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An ab initio molecular dynamics simulation based on combined quantum mechanical and molecular mechanical
(QM/MM) potential was performed for Na+ in liquid ammonia. With this approach, many-body interactions
that are very significant in determining the solvation number are modeled accurately by quantum mechanics.
The method appears to resolve the discrepancy between many simulations that have predicted solvation numbers
between 5 and 9. Although the solvation number of 5 obtained from our QM/MM simulation has not yet
been confirmed by the experimental data, a detailed analysis of the simulation results together with a comparison
of previous studies on known systems justifies this prediction.

1. Introduction

In recent years, molecular simulations using molecular
dynamics1 and Monte Carlo2 methods have become the principal
and common tools for scientists to study phenomena at
molecular level. Continuous improvements in both hardware
technology and computational techniques have helped to expand
the application of these tools to a wider spectrum of scientific
disciplines ranging from physics and chemistry to biological
sciences.3-5 Despite the success of these tools in describing
numerous chemical systems, researchers still suffer from the
reality of the “potential energy model”, used as input of the
simulations.6-8 Most potential energy models assume that the
total energy of the system is simply the summation of the
interactions between pairs of particles, thus neglecting higher
order terms. The reason is the complicated orientation depen-
dence of molecular systems that makes the accurate construction
of even three-body potentials very expensive. The construction
of three-body energy surfaces may require many thousands of
SCF energy points to include all important regions. Moreover,
due to the asymptotic behavior of the three-body potential, fitting
of ab initio energies to an analytical formula is sometimes a
difficult trial-and-error task. Accordingly, most three-body
potential functions are tailored by some means, for instance,
by removing some energy points and weighting more energy
points in some important regions to obtain a good fit and by
neglecting some configurations on the assumption that they
rarely happen in the simulation.9,10

The difficulty in describing the potential energy by analytical
functions calls for ab initio molecular dynamics that calculate
interactions between particles from the first principles within
the simulation. This approach allows more accurate interaction
potentials to be calculated from the instantaneous configurations
by ab initio methods whereby many-body effects are included
up to the degree determined by the number of particles included

in the QM region. A quantum mechanical treatment of the entire
system is still not feasible at present. Consequently, a hybrid
approach such as the combined quantum-mechanical/molecular-
mechanical (QM/MM) method was proposed to solve this
problem.11,12 The key concept is that quantum mechanical
treatment is undertaken to a full extent for a selected, chemically
relevant region, and the rest of the system is left to be treated
by molecular mechanics.

Although most early applications of the QM/MM method
have used only semiempirical schemes,13-15 recent advances
in computer technology allow a full ab initio treatment of the
QM region. This is an important advantage because more
complex problems, e.g., ion solvation, require more accurate
methods than semiempirical schemes as demonstrated in our
previous simulations of Li+ in liquid ammonia.16 In the
meantime, numerous solvated ions have been investigated by
ab initio QM/MM simulations, mostly hydrated ions such as
Li+, Na+, K+ and Ca2+.17-19 In the present work, Na+ in liquid
ammonia is studied by an ab initio Hartree-Fock QM/MM
method. The investigation of this system by a QM/MM method
is quite challenging because the solvation number for this system
is very sensitive to the quality of the potential energy model.
Molecular dynamics simulation using ab initio pair potential
based on primitive Gaussian basis sets gave a solvation number
of 8.20 Subsequent Monte Carlo simulations using improved ab
initio pair potentials based on DZP basis sets lead to the
solvation number 9.9 Inclusion of three-body functions into the
potential model reduces this number to 8.9 With regard to the
experiences with Li+ in liquid ammonia, this number still
appears to be too high. Considering Na+ in water, replacement
of the pair potential by the QM/MM potential removes one water
molecule from the first hydration shell, thereby leading to the
hydration number of 5.6.18 Consequently, it seems plausible that
more than one ammonia molecule could be removed from the
first solvation shell of Na+ in ammonia if a QM/MM potential
model were used, especially since many-body interactions in
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Na+/ammonia are 2 times higher than in the aqueous system.21

Furthermore, a Monte Carlo simulation by Marchi et al.22 gave
a surprisingly small solvation number of 5. In this work, a
classical pair potential augmented by implicit ion-dipole
polarization terms averaging some of the many-body interactions
was used. Hence, one could expect that inclusion of higher
many-body interactions by ab initio QM/MM treatment of the
whole first solvation shell would eliminate discrepancies among
previous studies, thus leading to a more or less final result.

2. Models and Methods

2.1 QM/MM terms and Definitions. Interactions within a
QM/MM system consist of three parts: (1) the QM part, (2)
the MM part, and (3) the interaction between QM and MM
regions. The Hamiltonian of this system, modified from Ref.,23

can be written as

where

and

whereI andA denote the atoms of the QM and MM molecules,
respectively. The first term in eq 2 represents the kinetic energy,
whereas the second and the third describe internuclear repulsions
and electronic potential in the QM region, respectively. The
electronic Hamiltonian operator in our work is defined for the
isolated QM region only, thus excluding electron polarization
effects induced by the surrounding MM molecules.HMM

comprises kinetic and potential energies for which the potential
function VMM is described in Section 2.3.

The coupling between QM and MM regions, eq 4, is more
complex. The first term describes electrostatic interactions
between nuclear charges of atoms in QM molecules and partial
atomic charges of the MM atoms. The second term represents
electrostatic interactions between electrons of the QM molecules
and partial atomic charges located on the MM atoms.VIA

nc is the
non-Coulombic part ofVMM. Equation 4 can be approximated
by

whereQ′I is the effective electronic charge on atomI that after
averaging over nuclear charge leads to

TheVQM/MM of eq 6 is used in our simulation and is described
in Section 2.4.

2.2 QM potential model.The first QM/MM scheme for ion
solvation defines the QM part as a sphere centered on the ion
of interest.24 In that scheme, it was seen that the suitable size
of a spherical QM region may be obtained by a compromise
between accuracy and computing time requirement through
multiple trial QM/MM simulations. In practice, the diameter
of the QM sphere can be selected in such a way that the
“chemically relevant” area is totally included, e.g., in the case
of solvated ions the first solvation shell whose size can be
evaluated by classical MM simulations as performed in all
subsequent simulations.16-19

However, in the present work, we have extended the spherical
QM region even beyond this first solvation shell. Although the
time consumption thus increases considerably from the usual
4-5 months to approximately 1 year on a fast workstation (SGI
R10000 processor), this extension gives the benefit that the
solvation structure up to the second shell can be studied. In
addition to that, the first solvation shell itself can be better
described since the electronic Hamiltonian operator in eq 2 is
improved by the inclusion of electron polarization effects from
the outer sphere influencing the first solvation shell.

The QM sphere is modeled by the Hartree-Fock theory based
on the effective core potential (ECP) basis functions.25 The
selection of this basis set is consistent with the earlier finding19

that an ECP that employs extended functions to describe the
valence electrons, i.e., double-ú, is more reliable than a small
all-electron basis set such as STO-3G. In that study, STO-3G
overestimates the number of water molecules in the first
solvation shell of Ca2+ from 8.3 to 10. Further analyses of
solvation structure and dynamics also show that a larger basis
set is necessary for accurate description of intermolecular
interactions in the QM region. However, inclusion of a standard-
sized all-electron basis set, i.e., 6-31G or DZP, especially with
a rather large QM region as in our case, is still beyond current
computing capacity. Therefore, a compromise must be made
and an ECP basis set that has good quality of basis functions
on the valence electrons can be a good choice, as demonstrated
in the previous works.16-19

Forces on the QM particles can be computed from analytical
gradients.26 To allow exchange of particles between the QM
sphere and the MM region, forces must be smoothed at the
boundary by applying a suitable function.27 Thus the force on
a particle in the system is defined as

where

The QM sphere is selected to have a diameter of 10 Å, which
is sufficiently large to include the first and a part of the second
solvation shell accommodating around 16 solvent molecules.
An interval of 0.2 Å applied for the smoothing function led to
the values of 5.0 and 4.8 Å forr0 and r1, respectively.

2.3 MM potential model. Because the ammonia molecules
in our study are flexible, it is necessary to have an intramolecular
potential for solvent molecules in the MM region. No such
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definition is needed for the QM molecules since in the QM
region all atoms move freely on the Born-Oppenheimer energy
surface. The intramolecular and intermolecular potentials for
MM ammonia molecules were taken from the literature.28 The
intramolecular potential of ammonia is based on spectroscopic
data by Spirko29 whereas the intermolecular potential was
constructed by ab initio methods.28 These potentials have been
tested in many simulations8-10,20,30-34 and proved reliable and
transferable up to supercritical conditions.34 The MM intermo-
lecular potential for ammonia is atom-atom based and takes
the following forms, whose parameters are given in Table 1 of
ref 28,

For Na+-ammonia, several intermolecular potentials are
available from literature,9,20,22but we have constructed our own
model to demonstrate the dependency of the solvation number
on the potential energy model. This model potential is con-
structed by fitting 600 SCF interaction energies based on the
6-311G++(d,p) basis to an analytical function,

QNa+ is assumed to be 1.QN andQH obtained from a SCF
Mulliken population analysis based on 6-311G++(d,p) using
ammonia’s experimental geometry are-0.8022 and 0.2674,
respectively. The parametersa, b, c, andd in eq 11 and 12 are
listed in Table 1. The quality of the fit is demonstrated in Figure
1 by comparing calculated SCF energies with the fitted energies.

2.4 QM/MM Potential Model. From eq 6 the QM/MM
potential consists of the Coulombic interactions between the
net atomic charges of the QM and MM particles and the non-
Coulombic part of the MM potential function. These QM/MM
potentials consequently take similar forms to eqs 8- 12. For

instance, the QM/MM potential between nitrogen of QM
ammonia and nitrogen of MM ammonia reads,

The QM/MM potentials for other interaction pairs can be
constructed in the same way as in eq 13.

2.5 Simulation Details.All simulations were performed in
the NVT ensemble at 235 K with a time step of 0.2 fs so that
fast motion of hydrogen atoms could be described accurately.
A periodic cube of length 20.66 Å containing 1 Na+ and 215
ammonia molecules was chosen, corresponding to the experi-
mental density of liquid ammonia at atmospheric pressure. The
potential and forces are smoothed by using a shifted force
algorithm and zeroed out at the half-box length.28 Since the
simulated cube is not a neutrally charged system, we employed
a reaction field method35 to handle long-range electrostatic
potentials and forces. The simulation started from a randomized
configuration and was equilibrated for 30,000 time steps. The
simulation was continued for 60,000 time steps to collect
configurations every 20th step. For these runs only MM
potentials were used, and they will therefore be referred to as
the “pair potential simulation”. After that, the QM potential was
turned on. The corresponding QM/MM simulation then started
from the last configuration, with a reequilibration for 10,000
time steps, after which the simulation was continued for another
10,000 time steps to collect samples every 5th step. Although
nowadays a classical simulation of ionic solutions can be
extended to several hundred pico-seconds ps, even the 2 ps
interval of our QM/MM run approaches the limits of high-speed
computing capacity because the QM/MM simulation requires
about 15-20 min for a single step on a SGI Power Challenge
R10000, which means more than 200 days of computing time
for the whole simulation. It has been shown earlier that 2 ps
can be sufficient for the analysis of solution structure and some
associated dynamics in the simulations of diluted solutions of
Be2+, Ca2+, Li+, Na+, and K+ in water17-19,36and Li+ and Na+

in ammonia.16,20,28In an ab initio molecular dynamics simulation

TABLE 1: Optimized Parameters for the Na+-Ammonia
Intermolecular Potential

Na+-N a ) -1367.661 kcal mol-1 Å4

b ) 1598.529 kcal mol-1 Å6

c ) 20122.26 kcal mol-1

d ) 2.908240 Å-1

Na+-H a ) 22.64286 kcal mol-1 Å4

b ) 97.03496 kcal mol-1 Å6

c ) 18.66449 kcal mol-1

d ) 0.7505583 Å-1
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Figure 1. Comparison of calculated SCF interaction energies and fitted
energies. Energies are given in kcal/mol, Standard deviation from the
fit is 1.3 kcal/mol
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of aqueous Be2+ by Parrinello et al.,36 it was observed that two
water molecules escape from the first solvation shell within only
0.25 ps after ab initio potentials are switched on from a classical
simulation, thus leading to the coordination number of 4, which
is maintained for the total simulation length of 1 ps. In the
present work, QM/MM simulation also followed from a classical
simulation that has a starting coordination number of 8. Within
0.5 ps, three ammonia molecules were observed to leave the
solvation shell. However, calculation of some sensitive dynami-
cal properties such as self-diffusion coefficient require a
simulation length up to 100 ps and this is beyond the scope of
the present study.37,38

3. Results and Discussion

Figure 1 demonstrates the quality of fitting the analytical pair
potential functions of eqs 11 and 12 to 600 calculated ab initio
interaction energies. A good agreement between ab initio
interaction energies and fitted values, within both attractive and
repulsive regions of the interaction energies, can be seen from
points located close to the diagonal line. The global energy
minimum for the Na+-ammonia complex has the Na+-N
distance of 2.38 Å, which corresponds to the interaction energy
of -27.81 kcal/mol. Although this optimal Na+-N distance is
equivalent to that obtained by Hannongbua,9 where Dunning’s
DZP basis set was used, our potential model leads to a slightly
smaller stabilization.

The Na+-N radial distribution functions (RDF) and their
running integration numbers obtained from pair potential and
QM/MM simulations are presented in Figure 2. To demonstrate
the sensitivity of solvation structure on the potential model, a
comparison between characteristics of the RDFs obtained from

various simulations is given in Table 2. The Na+-N RDF of
the pair potential simulation exhibits a sharp, narrow, and well-
separated peak located between 2.3 and 3.3 Å, which leads to
a solvation number of 8. The QM/MM method depicts a less
rigid solvation structure, as can be observed from the lower,
broader, and less symmetric 1st shell peak, which corresponds
to an average solvation number of 5. In contrast to the pair
potential simulation, the first solvation shell of the QM/MM
simulation is not clearly separated from the second one, which
indicates that an exchange of solvent molecules between both
shells takes place much more easily than expected from the
“classical” simulation. Motions of solvent molecules that enter
into and exit from the first solvation shell were monitored in
the course of the simulation, and the ion-nitrogen distances with
the time evolution for these solvent molecules are plotted in
Figure 3. This plot excludes solvent molecules that have moved
close to the first solvation shell but never entered it. It can be
seen that during a period of 1.2 ps solvent molecules cross the
boundary 13 times in both directions. In fact, only 4 solvent
molecules restrict their motions to an area within the first
solvation shell, whereas one solvent molecule is exchanged
between the first and second shells. This behavior is reflected
by a shoulder in the first Na+-N RDF peak. Because of this
solvent exchange, the first solvation shell becomes larger than
that obtained from the classical simulation. This result also
indicates that for discussion of ligand exchange mechanisms
of weak complexes, a basis of a highly accurate simulation is
needed to predict the microspecies present in solution because
the simultaneous presence of more than one specieswill have a

TABLE 2: Comparison of Solvation Parameters for Na+

system rmax RDF(rmax) rmin

solvation no.
(first shell) T (K) ion/solvent method reference

Na+/ammonia 2.55 14.8 3.3 8 235 1/215 MD (2-body) this work
Na+/ammonia 2.55 4.4 3.7 5 235 1/215 MD (QM/MM) this work
Na+/ammonia 2.49 16.6 3.2 8 235 1/215 MD (2-body) 20
Na+/ammonia 2.42 14.6 3.2 7 266 1/215 MD (2-body) 20
Na+/ammonia 2.68 11.6 3.6 9 277 1/201 MC (2-body) 9
Na+/ammonia 2.68 10.0 3.5 8 277 1/201 MC (3-body) 9
Na+/ammonia 2.25 9.5 3.0 5 260 1/250 MC (empirical) 22
Na+/water 2.36 8.1 3.0 6.5 298 1/199 MD (2-body) 18
Na+/water 2.33 5.5 2.9 5.6 298 1/199 MD (QM/MM) 18
Na+/water 2.45 3.5 6.6 298 1/215 MD (2-body) 39
NaNO3 (aq) 2.44 6 6.0 M X-ray 40
NaNO3 (aq) 2.40 4.9 3.1 M X-ray 41

Figure 2. Na-N radial distribution function and its running integration
numbers.

Figure 3. Time evolution of distances between Na+ and nitrogen of
ammonia molecules. The plot includes only ammonia molecules that
are involved with the first solvation shell, i.e., locating inside, entering
into, or exiting from. In this plot, the seven ammonia molecules involved
are depicted with different type of lines.
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considerable influence on the reaction pathways for such
exchange processes.

As a consequence of the absence of experimental data for
Na+-ammonia solutions, there is no way to ascertain whether
the solvation number obtained from the QM/MM simulation is
the “true” value. However, the comparison of the results
obtained by this method for other similar systems can help in
evaluating its reliability: A previous QM/MM simulation of Li+

in ammonia solution gave a coordination number of 4, in line
with neutron diffraction experiments, while pair and three-body
potential simulations yielded an octahedral solvation structure.16

It has been shown that many-body interactions in Li(NH3)6+
are as large as 26% and still amount to 21% in Na(NH3)6+.21

This is sufficiently high to effect the solvation number.
Therefore, we believe that the solvation number of 5 obtained
in our QM/MM simulation should be correct. The discrepancy
between our QM/MM and three-body simulation results may
be attributed to the incompleteness of the three-body function
itself and the inclusion of higher contributions (up to the order
of 15) in the QM/MM potential.

The orientation of solvent molecules around the ion in the
first solvation shell is demonstrated in terms of angular
N-Na+-N distribution as shown in Figure 4. The distribution
pattern in the case of pair potential simulation is similar to that
found for Mg2+ in ammonia9 and Ca2+ in ammonia,30 for which
the solvation numbers are 8 as well. Therefore, a distorted cubic
structure has been assigned to these solvation shells. For the
solvation number of 5, one could assume two main structures,
namely a trigonal bipyramid and a square pyramid. The
bipyramidal structure is characterized by N-Na+-N angles of
90, 120, and 180 degrees with a probability ratio of 6:3:1. The
square pyramid would provide angles of 90 and 180 degrees
with a probability ratio of 8:2. As seen from Figure 4, a well-
pronounced peak around 90 degrees emerges with a relatively
high probability ratio, which indicates that a distorted square
pyramidal solvation shell would be more likely than the
bipyramidal one whose structure has lower probability for the
angle of 90 degrees. Within this context one should also consider
the small shoulder observed in the Na+-N RDF between 3 and
3.7 Å. Without this shoulder, a near-tetrahedral structure could
have been obtained (as seen from the running integration number
of 4 up to this distance). The close approach of a further solvent
molecule into this structure could lead to a rather square
pyramidal or planar arrangement of the first four solvent
molecules plus an additional elongated Na+-N bond to the
incoming solvent molecule. The resulting structure would allow
an easier solvent exchange. Figure 3 confirms that it is always
the solvent molecule with elongated Na+-N distance, i.e.,
between 3 and 3.7 Å, that is exchanged with another one from
the bulk and is, hence, supportive of this model.

4. Concluding Remarks

It is believed that the present work confirms again the
importance of higher n-body terms for a correct description of
solvated ions, in particular for the case of nonaqueous solvents.
The separation of the system into a QM and a MM region does
not seem to be a problem for the quality of the results. A further
improvement could probably be achieved only by the use of
large basis sets and/or inclusion of correlation effects in the
QM treatment. This is, however, still beyond any reasonable
computational feasibility.
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