Rgmax

� ���� ���= rHb;O−rM;O

� �
Rgmax þ s Enetð ÞrM;O

i
:

ð17Þ

By substituting Eqs. (15) into (17), Φstruc(q) is

Φstruc qð Þ ¼ − RWCQ

2πε0 Rgmax þ s Enetð ÞrHb;O
h i

Rgmax þ s Enetð ÞrM;O

h i : ð18Þ

By substituting Eqs. (4) and (18) into (3), ΔGhyd
cal is

ΔGcal
hyd ¼ QΦsur þ γAþ βð Þ

− Q2

8πε0

2RWC

Rgmax þ s Enetð ÞrHb;O
h i

Rgmax þ s Enetð ÞrM;O

h iþ 1−1=εr
Rgmax þ RW

8<
:

9=
;:

ð19Þ

In (19),Q is the solute charge,Φsur is not considered and set to be zero,
A(Å2) is the solute surface area, the parameter γ=0.00542kcal/(mol·Å2),
β=0.92kcal/mol are from Ooi [16], rHb,O and rM,O are from TIP4P water
model [21,22], RW from the pair distribution functions of liquid water at
25 °C is 1.4 Å [29], εr of water solvent is 80, and C was calculated using
Eq. (16).

4. Results

4.1. Developing the solvent scheme for computing the solvation free energy

To treat the electric effect of the solvent as the dielectric continuum
and solve the electric potential at the solute using Poisson's equation is
the conventional used strategy to calculate the solvation free energy.
However, the P in the near-solute region solved from the continuum
solvent model differs in observations of MD simulations [20,30]. It was
known that by treating the first-shell water as a point dipole in a hard
sphere, assuming that the P is proportional to Enet(r), the calculated
P(r) can show that the oscillation decay depends on the distance r
from the solute, as observed in the MD simulations. Therefore, in this
project, the first-shell water molecule was treated as the charge distri-
bution of TIP4P in a hard sphere, and the water molecules outside the
first-shell waterwere treated as dielectric continuum. The dielectric po-
larization of the first-shell water is modeled as a pair of surface charge
layers with a fixed distance between them, but with variable charge
magnitudes that respond to the electric field on the first-shell water.
The intermediate water is treated as a bulk solvent. This strategy was
developed for the solute with multiple atoms. For one-particle solute,
the analytical solution describing the solvation free energywas derived.
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4.2. The solvation free energies of ions contributed by the first-shell water
are similar to those from the continuum solvent region

For univalent cations, divalent cations, trivalent cations, tetravalent
cations, and univalent anions, the solvation free energies were calculat-
ed using Eq. (19). The percentages of theΔGhyd

cal contributed by the first-
shell water, the continuum solvent region, and the non-polar free ener-
gy are approximately 54.4%, 46.2%, and 0.6%, respectively (Table 1),
which indicate the significance of accurately estimating the solvation
free energy contributed by the first-shell water.

4.3. Comparison of the solvation free energy calculated using Eq. (19), the
original Born model and from the experiments

The equation describing the solvation free energy according to the
original Born model is ΔGBorn = −Q2(1−1/εr)/(8πε0Rion). Assuming
Table 1
Comparison of the solvation free energies of ions calculated using Eq. (19) the experimen

Qa Rgmax
b −ΔGexp

c ΔGnp
d −Δ

Li 1 1.95 113.6 1.4 48
Ag 1 2.43 102.9 1.6 42
Na 1 2.46 87.3 1.6 42
K 1 2.80 70.6 1.8 39
Cs 1 2.95 59.8 1.8 37
Be 2 1.67 573.0 1.3 213
Zn 2 2.04 467.7 1.4 190
Ni 2 2.04 473.7 1.4 190
Cu 2 2.05 480.9 1.4 190
Co 2 2.08 458.1 1.4 188
Mg 2 2.12 437.8 1.5 186.
Fe 2 2.12 440.2 1.5 186.
Mn 2 2.20 421.1 1.5 182.
Cd 2 2.31 419.9 1.5 176.
Sn 2 2.34 328.9 1.5 175.
Hg 2 2.41 421.1 1.6 172.
Ca 2 2.40 360.0 1.6 172.
Ca 2 2.44 360.0 1.6 170.
Ca 2 2.46 360.0 1.6 169.
Sr 2 2.64 330.1 1.7 162.
Ba 2 2.90 299.0 1.8 152.
Al 3 1.87 1082.5 1.4 451.
Cr 3 1.95 959.3 1.4 440.
Cr 3 1.97 959.3 1.4 437.
Cr 3 2.00 959.3 1.4 434.
Fe 3 2.01 1020.3 1.4 432.
In 3 2.15 952.2 1.5 415.
Tl 3 2.24 949.8 1.5 405.
Tm 3 2.33 840.9 1.5 395.
Lu 3 2.34 840.9 1.5 394.
Y 3 2.36 825.4 1.6 392.
Er 3 2.36 836.1 1.6 392.
Gd 3 2.37 807.4 1.6 391.
Dy 3 2.39 819.4 1.6 389.
Tb 3 2.40 813.4 1.6 388.
Eu 3 2.45 803.8 1.6 383.
Sm 3 2.47 795.5 1.6 381.
Nd 3 2.51 784.7 1.6 377.
Pr 3 2.54 776.3 1.6 374.
La 3 2.58 752.4 1.7 370.
Th 4 2.45 1391.1 1.6 681.
Th 4 2.49 1391.1 1.6 674.
F −1 2.69 111.2 1.7 40.
Br −1 3.2 75.4 2.0 35.
I −1 3.58 65.8 2.2 32.

a Q(e) is the charge of ions.
b Rgmax(Å) is the first peak position in the ion–water radial distribution function [34].
c ΔGexp(kcal/mol) is the solvation free energy from experiments [33].
d ΔGnp(kcal/mol) is the nonpolar free energy.
e ΔGcon(kcal/mol) is the solvation free energy contributed by the continuum solvent region.
f ΔGstruc(kcal/mol) is the solvation free energy contributed by the first-shell solvent region.
g ΔGhyd

cal (kcal/mol) is the solvation free energy calculated using Eq. (19). The Nbulk, RW, γmol,
used in Eq. (19) were 0.59 Å, and 0.15 Å, respectively.Φsur in Eq. (19) was set as 0.

h Err%=100(ΔGhyd
cal −ΔGexp)/ΔGexp.

i ΔGBorn(kcal/mol) is the solvation free energy calculated using Born model.
that Rion = Rgmax − RW, the dependencies of ΔGBorn and ΔGhyd
cal on

Rgmax were plotted in Table 1 and Fig. 3. The RW from the pair distribu-
tion functions of liquidwater at 25°C is 1.4Å [29]. However, thewater in
the first hydration shell of an ion is under much stronger forces than
those due to the fields prevailing in liquid water, the RW is estimated
at 1.39Å [31,32]. The results show that the solvation free energy calcu-
lated using the solvent scheme developed in this study wasmuchmore
accurate than that ofΔGBorn for univalent cations, divalent cations, triva-
lent cations, and tetravalent cations.

4.4. Comparison of−ΔGhyd
cal and −ΔGexp values for various ions

The solvation free energies calculated using Eq. (19) were com-
pared with the solvation free energies from the experiments [33].
For Li+, Na+ and K+, the values of −ΔGexp were in the distribution
region of the −ΔGhyd

cal values (Fig. 4a). For Cs+, the −ΔGhyd
cal value was
tal data.

Gcon
e −ΔGstruc

f −ΔGhyd
cal g Err%h −ΔGBorn

i

.9 72.2 119.8 5.4 292.7

.8 47.1 88.3 −14.2 157.6

.5 46.0 86.8 −0.6 153.2

.0 35.8 73.1 3.5 116.3

.7 32.3 68.2 14.0 105.1

.6 392.0 604.3 5.5 2341.8

.6 264.5 453.7 −3.0 1008.8

.6 264.5 453.7 −4.2 1008.8

.1 262.0 450.6 −6.3 993.5

.4 254.7 441.7 −3.6 950.3
3 245.4 430.2 −1.7 898.2
3 245.4 430.2 −2.3 898.2
1 228.4 409.0 −2.9 809.5
7 207.7 382.9 −8.8 712.7
3 202.6 376.3 14.4 690.2
1 192.9 361.8 1.1 649.2
6 191.3 363.8 −14.1 642.8
8 186.8 355.9 −1.1 624.5
9 183.8 352.1 −2.2 612.8
3 160.4 321.0 −2.8 524.6
5 133.7 284.4 −4.9 434.2
2 705.7 1155.5 6.7 3073.6
4 650.1 1089.0 13.5 2634.5
8 637.2 1073.6 11.9 2543.7
3 620.5 1053.4 9.8 2430.5
6 612.7 1043.9 2.3 2379.6
6 537.3 951.4 −0.1 1941.2
8 497.8 902.1 −5.0 1743.9
5 459.6 853.6 1.5 1569.5
5 455.8 848.7 0.9 1553.0
4 448.3 839.1 1.7 1521.0
4 448.3 839.1 0.4 1521.0
3 444.7 834.4 3.3 1505.4
3 437.5 825.2 0.7 1475.3
2 433.9 820.6 0.9 1460.7
2 416.9 798.5 −0.7 1391.8
2 410.4 790.0 −0.7 1366.0
3 397.8 773.5 −1.4 1317.3
4 388.8 761.6 −1.9 1282.9
7 377.2 746.2 −0.8 1239.8
2 741.2 1420.9 2.1 2474.3
9 720.6 1393.9 0.2 2393.1
1 54.1 92.5 −16.8 126.1
6 36.6 70.3 −6.8 90.6
9 28.6 59.3 −9.9 74.9

and εr used in Eq. (19) were 0.0334/Å3, 1.4 Å, 51Å3 and 80 respectively. The rHb,O and rM,O



Fig. 3.Dependence of theΔGhyd
cal ,ΔGBorn, andΔGexp values of ions onRgmax. For the ionswith (a) univalent cations, (b) divalent cations, (C) trivalent cations, and (d) tetravalent cations, the values

ofΔGhyd
cal (solid gray) andΔGBorn(solid black)were calculated using Eq. (19) and the Born equation, respectively. TheΔGexp(blue●) was obtained from Table 1. The ionic radius used in the Born

equation is estimated by subtracting 1.39Å from Rgmax [31,32].

Fig. 4. Comparing the ΔGhyd
cal values and the various ion experiments. The values ofΔGhyd

cal (red ×)were calculated using Rgmax of ions fromOhtaki [35] and compared with the values from
the experiments [33] (black○). Each ion has several structural parameters of the hydration shell of derived fromX-ray diffraction and the extended X-ray absorption fine structuremeth-
od. The ion charges were (a) +1 e, (b) +2 e, (c) +3 e, (d) +3/+4 e, and (e)−1 e, respectively.
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slightly higher than that of −ΔGexp(Fig. 4a). For Ag+, the −ΔGhyd
cal value

was slightly lower than that of the −ΔGexp(Fig. 4a). For Mg++, Ca++,
Sr++, Mn++ and Fe++, the −ΔGexp values were in the region of the
−ΔGhyd

cal values (Fig. 4b). For Ba++, Co++, Ni++, Zn++, Cd++ and
Hg++, the −ΔGhyd

cal values were slightly lower than that of the
−ΔGexp values (Fig. 4b). For Be++, the−ΔGhyd

cal valuewas slightly higher
than that of the−ΔGexp value (Fig. 4b). For Al3+, the−ΔGhyd

cal value was
higher than that of the−ΔGexp value (Fig. 4c). For Y3+, La3+, Pr3+, Nd3+,
Sm3+, Eu3+, Gd3+, and Tb3+, the−ΔGexp valueswere in the distribution
region of the−ΔGhyd

cal values (Fig. 4c). For Dy3+, Er3+, Tm3+, Lu3+, Fe3+,
In3+ and Th4+, the−ΔGexp values were in the distribution region of
−ΔGhyd

cal (Fig. 4d). For Cr3+, the−ΔGhyd
cal value was higher than that of

the−ΔGexp value (Fig. 4d). For Tl3+, the−ΔGhyd
cal value was lower than

that of the−ΔGexp value (Fig. 4d). For F−, Cl−, Br−, and I−, the−ΔGexp

values were lower than that of the −ΔGhyd
cal values (Fig. 4e).

5. Discussion

5.1. The parameters used in the derived equation for charging hydration
free energy are not from fitting the solvation free energy

The solvent molecular polarizability, −γmol, the radius of the water
molecule, RW, and the solventmodel are necessary for computing solva-
tion free energy in Eq. (19). The first-shell water molecule wasmodeled
as the charge distribution of TIP4P in a hard sphere. The values of γmol

and RW are not derived from fitting the solvation free energy. According
to the MD simulations, γmol was 51 Å3 [18], and, according to neutron
diffraction, the RW from the first peak of the pair distribution function
of the oxygen–oxygen atom of liquid water was 1.4 Å [29]. The values
of Rgmax were from the experiments. Those parameters are not from
fitting the solvation free energy.

5.2. Rgmax(q) differs compared to and Rgmax(Q)

For the solute with a charge Q, Rgmax(q) is required to compute the
charging hydration free energy in Eq. (3), where q is between zero and
Q. Rgmax(q) decreased as |q| increased. To derive Eq. (19), Rgmax(q) was
approximated as Rgmax(Q). Hence, the −ΔGhyd

cal of the ions calculated
using Eq. (19) was overestimated compared to the −ΔGexp of the ions
by considering this error. This can be contrasted to the −ΔGhyd

cal values,
whichwere slightly lower than that of the−ΔGexp value for the divalent
cations (Fig. 4b), and slightly higher than that of the −ΔGexp value for
the trivalent cations (Fig. 4c–d).

5.3. Dielectric saturation

The γmol used in Eq. (19) was assumed to be constant. γmol is de-
creased for the large net electric field on the solvent. Assuming that
γmol is constant, the −ΔGhyd

cal values were slightly higher than that of
the −ΔGexp value for the trivalent cations (Fig. 4c–d). This can be
contrasted to the −ΔGhyd

cal values, which were slightly lower than that
of the−ΔGexp values for the univalent and divalent cations (Fig. 4a–b).

5.4. The difference between −ΔGhyd
cal and −ΔGexp for halide ions

For the halide ions in water, one of the hydrogen atoms of water
molecule tends toward an anion. In this project, we assume the net di-
pole of water molecule tends toward an anion. Therefore, the values of
−ΔGhyd

cal were different with the values of −ΔGexp for halide ions.

5.5. The values of ΔGhyd
cal spread around the values calculated

For some ions, such as chromium and halide ions, the values of
ΔGhyd

cal are particularly spread around the values calculated. The values
of ΔGhyd

cal depend on the Rgmax. The Rgmax of ions depend on the type of
salt and H20/salt molar ratio. Such as the Rgmax of Cr3+ are 1.90 from
CrCl3 with 110 H20/salt molar ratio, and 2.03 from Cr(NO3)3 with
24.5–50.8H20/salt molar ratio{Ohtaki, 1993}.

5.6. Applying the strategies developed in this study to calculate the
solvation free energy of multi-atom solutes such as proteins

For the solvation free energy of proteins, the Rgmax values of atoms
were needed and can be estimated using MD simulations. Three layers
of surface charges were constructed at the positions distant to solute
atoms (Rgmax+ S(PS)rM,O), (Rgmax+ S(PS)rHb,O) and (Rgmax+RW). Each
surface was divided into several hundreds of pieces, and the electric
field on each piece, −Enet, was contributed by the partial charges
of atoms in the solute, the surface charge on (Rgmax + S(PS)rM,O),
(Rgmax + S(PS)rHb,O), and (Rgmax + RW). The surface charge density
can also be calculated according to the net electric field on this
surface. A numerical iteration method was used until the surface
charge densities converged. In addition to the numerical method, be-
cause the generalized Born models are derived from Poisson's equa-
tion, they can be modified based on the strategies developed in this
study.

6. Conclusion

In this study, we developed the strategy for calculating the solvation
free energy that mimic the dielectric polarization surrounding the sol-
ute. The analytical solution describing the solvation free energy of ions
were derived, yielding a physical basis for estimating the solvation
free energy, and the source of error can be easily understood for com-
paring the trajectories of watermolecules fromMD simulations. The pa-
rameters used for calculating the solvation free energy, such as the
TIP4P water model, the solvent molecular radius RW and the solvent
molecular polarizability γmol, were not obtained by fitting the experi-
mental data of the solvation free energy.
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