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QM/MM Molecular Dynamics Simulations of the
Hydration of Mg(II) and Zn(II) Ions
Saleh Riahi, Benoı̂t Roux, and Christopher N. Rowley

Abstract: The hydration of Mg2+ and Zn2+ is examined using molecular dynamics simulations using three computational
approaches of increasing complexity: the CHARMM non-polarizable force field based on the TIP3P water model, the
Drude polarizable force field based on the SWM4-NDP water model, and a combined QM/MM approach in which
the inner coordination sphere is represented using a high quality density functional theory (DFT) model (PBE/def2-
TZVPP) and the remainder of the bulk water solvent is represented using the polarizable SWM4-NDP water model. The
characteristic structural distribution functions (radial, angular, and tilt) are compared, which show very good agreement
between the polarizable force field and QM/MM approaches. They predict an average Mg–O distance of 2.11 Å and an
Zn–O distance of 2.13 Å, in good agreement with the available experimental neutron scattering and EXAFS data, while
the Mg–O distances calculated using the non-polarizable force field are 0.1 Å too short. Mg2+(aq) and Zn2+(aq) both have
a coordination number of 6 and have a remarkably similar octahedral coordination mode, despite the chemical differences
between these ions. Thermodynamic integration was used to calculate the relative hydration free energies of these ions
(∆∆Ghydr). The non-polarizable model is in error by 60 kcal mol−1 and incorrectly predicts that Mg2+ has the more
negative hydration energy. The Drude polarizable model predicts a ∆∆Ghydr of only –13.2 kcal mol−1, an improvement
over the results of the non-polarizable force field, but still signficantly different than the experimental value of –30.1 kcal
mol−1. The combined QM/MM approach performs much better, predicting a ∆∆Ghydr of –34.8 kcal mol−1 in excellent
agreement with experiment. These calculations support the experimental observation that Zn2+ has more favourable
solvation free energy than Mg2+ despite having a very similar solvation structure.

Key words: ion solvation, Mg2+, Zn2+, molecular dynamics, polarizable force fields, QM/MM, thermodynamic integration.

Résumé : L’hydratation des ions divalent Mg2+ and Zn2+ est étudiée à partir de simulations de dynamique moleculaire
et trois approches théoriques de complexité croissante : le champ de force non-polarisable de CHARMM basé sur le
modèle de molécules d’eau TIP3P, le champ de force polarisable Drude basé sur le modèle de molécules d’eau SWM4-
NDP, et une approche QM/MM pour laquelle la sphere de coordination est representée par une méthode ab initio de
haute précision basée sur la théorie de fonctionelle de densité (PBE/def2-TZVPP) tandis que les molécules d’eau plus
distantes sont décrites part le modèle polarisable SWM4-NDP. Les propriétées structurales ainsi que les fonctions de
distribution (radiale, angulaire et azimutale) sont calculées et comparees, démontrant un excellent accord entre le champ
de force polarisable et l’approche QM/MM. La distance Mg–O moyenne au contact est de 2.11 Å et la distance Zn–O
moyenne est de 2.13 Å. Ces résultats sont en excellent accord avec les donnees expérimentales obetenu par diffusion
des neutrons et EXAFS. La distance Mg–O moyenne au contact obtenue par le champ de force non-polarisable est trop
courte de 0.1 ÅṀg2+ et Zn2+ ont tous deux un nombre de coordination de 6 et ont un mode de coordination octaédrique
remarquablement similaires, malgré les différences chimiques entre ces ions et le grande différence d’énergie libre
d’hydration entre ces deux ions (∆∆Ghydr). Un calcul d’intégration thermodynamique permet d’estimer ∆∆Ghydr et de
comparer avec la valeur experimentale de –30.1 kcal mol−1. Le modèle non-polarisable prédit incorrectement que l’ion
Mg2+ est plus fortement hydrate que Zn2+ avec une erreur d’environ 60 kcal mol−1. Un meilleur résultat est obtenu avec
le modèle Drude polarisable, mais le ∆∆Ghydr est sous-estimé à –13.2 kcal mol−1. Enfin, un ∆∆Ghydr de –34.8 kcal
mol−1 est obtenu avec l’approche QM/MM, en excellent accord avec la valeur experimentale. Ces calculs démontrent que
l’ion Zn2+ est plus favorablement hydraté que l’ion Mg2+ bien que ces deux ions possèdent une structure d’hydration très
semblable.

1. Introduction
The solvation of ions is an enduring fascination of physical,

inorganic, and analytical chemists. The interaction between an
ion and the solvent is strongly dependent on the properties of
the ion, such as its size, valency, polarizability, and Lewis acid-
ity/basicity.1;2 These interactions ultimately affect the macro-
scopic physical properties of the solution in the form of colliga-
tive properties, electrokinetic phenomena, and electrical con-
ductivity.

The hydration of the divalent ions Mg2+ and Zn2+ have par-
ticularly interesting parallels. Although Mg2+ is an alkaline

earth metal and Zn2+ is a d10 transition metal, they have very
similar ionic radii (0.72 Å and 0.74 Å, respectively).3 The
Born model of ion solvation predicts that two ions of the same
valency and radii should have the same solvation free energies,
however the reported free energy of solvation of Zn2+ is ap-
proximately 30 kcal mol−1 more negative than that of Mg2+.4

This suggests that difference between these ions stems from
more subtle effects.

As the molecular level interactions between an ion and its
solvent are difficult to study experimentally, molecular dynam-
ics simulations are frequently used to examine the structure
and dynamics of solvated ions. These simulations typically
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employ computationally efficient molecular mechanical (MM)
models so that the full complexity of the ion and its environ-
ment can be represented. Small, divalent ions like Mg2+ and
Zn2+ pose serious challenges for conventional molecular me-
chanical force fields because the ion–ligand distances are ex-
ceptionally short (e.g. rM−O ≈ 2 Å in water). At these dis-
tances, the divalent charge of these ions will strongly polar-
ize the coordinating water molecules, so a conventional non-
polarizable MM force field will not accurately describe this in-
teraction. To address this issue, parameters for the interaction
of Mg2+ and Zn2+ with water have been determined for both
the AMOEBA5;6 and Drude force fields,7 which include terms
to allow for the effects of induced electron polarization. These
models show improved ion–water interaction energies and free
energies of hydration.

Although polarizable force fields are capable of approxi-
mating the effects of induced polarization, several additional
parameters must be defined based on limited experimental or
quantum mechanical target data. As a result, it is not clear how
accurately these models describe the structural features of the
ionic solvation structure. Further, the absolute ion solvation
free energies used to parameterize and validate these models
are difficult to ascertain experimentally, introducing a degree
of error. Experimental techniques for characterizing ion-water
structure, such as neutron diffraction or X-ray scattering, pro-
vide only coarse structural features, so these models cannot be
thoroughly validated by experimental data alone.

Ab initio molecular dynamics (AIMD) is an alternative strat-
egy to examine the structure and thermodynamics of solvated
ions. By performing a molecular dynamics simulation using a
quantum mechanical (QM) representation of the ion and sol-
vent, these methods can sample the configurational space of
a solvated ion without the definition of force field parame-
ters. Electron polarization and charge transfer effects are in-
herently included in these models. The downside of these QM
models is that they are much more computationally expensive
than MM models, so the number of solvent molecules that
can be included is more limited and simulation time scales
are much shorter. Further, these QM models are also inexact
due to approximations in the density functional theory (DFT)
exchange-correlation functionals, pseudopotential representa-
tions, and truncation of the basis set. These limitations can af-
fect the calculated ion solvation structure, so previous reports
based on AIMD simulations of Mg2+ and Zn2+ have a range
of conclusions.8;9;10;11;12;13;14;15 Hybrid QM/MM simulations
are an obvious means to perform ab initio simulations of ion
solvation at a reduced computational cost. There is a natural

Saleh Riahi. Department of Chemistry, Memorial University of
Newfoundland, St. John’s, Newfoundland, Canada A1B 3X7
Benoı̂t Roux.1 Department of Biochemistry and Molecular Biol-
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University of Newfoundland, St. John’s, Newfoundland, Canada
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1 Corresponding author (e-mail: roux@uchicago.edu).
2 Corresponding author (e-mail: cnrowley@mun.ca).

division of QM and MM regions, as the ion and the solvent
molecules nearest to it can be represented using the QM meth-
ods while rest of the solvent can be represented using the MM
model. We employed this strategy in a recent study where high
level QM/MM molecular dynamics simulations were used to
model the solvation of Na+ and K+ in liquid water.16 We at-
tempted to limit the approximations in this model by using a
large all-electron triple-ζ basis set and embedding the ion and
nearest water molecules in a 14 Å sphere of polarizable MM
water molecules.

The hydration of Mg2+ and Zn2+ are ideal subjects for this
kind of study, as complex electronic effects are important in
these ions and they have a small inner coordination sphere.
In particular, an accurate first-principles description of their
characteristic structural distribution functions, with a consis-
tent computational methodology would establish how similar
the solvation structure of these ions is. Additionally, calculat-
ing the relative solvation free energy of these ions using ther-
modynamic integration would test the surprising experimen-
tal result that Zn2+ has a more negative solvation free energy
than Mg2+. In this paper, we report extended QM/MM molec-
ular dynamics simulations on Mg2+(aq) and Zn2+(aq). The QM
system was described using DFT and a large basis set, embed-
ded in an MM sphere of Drude polarizable water molecules.
These models are compared to the results from the CHARMM
non-polarizable and Drude polarizable force fields.

2. Computational Methods
All MM calculations were performed using CHARMM17

version c37b2. QM/MM calculations were performed using
CHARMM c37b2 interfaced with TURBOMOLE 6.318 through
the QTURBO module. The equations of motion were prop-
agated using the velocity Verlet algorithm,19 modified by a
Langevin thermostat to sample the canonical ensemble of con-
figuration at a temperature of 298.15 K. For systems contain-
ing Drude particles, a dual Langevin thermostat was applied,
where the first thermostat maintained the temperature of the
atomic centers at 298.15 K and the second thermostat main-
tained the temperature of the Drude particles at 1 K. The ion
was restrained at the center of a sphere of 451 water molecules
with a radius of 14 Å. The water molecules were confined
to this sphere by a half-cubic restraining function. All water
molecules were constrained to their equilibrium liquid-phase
bond lengths and angles using the SHAKE algorithm.20 A 1 fs
time step was used in all simulations.

The non-polarizable models used the TIP3P model for wa-
ter21 and standard CHARMM force field parameters for Mg2+

and Zn2+. The Lennard-Jones parameters for these ions were
Emin = 0.015 kcal mol−1 Rmin = 2.37 Å for Mg2+ and
Emin = 0.25 kcal mol−1 Rmin = 2.18 Å for Zn2+. The Drude
polarizable models used the SWM4-NDP model for water22

and the ionic parameters of Yu et al.7 The non-polarizable and
Drude MM models were equilibrated for 1 ns followed by a
production run of 4 ns.

The QM/MM calculations employed the same sphere of wa-
ter molecules as the MM models. The QM region included the
ion and the six nearest water molecules. All the remaining wa-
ter molecules were represented using the SWM4-NDP Drude
polarizable water model.22 SWM4-NDP is an accurate model
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Riahi, Roux, and Rowley 3

for the mechanical, transport, and thermodynamic properties
of bulk water. In particular, the static dielectric constant of
SWM4-NDP water is consistent with the experimental value
of ε = 78, whereas many non-polarizable models significantly
overestimate the dielectric constant.

A QM region of six waters was chosen because previous
reports found both Mg2+ and Zn2+ to have inner coordination
spheres that are consistently hexacoordinate. An earlier QM/MM
study of Zn2+(aq) by Cauet et al.13 found that there was no ad-
vantage to using a QM region larger than six water molecules.
A report by Callahan et al. showed that MgCl2 solutions do
not form contact ion pairs even at very high concentrations,
so we have focused on the infinitely dilute case of a single
solvated dication.23 This small QM region allows us to use
a larger basis set and perform longer simulations. The QM
region was represented using DFT with the PBE exchange-
correlation functional.24 This functional was chosen as it is
non-empirical and has performed well across a wide range of
chemical systems. As this is a pure functional and no exchange
integrals were needed,it was possible to employ the highly effi-
cient resolution of identity (RI) approximation.25 The triple-ζ
def2-TZVPP basis set was assigned for all atoms to limit ba-
sis set truncation and basis set superposition error.26 An SCF
convergence criteria of 10−7 was imposed to ensure accurate
energies and gradients and the m5 grid was used for integra-
tion in the exchange-correlation term. The effect of the MM
point charges to the QM region was calculated by including
the one-electron integrals between the MM point charges and
the QM basis functions in the Fock matrix. Lennard-Jones in-
teractions between the QM and MM waters were adjusted to
recreate the QM dimerization energies, as described in Ref. 16.
Although we have developed an effective and rigorous method
to prevent exchange of QM and MM water molecules from the
solvent,16 it was not necessary to use this method in this case
because no such exchanges occurred during the time scale of
our QM/MM simulations. These QM/MM models were equi-
librated for 2 ps followed by a 98 ps production run. Although
shorter simulations have been used in previous AIMD simu-
lations, we performed these longer simulations to ensure the
distributions were sampled sufficiently.

2.1. Thermodynamic Integration
The difference in solvation free energies of Mg2+(aq) and

Zn2+(aq) was calculated using alchemical thermodynamic in-
tegration, using a linear interpolation between the Mg2+(aq)
and Zn2+(aq) states. 11 simulations were performed at values
of λ between 0.0 and 1.0 separated by increments of 0.1. For
the MM models, each value of λ was equilibrated for 400 ps
followed by a 1 ns production period.

[1] ∆GMg2+(aq)→Zn2+(aq) =
∫ λ=1

λ=0

〈UZn − UMg〉λ dλ

The QM/MM relative solvation free energies were calculated
using an analogous thermodynamic integration procedure, where
the path between the QM/MM Mg2+ system (λ = 0) and QM/MM
Zn2+ (λ = 1) system was calculated by interpolating between
the two QM/MM Hamiltonians. The difference in electronic
energy of the bare Mg2+ and Zn2+ ions was calculated sepa-
rately and subtracted from the energy differences. This method

is described in detail in an excellent review by Salahub and
coworkers.27 For each value of λ, the system was equilibrated
for 2 ps before a 15 ps production period.

The free energy differences of each system were calculated
from the time series of our free energy perturbation (FEP) sim-
ulations data using the WHAM.28 The intrinsic solvation free
energies were were corrected for the phase potential of the wa-
ter models using the water model interfacial potentials deter-
mined in Ref. 29.

2.2. Absolute Solvation Free Energies

The absolute solvation free energies for the non-polarizable
and Drude MM models were calculated using FEP/MD simu-
lations by decoupling a single ion from a solvent of 450 (24 Å×
24 Å × 24 Å) water molecules under periodic boundary condi-
tions. For electrostatic interactions, particle mesh Ewald (PME)
scheme with κ = 0.33 and sixth order spline function was
applied. Lennard-Jones and the real space electrostatic non-
bonded interactions were calculated using a switching func-
tion between distances of 10 Å and 12 ÅḞor each window, a
400 ps equilibriation simulation was performed, followed a 1
ns sampling period, with a time step of 1 fs. These simula-
tions were performed using isothermal–isobaric molecular dy-
namics, with a Nosé–Hoover thermostat.30 In the case of the
Drude polarizable model, a dual thermostat was used, where
the first thermostat at T = 298.15 K was coupled to the heavy
atoms with a relaxation time of 0.1 ps and the second thermo-
stat at T ∗ = 1 K with was coupled to the Drude particles with
a relaxation time of 0.005 ps for the Drude particles. Fictious
masses of 0.4 amu were assigned to the Drude particles. The
Andersen–Hoover barostat31 with a relaxation time of 0.2 ps
was used to maintain a pressure of a 1 atm.

In order to calculate absolute energy of hydration of Mg2+

and Zn2+, we used the decoupling methodology of Deng and
Roux.32 In this technique, the absolute hydration free energy
the ion ∆hydrG is calculated as the sum of three contributions
corresponding to the electrostatic, dispersive, and repulsive in-
teractions between the ion and solvent,

[2] ∆hydrG = ∆Gelec + ∆Gdisp + ∆Grep

The electrostatic component (∆Gelec) was calculated using
thermodynamic integration of a path where the charge of the
ion was reduced to zero through the coupling parameters λ.
This path was calculated over 11 values of λ in increments
of 0.1 between 0 and 1. An analogous FEP path as used to
calculate the dispersion component of the Lennard-Jones in-
teraction (∆Gdisp) using the Weeks–Chandler–Andersen de-
composition. For the repulsive component (∆Grep), the stag-
ing parameter, s, was used to calculate the free energy change
at values of 0.0, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0.
For each value of s, simulations were performed at λ = 0 and
λ = 1. Using the time series of the FEP data from these sim-
ulations, ∆Gelec was calculated using trapezoidal rule, while
∆Gdisp and ∆Grep were calculated using WHAM.28

Published by NRC Research Press



4 Can. J. Chem. Vol. 99, 2013

Mg2+

Non-polarizable 
Polarizable 
QM/MM

g M
g-

O
(r

)

0

5

10

15

20

25

r (Å)

1 2 3 4 5 6

Zn2+

Non-polarizable 
Polarizable 
QM/MM

g Z
n

-O
(r

)

0

5

10

15

20

25

r (Å)

1 2 3 4 5 6

Fig. 1. M–O radial distribution functions calculated from MD
simulations with the CHARMM non-polarizable force field, Drude
polarizable force field, and combined QM/MM approach.

Table 1. Binding energy and M–O distance of M(OH2)2+6 .
Model ∆EMg b Mg–O ∆EZn Zn–O

(kcal mol−1) (Å) (kcal mol−1) (Å)
Non-polarizable –340.1 1.98 –310.8 2.10
Drude –323.1 2.08 –334.6 2.06
PBE/def2-TZVPP –325.3 2.11 –356.5 2.13

3. Results and Discussion
3.1. Ion Solvation Structure
3.1.1. Radial Distribution Functions and Coordination
Numbers

The ion–O radial distribution function (RDF, g(r)) is a cor-
relation function that relates the density of the solvent at a dis-
tance, r, from the ion, to the bulk density. Values less than

Table 2. Ion–O distances for Mg2+(aq) and Zn2+(aq). Values from
computer simulations are taken as radius where the maximum of
the M–O RDF occurs.

Method
Mg–O

(Å)
Zn–O
(Å)

Non-polarizable 1.98 2.09
Drude 2.05 2.03
QM/MM 2.11 2.13
AMOEBA 2.07 5 1.98 6

AMOEBA-VB - 2.06 33

Previous AIMD 2.10 8

2.13 9

2.08 10

2.08 11

2.13 12

2.18 13

2.18 14

2.09 15

exptl. 2.10 34 2.08 35

Fig. 2. Representative configuration of QM/MM model of
Mg2+(aq). The electron density distribution for the QM region is
shown in blue. The Mg2+ ion is shown in light blue.

one indicate a depletion of solvent density, while values greater
than one indicate an increase. The location of the first coordi-
nation sphere of an ion is easily identifiable from the RDF, as
there is a sharp peak at this distance. The RDFs calculated from
our molecular dynamics simulations are presented in Fig. 1.

The RDFs of Mg2+(aq) are in generally good agreement,
with a sharp peak for the first coordination sphere near 2.1
Å. This distance is consistent with neutron diffraction data
that gives a Mg–O distance of 2.10 Å34 and with most previ-
ous AIMD simulations (Table 2).3 These distances are close to
those calculated from the optimized structure of Mg2+(OH2)6
(Table 1), which shows that the inner coordination sphere re-
mains near its gas phase potential energy minimum. The inte-
gral of this peak over spherical coordinations gives a coordi-

3 The neutron diffraction data was collected from 0.2 M MgCl2. Callahan et
al. 23 determined that ion pairing is not significant at these concentrations.
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nation number of 6.0, indicating that the ion maintains a con-
stant coordination number of 6 throughout the simulation. A
representative configuration from the QM/MM simulation of
Mg2+(aq) that illustrates this inner sphere is presented in Fig. 2.

The non-polarizable force field predicts the Mg2+–O dis-
tance to be slightly shorter than the other methods, with a max-
imum near 2.0 Å. In contrast to alkali cations, there is a sharp
separation between the first coordination sphere and the rest of
the solvent; the RDF has a value of zero until the second co-
ordination sphere that occurs near r = 4.0 Å. The RDFs cal-
culated from the QM/MM and Drude simulations are in very
good agreement, although the first peak of the Drude RDF is
higher and more narrow the the QM/MM model. This reflects
that the MM models use a Lennard-Jones potential to repre-
sent repulsive interactions, which is a harder repulsive force
than Pauli repulsion forces are in reality.

The RDFs of Zn2+(aq) show quite similar trends. In this
case, all models predict a sharp peak for the first coordination
sphere with centers that range between 2.09–2.13 Å. This dis-
tance is consistent with the experimental EXAFS and XANES
spectra that indicate an average Zn2+–O distance of 2.08 Å.35;36

4 Our simulations are in better agreement with the experimen-
tal value than some other AIMD simulations, which predict
larger Zn2+–O distances (Table 2). The Zn2+–O distance ap-
pears to be sensitive to the QM method and basis set. Our use of
an all electron triple-ζ basis set may explain the improved ac-
curacy of our simulations. As for the Mg2+(aq) RDF, the non-
polarizable MM model predicts a sharper first peak than the
other methods and the QM/MM has the broadest peak, reflect-
ing a broader range of accessible configurations. The spherical
integral of the Zn2+–O radial distribution function is exactly
6.0 for all these methods, indicating that Zn2+ is also consis-
tently predicted to be six coordinate.

3.1.2. Angular Distribution Functions
The angular distribution function (ADF) is the probability

distribution of the angles formed between the oxygen atoms of
inner-sphere water molecules and the ion. High probabilities of
finding water molecules trans to each other (θ = 180◦, cos θ =
−1) and cis to each other (θ = 90◦, cos θ = 0) are indicative of
an octahedral coordination mode. The ADFs calculated from
our molecular dynamics simulations are presented in Fig. 3.

For Mg2+, the ADF of all methods show narrow, discrete
distributions centered at cos θ = −1 and cos θ = 0. This indi-
cates that at 298.15 K, Mg2+ makes only moderate oscillations
around an octahedral coordination structure. The CHARMM
and Drude MM models are in close agreement, with very sharp
peaks in the distribution functions, although the QM/MM dis-
tribution is broader. These broader distributions can be explained
by the rigorous treatment of electron polarization in the QM/MM
model, which can stabilize configurations with more acute O–
M–O angles. The approximate treatment of polarizability in
the Drude model is not able to reproduce this effect fully.

The ADFs of Zn2+ show greater variety. The QM/MM distri-
bution very similar to that of QM/MM simulation for Mg2+(aq),
holding a fairly narrow six-coordinate octahedral orientation.
The MM models yield more narrow distributions, although in

4 EXAFS measurements in Ref. 35 were made of 0.2 M solutions of ZnNO3,
where ion pairing effects are not likely to be signficant.

Mg2+

Non-polarizable
Polarizable 
QM/MM

P
ro

b
ab

il
it

y

0

2

4

6

8

10

cos θO-Mg-O

−1 −0.5 0 0.5 1

Zn2+

Non-polarizable 
Polarizable 
QM/MM

P
ro

b
ab

il
it

y

0

2

4

6

8

10

cos θO-Zn-O

−1 −0.5 0 0.5 1

Fig. 3. Water–ion–water angle distribution functions for waters in
the first coordination sphere (rM−O < 2.5 Å).

contrast to the distributions for Mg2+(aq), the simulation with
the Drude model produces a more narrow distribution than the
non-polarizable model. The use of a large Thole screening co-
efficient to correct for overpolarization in the Zn2+–OH2 inter-
action may account for this difference.

3.1.3. Tilt Distribution Function
The tilt distribution function shows the distribution of the

angle (ϕ) formed between the ion, the oxygen atom of the in-
ner sphere water molecules, and the bisector of the O–H bonds.
When cosϕ is equal to −1, the axis of the water molecule
is aligned with the ion. This distribution is a measure of the
strength of the ion-water charge-dipole interaction, which is
strongest when the dipole moment of the water is aligned with
ionic charge. The tilt distribution functions calculated from our
molecular dynamics simulations are presented in Fig. 4.

The tilt distributions of the Drude and QM/MM simulations
of Mg2+(aq) are in reasonably good agreement, with distribu-
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Fig. 4. Tilt angle distributions (ion–O–H bisector) for waters in
the first coordination sphere (rM−O < 2.5 Å).

tions that are peaked at cosϕ = −1 (ϕ = 180◦) and decay to
a low probability near cosϕ = −0.5 (ϕ = 135◦), although the
QM/MM distribution is slightly broader. The non-polarizable
CHARMM MM distribution is sharpest, with the distribution
decaying to zero near cosϕ = −0.25 (ϕ = 104◦). This re-
flects the high permanent dipole of the TIP3P water model
(µ◦ = 2.347 D) and the lack of induced electron polarization
in this model.

The tilt distributions of Zn2+(aq) show very similar trends
and are generally very similar to the tilt distributions for Mg2+(aq).
This suggests that the tilt distributions of these ions is pri-
marily dependent on the size and valency of the ions and the
description of electron polarization in the coordinating water
molecules.

3.2. Solvation Free Energies
Absolute ion solvation free energies are difficult to calculate

because the large change in free energy necessitates very long

Method ∆∆Ghydr

(kcal mol−1)
CHARMM 31.1
Drude –13.2
AMOEBA –27.8
QM/MM –34.8
exptl. 7 –30.2

Table 3. Relative free energies of hydration of Mg2+ → Zn2+

(∆∆Ghydr).

simulation times to achieve sampling to convergence. Relative
solvation free energies are more straightforward, as they can be
determined using thermodynamic integration of an alchemical
path between two similar states. These relative solvation free
energies can also be compared readily to the experimental rela-
tive solvation energies of two neutral salts with the same anion
(e.g. MgCl2 and ZnCl2), which can be determined accurately
without extrathermodynamic assumptions. We used the ther-
modynamic integration technique to calculate the relative hy-
dration free energies of Mg2+ and Zn2+ for the non-polarizable,
Drude, and QM/MM models (Table 3).

The ∆∆Ghydr calculated using the QM/MM approach is in
good agreement with experiment. This provides support for the
experimental result that the relative solvation free energy of the
two ions is roughly 30 kcal mol−1. This difference is close to
the relative potential energy of coordination for Mg2+(OH2)6
and Zn2+(OH2)6 (Table 1), suggesting that the difference in
solvation free energies of the two ions is primarily due to stronger
intermolecular interactions between the inner sphere water molecules
and the ion, despite the ion–water distances being very similar.
DFT calculations by Wu et al.6 indicated that there is a sig-
nificant ligand to metal charge transfer between coordinating
water molecules and a Zn2+ ion, which could account for this
difference.

The non-polarizable CHARMM models perform least effec-
tively, resulting in a relative solvation free energy of +30 kcal
mol−1, an error of 60 kcal mol−1 and incorrectly predicting
Mg2+ to have the more negative ion hydration energy of the two
ions. This difference in energy can be correlated to the smaller
size of the Mg2+ ion that is apparent in the radial distribution
function, which leads to stronger ion–water interactions. It is
unlikely that any conventional non-polarizable model could ac-
curately predict both the relative size and hydration energies
of these two ions, as the more negative solvation free energy
of Zn2+ occurs despite Zn2+ being essentially the same size as
Mg2+ is counter to the expectation of a simple electrostatic de-
scription.

The Drude polarizable model performs better than the non-
polarizable model in the calculation of relative solvation free
energies, but falls short of quantitative accuracy. The solvation
free energy is calculated to be –13.8 kcal mol−1, in error by
–16.2 kcal mol−1 from the experimental result. This discrep-
ancy could be explained by the neglect of ion-water charge
transfer and limitations of the Drude model for polarization. It
is possible that the parameters of the Drude model could be re-
vised to predict the free energy difference more accurately, as
the original fitting was performed to reproduce a limited set of
experimental data.

In principle, the Lennard-Jones parameters of the non-polarizable
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Table 4. Absolute solvation free energy
hydration of Mg2+ and Zn2+ calculated
molecular mechanical models.

Model ∆hydrG (kcal mol−1)
Mg2+ Zn2+

Non-polarizable –407.7 –376.6
Drude –450.2 –463.1
exptl. (est) –435.41 –467.72

1 Ref. 38
2 Ref. 4

model could be adjusted to provide better agreement with ex-
periment, although it is worth noting that classical arguments
based on the Born model,

[3] ∆∆Ghydr =
1
2
q2ion
Rion

(
1
ε
− 1
)

would require a difference of about 0.25 Å in the radius of
Mg2+ and Zn2+ to match the free energy difference of 30 kcal
mol−1 that is observed experimentally. The effective Born radii
Rion entering Eq. 3 are indirectly related to the position of
the first maximum in the radial distribution function of these
ions.37 According to the radial distribution of Mg2+ and Zn2+

the radii should differ by at most 0.03 Å, pointing to a glaring
failure of a purely classical treatment in this case. This sup-
ports the notion that QM effects underlie the large free energy
difference.

It is possible to calculate the absolute solvation free energies
of molecular mechanical models using a decoupling method.
The limitations of the non-polarizable model are more appar-
ent when we compute the absolute solvation free energies of
these ions, which is straightfoward for molecular mechanical
models. Table 4 shows the absolute solvation free energies cal-
culated using the non-polarizable and Drude polarizable mod-
els. Although it is impossible to determine absolute solvation
free energies with experimentally without invoking extrather-
mdynamic assumptions, we can use the reported experimental
values as rough guide to magnitude of the absolute solvation
free energies. The Drude polarizable force field was parame-
terized to reproduce the solvation free energies of neutral salts
and is in reasonable agreement with experimental estimates of
the absolute solvation free energies. The non-polarizable mod-
els predict absolute solvation free energies that are lower than
the experimental estimates by 27.7 kcal mol−1 and 91.1 kcal
mol−1 for Mg2+ and Zn2+, respectively. The non-polarizable
force field performs relatively well for Mg2+(aq) only because
it underestimates the Mg–O distances, leading to stronger ion-
water interactions. This underestimation of the absolute sol-
vation free energies reflects the lack of induced polarization
and charge transfer effects in the non-polarizable force field,
an effect that is sizable in the solvation of these ions. The only
way to produce more accurate solvation free energies with this
model would be to decrease the radius of the ions to the point
that the ion–water distances would be unrealistically small.

We can also compare to the solvation energies reported for
the Mg2+ and Zn2+ ions parameterized for the AMOEBA po-
larizable force. Based on the difference of the reported abso-
lute free energies for Mg2+ and Zn2+, the relative solvation free
energy of these two ions is –27.8 kcal mol−1, which is close

to the experimentally measured value of –30.0 kcal mol−1. It
should be noted that the AMOEBA model predicts the Zn–O
distances to be roughly 0.1 Å smaller than the Mg–O distances.
Neither the QM/MM or experimental scattering data support
such a large difference in radii and instead predict Zn2+ to be
slightly larger than Mg2+. The Born model predicts that this
0.1 Å difference in radii would account for a –14.4 kcal mol−1

difference in the hydration free energy, so part of the success
of the AMOEBA model may simply be because it underesti-
mates the average Zn–O distance. The AMOEBA force field
with Valence Bond terms (AMOEBA-VB) predicts more re-
alistic Zn–O distances, although the hydration free energy for
this model has not yet been reported.33

4. Conclusions
In this paper, we have calculated the radial, tilt, and angular

distribution functions for the solvation of the Mg2+ and Zn2+

ions in liquid water using molecular dynamics simulations.
We compare the non-polarizable CHARMM force field, the
Drude polarizable force field, and a QM/MM model. Our sim-
ulations confirm the established view that both these ions have
a hexacoordinate inner coordination sphere with an octahe-
dral structure. The inner coordination sphere is highly ordered
and is separated from the bulk solvent. The non-polarizable
force field provides reasonable radial structures and coordina-
tion numbers of the two ions, although they do not correctly
describe the relative differences of the two ions and overes-
timate the ion water coordination energies. The Drude MM
model shows good agreement with the QM/MM model for
ion–O distances and coordination energies in comparison to
the non-polarizable model.

The relative solvation free energies of these ions were calcu-
lated using thermodynamic integration for the non-polarizable,
Drude, and QM/MM methods. The non-polarizable MM method
is in error by a significant amount and incorrectly predicts Mg2+

to have the more negative solvation free energy. The Drude
MM force field underestimates the relative solvation free en-
ergy by –17 kcal mol−1. The QM/MM method is most accu-
rate, predicting the relative free energy within 5 kcal mol−1 of
the experimental value. The QM/MM relative solvation free
energy confirms the surprising inference from experimental
data that Zn2+ has a significantly more negative hydration free
energy in comparison to Mg2+ despite having the same net
charge and a generally similar solvent structure. The implica-
tion is that the large free energy difference arises from some
non-classical QM component that is not present in MM mod-
els, even in a polarizable model.

The QM/MM model used in this study is very effective for
modeling the structures and thermodynamics of Mg2+ and Zn2+

ions in liquid water, as it is in good agreement with both the
structural and thermodynamic experimental data. This method
has potential to be a valuable tool for understanding the Mg2+

vs Zn2+ selectivity of binding sites in biomolecules such as
proteins, nucleic acids, and phospholipids.
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