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The description of nonadditive contributions in the first hydration shell of Na+ and K+ has been improved by
performing molecular dynamics simulations based on combined ab initio quantum mechanical and molecular
mechanical potentials. The active-site region, the first hydration sphere of ions, is treated by Born-
Oppenheimer ab initio quantum mechanics, while the environment is described by classical pair potentials.
The average coordination numbers obtained by this high accuracy method, with valence double-ú basis sets
for water and Los Alamos ECP plus DZ basis sets for cations, lead to a lower value of 5.6( 0.3 for Na+ and
a higher value of 8.3( 0.3 for K+, respectively, compared to the corresponding values of 6.5( 0.2 and 7.8
( 0.2 resulting from pair potentials. The effects of nonadditive terms are also found to play a significant
role in the preferential orientation of water molecules within the first hydration shell of Na+ and K+. The
experimentally observed “structure-breaking” effects of K+ are well reflected and explained on a molecular
basis by the simulation results.

1. Introduction

In the study of aqueous electrolyte solutions, alkali ion
solutions are an interesting subject due to their important role
in solution chemistry, biochemistry and pharmacology.1,2 In
particular, the contrasting behavior of Na+ and K+ in aqueous
solution is of substantial interest especially concerning ionic
pumps across the cell membrane.3 Structural information about
hydrated alkali ions has been obtained from both computer
simulations and experiments.4-17 Although experimental tech-
niques, such as X-ray or neutron diffraction, are available to
study the microscopic structure, the results are often prone to
large errors for very dilute solution systems due to technical
limitations.18,19 Results from computer simulations can provide
a more detailed interpretation and prediction of experimental
observations at the molecular level. In the past decade, most
studies have been carried out with simulation techniques based
on assumed pairwise additivity in describing the interactions
of particles4,20-25 because of technical difficulties in constructing
higher-order potential functions. It has also been found that
the nonadditive contributions converge rather slowly and that
the terms usually have alternating signs.26 However, several
studies have reported that the nonadditive contributions always
play a more or less significant role and are sometimes even
crucial to describing the properties of systems.27-34 The neglect
of these terms may artificially favor wrong geometrical ar-
rangements and too high coordination numbers in the first
solvation shell of ions.27,35-37

For the study of monovalent ions in water, such as Li+, Na+,
and K+, the effects of nonadditivity in the first solvation shell
of these ions can be expected to be smaller than those for
multiple charged ions. Nevertheless, the inclusion of three-
body interaction terms in the intermolecular interaction potentials
has been shown to improve the results, concerning the reproduc-
tion of experimental observations.27,30,31 The use of potential

functions including many-body terms, in the simplest case three-
body terms,38-40 is a useful way of improvement, but it is not
an elegant way, and for higher terms it is increasingly
complicated since their construction becomes very demanding
and hardly tractable for large systems. Recently, a combined
quantum mechanical (QM) and molecular mechanical (MM)
procedure41-43 has been introduced. This technique offers a
breakthrough for correcting multiple many-body interactions in
condensed-phase systems.35-37 As nonadditive contributions in
ionic aqueous solutions are substantial mostly in the first
solvation shell only, the system can be partitioned into two parts,
a quantum mechanical and a molecular mechanical region. The
QM region, i.e., the first hydration sphere of the ion, is treated
by Born-Oppenheimer ab initio quantum mechanics, while the
rest of the system is described by molecular mechanics potential
functions based on ab initio energy surfaces. Previous studies
employing this method have pointed out that higher nonadditive
terms can also play a significant role; that is, inclusion of three-
body corrections alone is not adequate to describe structural
properties correctly. For example, in the system of Li+ in NH3,
the inclusion of three-body terms reduces the coordination
number of Li+ from 6 to 4.4,44 whereas it is reduced further to
435 by the combined QM/MM simulation. By this high-accuracy
technique, a tetrahedral structure has been recently found also
for the hydration shell structure of Li+, in contrast to the
octahedral structure predicted by traditional simulations using
pair potentials.37 As a consequence, it was highly interesting
to evaluate these effects for the hydration shell structures of
Na+ and K+ as well by means of the combined QM/MM
method.

2. Details of Calculations

2.1. Evaluation of Many-Body Interactions. To estimate
the influence of many-body terms, energy optimizations of
M(H2O)n+, M ) Na and K andn ) 1-4, 6, and 8, were carried
out using the DZV+P basis set for H2O45 and the Los Alamos* Corresponding author.
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ECP plus DZ basis set for Na+ and K+.46 Since many-body
interactions are defined as the difference of the total interaction
energy and the energy calculated from the sum of all pair
interactions, the interaction energy differences,∆Ediff can be
calculated as

where∆Eab denotes the total interaction energy of M(H2O)n+

complexes, which can be computed using the supermolecular
approach by

and ∆Epair represents the sum of all pair interactions, which
can be obtained by

Thus, the relative interaction energy differences, %Enbd, with
respect to the pair potential can be calculated by

The results of geometry optimizations and the corresponding
data for the many-body effects are given in Table 1.

2.2. Molecular Dynamics Simulations. A flexible model,
which includes intermolecular48 and intramolecular interac-
tions,49 was employed for water. The pair potential functions
for Na+-H2O and K+-H2O were newly constructed. The 1800
Hartree-Fock interaction energy points obtained from Gaussian
9450 calculations using the DZV+P basis set for H2O45 and the
Los Alamos ECP plus DZ basis set for Na+ and K+ 46 were
fitted to the analytical forms

whereA, B, C, andD are the fitting parameters (see Table 2),
ric denotes the distances between the cation and thei-th atom
of water, andq are the atomic net charges. These two analytical
functions have similar forms, except the use of different inverse
powers in theB terms representing the best fit with smallest
standard deviation. The global minima for the stabilization
energies of these functions are-26.3 and-18.5 kcal‚mol-1

for Na+-H2O and K+-H2O, respectively, with the correspond-
ing cation-oxygen distances being 2.3 and 2.7 Å, in the
direction of the dipole moment of water. These stabilization
energies are in good agreement with the enthalpies of the
reaction M+ + H2O f M+-H2O of -24.0 and -17.9
kcal‚mol-1 reported by Kebarle et al.47 (The error of the
experiment was assumed to be in the range of(1 to (3
kcal‚mol-1.51)

Classical molecular dynamics simulations using pair potentials
were performed first. Afterward, the combined QM/MM
molecular dynamics simulations were performed at the Hartree-
Fock level using the DZV basis set for water and the Los
Alamos ECP plus DZ basis set for cations (LANL2DZ basis
set in Gaussian 94), starting from the equilibrium configurations
obtained from the pair potential simulations. The reaction-field
procedure52 was employed for treatment of long-range interac-
tions. The diameters of the first solvation shells of Na+ and
K+ obtained in the pair potential simulations, namely 3.2 and
3.8 Å, were selected as the size of the QM region beyond which
a smoothing function53 starts. After an interval of 0.2 Å (i.e.,
up to 3.4 and 4.0 Å for the cases of Na+ and K+, respectively),
this function leads smoothly into the MM region. By this
method,n-body terms up ton ) 7-9 are implicitly included in
the simulation of the first hydration shell. All simulations were
carried out in a canonical ensemble at 298 K with a time step
of 0.2 fs. Assuming the density of pure water, a box length of
18.9 Å results for one cation in 199 water molecules. The
classical molecular dynamics simulations started from random
configurations and were equilibrated for 20 000 time steps. The
simulations were continued for 60 000 time steps to collect
configurations every tenth step. The combined QM/MM
molecular dynamics simulations started with the reequilibration
for 10 000 time steps, followed by another 10 000 time steps
to collect configurations every fifth step. The quantum me-
chanical calculations and the simulations were performed on a
SGI Power Challenge XL at the computing center, University
of Innsbruck.

2.3. Selection of Basis Sets in QM/MM Simulations.The
selection of basis set is a crucial choice, as the QM portion is
the most expensive computational part in the QM/MM simula-
tion (more than 95% of total CPU time). The LANL2DZ basis
sets were selected since ab initio geometry optimizations using
these basis sets reproduce structural properties rather well with

TABLE 1: Optimized Geometries and Corresponding
Many-Body Effects in Na(H2O)n

+ and K(H2O)n
+ Complexes

M(H2O)n+ n rM-O
a rO-H ∠HOH ∆Eab

b ∆Epair ∆Ediff %Enbd

M ) Na 1 2.27 0.95 106.0 -26.5 -26.5
2 2.29 0.95 106.0 -50.9 -52.3 1.4 2.7
3 2.31 0.95 106.2 -70.8 -77.0 6.2 8.1
4 2.37 0.94 105.9 -83.8 -92.7 8.8 9.5
6 2.42 0.94 107.1-109.7 -136.9 27.2 19.8
8 2.51 0.94 108.2-164.5 -246.1 81.6 33.2

M ) K 1 2.68 0.95 105.5 -18.6 -18.6
2 2.71 0.95 105.6 -36.0 -37.1 1.1 2.9
3 2.73 0.95 105.8 -50.6 -55.0 4.4 7.9
4 2.77 0.95 105.8 -62.6 -68.1 5.5 8.1
6 2.82 0.94 106.5 -84.5 -102.0 17.5 17.2
8 2.89 0.94 107.6-126.3 -185.8 59.5 31.9

a ExperimentalrM-O values in the gas phase of M+-H2O are 2.26
and 2.60 Å for M) Na and K, respectively.47 b Experimental enthalpies
in the gas phase of M+-H2O are-24.0 and-17.9 kcal‚mol-1 for M
) Na and K, respectively.47
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TABLE 2: Optimized Parameters of the Analytical Pair
Potential for the Interaction of Water with Na + and K+

(Interaction Energies in kcal‚mol-1 and Distances in
angstroms)a

pair
A (kcal

mol-1 Å4)
B (kcal

mol-1 Å8)
C (kcal
mol-1) D (Å-1)

Na-O -706.762 51 1392.0333 25 305.645 3.225 589 7
Na-H 33.622 581 173.849 01 19.141 491 0.871 375 8

pair
A (kcal

mol-1 Å4)
B (kcal

mol-1 Å6)
C (kcal
mol-1) D (Å-1)

K-O -2364.1024 10 375.969 357.786 56 1.330 416 9
K-H 8.078 899 9 449.985 77 12.678 787 0.497 891 1

a The charges on Na, K, O, and H are 1.0, 1.0,-0.6598, and 0.3299,
respectively.
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respect to calculations using larger basis sets (for example, with
the DZV+P basis sets for water). Only the H-O-H angle
increases to∼112°, compared to the experimental value of
104.5°. Therefore, another pair potential simulation was
performed in which a fixed H-O-H angle of 112° was
employed for the intramolecular potential of water. As can be
seen from Figures 1a and 2a, there are no changes in the
coordination numbers resulting with this larger H-O-H angle.
Therefore, the observed changes in the average coordination
number by the QM/MM simulations are certainly due to the
effects of nonadditive contributions in the hydration shell.

3. Results and Discussion

3.1. Role of Nonadditive Terms. In Table 1, the many-
body interactions are found to increase significantly with the
number of ligands in the first shell. It is obvious that the
pairwise additive approximation underestimates repulsion, which
is reflected in the overestimation of the interaction energies.
The change in the cation-oxygen distances is due to the ligand-
ligand repulsion. The assumption of pairwise additivity leads
to errors of 19.8% and 17.2% for the octahedral complexes of
Na(H2O)6+ and K(H2O)6+, respectively. These values are
considerably high, and it could be expected, therefore, that the
nonadditive interactions can indeed play a significant role for
the condensed system’s structure.

3.2. Structural Data. The M-O and M-H radial distribu-
tion functions and their corresponding integration numbers
obtained from classical pair potentials and combined QM/MM
simulations are compared and displayed in Figures 1 and 2 for

M ) Na and K, respectively. For Na+-H2O, the Na-O peak
of the pair potential simulation exhibits a first maximum at 2.36
Å, whereas the first maximum is observed at 2.33 Å in the QM/
MM simulation. The first hydration shell is well separated from
the second one in the pair potential simulation, leading to the
coordination number of 6.5( 0.2. The first hydration shell of
the QM/MM simulation is not clearly separated from the second
one, indicating a more frequent interchange of water molecules
between the first and the second shell. The average coordination
number is 5.6( 0.3.

For K+-H2O, the first K-O maximum peak obtained from
pair potential simulation is centered at 2.78 Å, whereas the
longer distance of 2.81 Å is observed in the QM/MM simulation.
The first hydration shells of both pair potential and QM/MM
simulations are not clearly separated from the second ones and
contain on average 7.8( 0.2 and 8.3( 0.3 water molecules,
respectively.

Figure 3 shows the probability distributions of the coordina-
tion numbers, calculated up to the M-O distances of 3.2 and
3.8 Å for M ) Na and K, respectively. For Na+-H2O, the
preferred coordination number is 6 (in addition 7 and 8 are
observed in decreasing amounts) in the pair potential simulation,
whereas the value of 5 (and 6 in a smaller amount) is preferred
according to the QM/MM simulation. In the case of the K+-
H2O system, an inverse trend is found; a coordination number
of 7 (in addition to 8 and 6 in decreasing amounts) is preferred
according to the pair potential simulation, whereas 8 (followed
by 9 and 7) dominates in the QM/MM simulation. To evaluate
the geometrical arrangement of the water molecules around the

Figure 1. (a) Na-O and (b) Na-H radial distribution functions and
their corresponding integration numbers.

Figure 2. (a) K-O and (b) K-H radial distribution functions and
their corresponding integration numbers.
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ion, another analytical technique was applied. The ion was
positioned at the origin of a Cartesian coordinate system, with
the oxygen atom of the water nearest to the ion placed on the
positivez axis, representing a reference water molecule. The
other nearest-neighbor water molecules around the ion are then
rotated around thez axis until the oxygen atom of the water
molecule second nearest to the ion rests in thexzplane, on the
positivex axis. Then, the positions of the oxygen atoms of all
the nearest-neighbor water molecules are projected onto thexy
plane. The density distributions of these projections are shown
in Figures 4 and 5 for Na+-H2O and K+-H2O, respectively.
For the hydration shell of Na+, the distribution of water
molecules clearly reveals an octahedral arrangement in both pair
potential and QM/MM simulations. In the case of K+, some
structure is still recognizable from the pair potential simulation,
whereas the QM/MM simulation indicates an even distribution
around the ion. The hydration shell structure of Na+ and K+

can be further discussed on the basis of O-M-O angular
distribution functions, comparing the results from pair potential
and QM/MM simulations. Figure 6 displays these O-M-O
angular distributions calculated up to the first minimum of the
M-O RDFs. For Na+-H2O (Figure 6a), the pair potential
simulation reveals an octahedral geometry by a well-pronounced
peak around 85° and a smaller peak around 170°. In the QM/
MM simulation, this octahedral structure is more distorted but
still recognized from the broad peak between 85° and 110° and
a small peak around 150-160°. The wider O-Na-O angle
for the first peak and narrower O-Na-O angle for the small
second peak are obviously related to the preferred lower
coordination number in comparison with that for the pair
potential simulation. The peak appearing around 60-70° and
the broad shoulder from 100° to 140° can be explained by an
increased flexibility in the angular orientation of water molecules
in the QM/MM simulation.

For K+-H2O (Figure 6b), the narrower O-K-O angle
indicated by the first peak in the QM/MM simulation corre-
sponds to the accommodation of more water molecules in the
first hydration shell, compared to the hydration shell resulting
from the pair potential simulation. The broad peaks between
100° and 160° in both simulations prove the high flexibility of
water orientation in the shell.

A comparison of hydration parameters obtained from both
theoretical simulations with comparable simulation box sizes
and experimental observations is given in Tables 3 and 4 for
Na+-H2O and K+-H2O, respectively. In experiment, rather
large discrepancies appear for the hydration numbers due to
different techniques used, the different assumptions made, and
the high salt concentrations, where ion pairing can have a strong
influence on the structure. However, for the hydration number
of Na+, the X-ray diffraction data for the lowest concentrations
(2 M and 3 M) clearly indicate coordination numbers well below
6.12,15 For the hydration number of K+, a rather low value of
410 is observed from an early total X-ray diffraction experiment,

Figure 3. Coordination number distributions: (a) Na+-H2O; (b) K+-
H2O.

Figure 4. Three-dimensional drawing of projections of the oxygen
atom positions of the nearest-neighbor water molecules around Na+

onto thexyplane of the coordinate system as defined in the text, within
a z interval of (1 Å; (a) obtained from pair potential simulation; (b)
obtained from QM/MM simulation.
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whereas later X-ray diffraction works yield 6.12 The X-ray
diffraction data for a weakly solvated ion like K+ is difficult to
resolve, since the K-O correlation peak is superimposed by
the O-O correlation, and recourse is usually made to a model
based on solid-state structures.17 In addition, the broad peak
of the K+ total distribution function obtained from neutron
diffraction also proves that K+ is hydrated weakly enough to
allow water molecules to be exchanged rapidly between the bulk
and ionic hydration shells.14

For Na+-H2O, molecular dynamics simulations using three
and four point transferable potential (TIP3P and TIP4P) model
for water give different coordination numbers of 6.0 and 6.6,
respectively.9,7 The coordination number of 5.9 obtained from
the molecular dynamics simulation using extended simple point
charge (SPC/E) model for water8 is closest to that of the QM/
MM simulation in this work, but this agreement may be just
incidental due to the (rather arbitrary) selection of charge
parameters.

For K+-H2O, different coordination numbers (7.6 and 8.0)
result from molecular dynamics simulations using the TIP3P

and TIP4P models for water,9,7 as in the case of Na+-H2O. A
lower coordination number of 7.2 is obtained from the molecular
dynamics simulation using the SPC/E8 model for water. In this
case, the value of 8.3( 0.3 of the QM/MM simulation clearly
indicates the possible failure of such effective pair potentials.
The rather low coordination number of 6.3 from the Monte Carlo
simulations based on the QCDF6 model for water is probably
more related to the model’s inadequacy than to the failure of
assumed pairwise additivity.

Another interesting feature for a comprehensive discussion
of the structure of the hydrated ions and their influence on the
solvent structure is the orientation of the water molecules in
the first hydration sphere. The angleθ, defined by the M‚‚‚O
axis and the dipole vector of water has been used to characterize
this orientation, once as a function of the M‚‚‚O distance and
once in depicting its relative distribution within the first shell.
The latter shows a clear preference of the dipole-oriented
arrangement in the classical pair simulations for both Na+ and
K+ (parts a and b of Figure 7), whereas the QM/MM simulation
shows a broad peak centered around 120° for Na+, correspond-
ing to an arrangement that albeit still stabilizing, considerably
deviates from the global minimum of the pair potential function.
In the case of K+, the same arrangement is also observed, but
an additional strong peak around 60° proves that a large portion
of water molecules are found in configurations belonging to
the destabilizing region of the pair potential function.

The observation ofθ as a function of the M‚‚‚O distance
allows us to consider these structures within the context of
further embedding of the ion in the solvent, especially with
respect to a second hydration sphere. The diagrams of Figure
8 reveal a picture rather similar to that of Figure 7 concerning
the first hydration shell; the pair potential overestimates the
presence of dipole-oriented configurations in the immediate
surrounding of both ions, whereas the QM/MM simulation

Figure 5. Three-dimensional drawing of projections of the oxygen
atom positions of the nearest-neighbor water molecules around K+ onto
the xy plane of the coordinate system as defined in the text, within a
z interval of (1 Å: (a) obtained from pair potential simulation; (b)
obtained from QM/MM simulation.

Figure 6. (a) O-Na-O and (b) O-K-O angular distributions up to
the first minimum of the Na-O and K-O RDFs, respectively.
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shows the configuration withθ ) 120° to be dominant until a
distance of 5 Å in the case of Na+, which means there is a
certain ion-induced orientation even outside the first shell. For

K+, the discrepancy between pair potential and QM/MM results
is even more pronounced;θ decreases almost instantly to a value
of 105°, which offers rather a better binding possibility for

TABLE 3: Comparison of Hydration Parameters for Na+ a

solute ion/water ratio or molarity (M) rmax rmin n method ref

Na+ 1/199 2.36 3.04 6.5( 0.2 CF2-water MD this work
1/199 2.33 2.94 5.6( 0.3 QM/MM MD this work
1/215 2.35 6.0 QCDF-water MC 6
1/215 2.45 3.50 6.6( 0.1 TIP4P-water MD 7
1/215 2.45 3.25 5.9 SPC/E-water MD 8
1/525 2.5 3.2 6.0 TIP3P-water MD 9

NaCl 5.0 M 2.41 6 XD 11
2.0 M 2.42 4.7 XD 12
2.0 M 2.34 6.1 ST2-water MD 4
0.55 M 2.30 2.95 6.1 MCY-water MC 5
2.2 M 2.30 3.0 5.5 MCY-water MC 5
3.35 M 2.31 3.1 5.4 MCY-water MC 5

NaNO3 6.01 M 2.44 6 XD 13
9.18M 2.44 6 XD 13
3.13M 2.40 4.9( 0.1 XD 15

a rmax, rmin, andn are the distances of the first Na-O RDF maximum and minimum from Na+ in Å and the coordination number of the first
hydration shell, respectively).

TABLE 4: Comparison of Hydration Parameters for K + a

solute ion/water ratio or molarity (M) rmax rmin n method ref

K+ 1/199 2.78 3.40 7.8( 0.2 CF2-water MD this work
1/199 2.81 3.72 8.3( 0.3 QM/MM MD this work
1/215 2.71 6.3 QCDF-water MC 6
1/215 2.70 3.65 8.0( 0.1 TIP4P-water MD 7
1/215 2.80 3.65 7.2 SPC/E-water MD 8
1/525 2.9 3.8 7.6 TIP3P-water MD 9

KOH 2.02 M 2.8 4 TXD 10
KCl 2.0 M 2.8 6 XD 12

4.0 M 2.8 6 XD 12
4.0 M 3.1 ND 14

a rmax, rmin, and n are the distances of the first K-O RDF maximum and minimum from K+ in Å and the coordination number of the first
hydration shell, respectively).

Figure 7. Distributions ofθ in the first hydration shell of (a) Na+ and
(b) K+.

Figure 8. Average value ofθ as a function of M-O distance: (a)
Na+-H2O; (b) K+-H2O.
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second-shell water molecules than for the ion. This angle is
maintained up to a distance of 5.5 Å, i.e., well beyond the first
hydration shell. The diagrams also prove that the transition of
the QM to the MM region is smooth, without any sudden
changes and/or artifacts.

These configuration data actually show that Na+ is able to
order the structure of solvent molecules in its surroundings to
a considerable extent and that this effect still finds some
continuation beyond the first hydration shell. Such a behavior
has been postulated on the basis of experimental data and termed
as “structure-making” some decades ago.54,55 In the case of
K+, however, the unfavorable (in terms of ion-solvent interac-
tion) arrangement of a large portion of first-shell water
molecules shows that these water molecules’ orientation is more
strongly determined by the forces exerted by further solvent
molecules in the same shell and/or the surroundings, i.e., by
the attempt to form the favorable H-bond-network structure of
the solvent. In this sense, the insertion of the ion can be
regarded rather as a perturbation of this network structure or,
as termed by solution chemists, a “structure-breaking” effect.
This effect is well reflected by experimental observations,54,55

as can be seen from the data for the activation energy for rotation
of water molecules in pure water and the first hydration shells
of Na+ and K+, respectively,56 and from the orientational
potential well depth for water molecules in pure solvent and
those in these hydration spheres54 (Table 5). These data prove
a higher mobility of the water molecules in the immediate
surroundings of K+ than of those in the pure solvent, corre-
sponding to a weakening of the solvent’s H-bond network. In
the case of Na+, this mobility is reduced due to an ion-solvent
binding that is stronger than the hydrogen bonding in the
network.

It seems important to point out that this transition from
structure-making to structure-breaking effects is not recognizable
from the classical pair potential simulation, proving once more
that such simulations can give only a very limited insight into
the structure of hydrated ions, even in the case of weakly
solvated alkali ions. The inclusion of higher interaction terms,
although much more computation intensive, seems to be fully
justified by this result.

Our results concerning the primary hydration shells of Na+

and K+ ions should gain some further importance in connection
with the most recent data obtained crystallographically about
the composition and structure of the potassium ion channel,
which is crucial for neuron signaling and osmotic stability of
cells.57,58 In the paper of McKinnon et al.,58 the K+ selectivity
of this channel is attributed to the rigid arrangement of carbonyl
oxygens inside the channel, allowing optimal bond distances
for a dehydrated K+ ion but not for the smaller Na+ ion. When
the interaction potential surfaces of these ions with oxygen sites
of ligands (water, carboxylic acids, and others investigated by
ab initio methods) are considered, it must be said that a sodium

ion at a less favorable distance might still reach the same or
even a higher binding energy as a potassium ion at its global
minimum. (In the case of H2O, the binding energy for K+ at
the optimal distance of 2.7 Å is-18.5 kcal‚mol-1, whereas Na+

still binds with -22.2 kcal‚mol-1 at the same distance!) The
crucial differences between both ions, therefore, are the energy
needed to remove the first hydration shell and the orientation-
related ability of the water molecules in this shell to bind
preferentially to other substrates than the ion, facilitating their
removal from the ion. In this context, our results about stability
and structure of hydration shells provide sufficient evidence that
dehydration differences between both ions should be a deter-
mining factor for the ability of the channel to uptake K+ and
not Na+ ions.

4. Conclusion

The importance of inclusion ofn-body terms in intermolecular
potential functions even for rather weakly interacting ion-
solvent systems has found another confirmation by the results
of this work, and the combined QM/MM molecular dynamics
approach proved once more as a very suitable and still economic
way to take into account these higher terms on a quantum
mechanical basis. With regard to the concrete systems inves-
tigated, the demonstration of the experimentally observed
transition from structure-making to structure-breaking behavior
of simple cations, depending on their interaction with the solvent
and their size, as provided by this simulation technique on a
molecular basis, seems to be another important feature of the
results, encouraging further investigation of solute-solvent
interactions by means of the QM/MM method employed in this
work. Such accurate investigations seem to be of particular
importance in cases where detailed energetic and structural
properties of hydrated ions are needed, as could be shown here
for an example of physiological relevance.
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