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Classical and combined quantum mechanical/molecular mechanical (QM/MM) molecular dynamics
simulations have been performed to investigate the solvation structure of Ca%* in 18.4% aqueous ammonia
solution. The classical molecular dynamics simulation has been carried out based on pairwise additive
potentials. For the QM/MM scheme, the first solvation sphere of Ca?* is treated by Born-Oppenheimer ab
initio quantum mechanics using LANL2DZ basis sets, while the rest of the system is described based on classical
pairwise additivity. The results indicate the importance of the QM treatment in obtaining a reliable geometrical
arrangement as well as the correct coordination number of the solvated ion. Within the first solvation sphere of
Ca®*, the QM/MM simulation reveals a polyhedral structure with an average coordination number of 7.2,
consisting of 5.2 water and 2 ammonia molecules, compared to the corresponding value of 9.7 composed of 6.7
water and 3 ammonia molecules obtained by classical pair potential simulation. The preference for ligands is

discussed on the basis of detailed simulation results.

1. Introduction

Ion solvation in mixed solvent systems is an interesting phe-
nomenon that plays an important role in solution chemistry
and kinetics.! When ions interact with solvent species, sub-
stantial modification is caused in the local structure of the
multi-component solvent mixture. The ability of ions to pre-
ferentially order the solvent components surrounding them
and to form specific solvation complexes depends, inter alia, on
the strength of the binding energy between the ions and the
solvent molecules, and is usually discussed in terms of pre-
ferential solvation. The concept of preferential solvation of
ions in a solvent mixture has been introduced to explain the
variation in solution properties as a function of solvent com-
position.

Investigations of preferential solvation phenomena have
been the subject of hoth experimental®® and theoretical®'°
studies. In general, the experimental observations can give
good insight into the average structural and dynamical prop-
erties of ions in solutions.>!''* However, particularly for an
interpretation at the molecular level, they often lead to
ambiguous results due to the limitations of the experimental
techniques.!>7 Theoretical investigations using Monte Carlo
(MC) and molecular dynamics (MD) simulations provide an
alternative way of elucidating the details of the solution
structure.

In theoretical investigations, ab initio quantum mechanics is
a well-known method of providing a correct treatment of
systems at the molecular level. However, ab initio calculations
for a condensed-phase system consisting of a large number of
molecules are too time-consuming. Therefore, most previous
and current MC and MD simulations on preferential ion sol-
vation have relied on classical force fields,>'*!®!% in which the
potential functions describing the inter- and intramolecular
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interactions of interacting atoms or molecules are constructed
by fitting an analytical formula to a set of experimental data or
to ab initio energy surface calculations. Qbviously, for N-body
systems, the proper potential functions should include all
contributions of pair, three-body, four-body up to N-body
interactions:

Viotat = Z Vpair + Z V3—body + Z V4——body +...+ Z VN—body
= Z Vij("i,rj) +Z Vijk(riarjvrk)
+ z Vijkl(ri,rj,rk,rl) 4. +Z Vf,-kl_,,N(r,-,rj,...,rN).
(1)

The first term in eqn. (1) is known as the pairwise interaction
and the remaining terms of the series are referred to as non-
additive (or N-body) corrections. For a large system, the
construction of potential functions including all interaction
terms is hardly feasible due to the complicated orientation
dependence of molecular systems containing 3, 4 or more
species. On the other hand, the higher terms (three-, four-,...,
N-body) often converge rather slowly and tend to have alter-
nating signs.?® It has been assumed, therefore, that the system’s
interactions are approximately equal to the summation of all
pair interactions, i.e. the interaction between species i and j is
defined as

N
Vpair =2Vij(|ri_rj‘) (2)
i<j

where r; and r; are the position of species i and j, respectively.
Although this approximation of pairwise additivity can yield
reasonable results for the energetic data and the structural and
dynamical properties of many systems, there are several cases
where the importance of non-additive contributions for a
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correct description of the intermolecular interactions has been
demonstrated.?? In particular, for strongly interacting sys-
tems e.g. ion-containing solutions, it has been reported that the
non-additive contributions always play a significant role and
neglect of these terms results in the wrong geometrical
arrangements and coordination numbers.?*28

Nowadays, as a result of the continuous increase in com-
puter capacity and performance, more sophisticated and
accurate simulation techniques incorporating quantum
mechanical algorithms have become accessible. One of the
recent approaches is the combined quantum mechanical and
molecular mechanical method.”*® This technique has been
applied to various condensed-phase systems.>'™* A “Born-
Oppenheimer ab initio QM/MM dynamics” technique has
been employed to study the structural and dynamical proper-
ties of various ions in water and ammonia.>*~* This technique
treats the active-site region, i.e. the solvation shell around the
ion, quantum mechanically, while the environment consisting
of further solvent molecules is described by molecular
mechanical potentials. By this scheme, the complicated many-
body contributions as well as the polarization effects within the
solvation sphere of the ion can be reliably included.

For studies on preferential solvation of ions in aqueous
ammonia solution, Born-Oppenheimer ab initio QM/MM
molecular dynamics simulations have been successfully applied
to Li*,* Na™6 and Mg**.*’ The results from QM/MM
simulations have provided more reliable geometrical arrange-
ments of the solvated ion structures, and they have reflected
ligand preferences in agreement with the chemical concepts of
Lewis acid—base interactions. The QM /MM simulations have
clearly shown the importance of non-additive contributions for
the description of the structural properties of solvated ions in
such a solvent mixture. Based on the principle of hard and soft
acids and bases (HSAB),**~*! hard acids will prefer to coor-
dinate to hard bases and soft acids will prefer to coordinate to
soft bases. Li*, Na* and Mg?* are classified as “hard” ions
and are thus expected to prefer the “harder” H,O over the
“softer” NH; as ligand. The QM/MM simulations have
shown this preference for H,O in agreement with the quali-
tative expectation according to the HSAB model.

In the present work, a Born—-Oppenheimer ab initio
QM/MM molecular dynamics simulation was carried out for
Ca®* in 18.4% aqueous ammonia solution. Ca2* is one of the
most important ions involved in many biological pro-
cesses.”>>> Nevertheless, the structural details of this ion, such
as the hydration numbers, from both experimental and theo-
retical investigations, are still in doubt. Experiments reported
hydration numbers of Ca®** in the range 6-10,'%5*¢ while
classical and QM /MM molecular dynamics simulations pre-
dicted values of 810,45 7.6.5% and 8.3.40 The observed
variation in the experimental hydration numbers is strongly
related to the concentration: they increase from ~6 to ~10 as
the molality decreases from 4.5 to 1.!® For the coordination
numbers of Ca** in liquid ammonia, early MC simulations
reported 9 and 8.2, as observed from pair and pair plus three-
body correction simulations, respectively.’ No structural
properties for this ion in aqueous ammonia solution have been
reported so far and therefore they are the main subject of
interest in this paper.

2. Methods

By the technique of Born-Oppenheimer ab initio dynamics, the
system is partitioned into a part described by quantum
mechanics and another part treated by means of molecular
mechanics. The total interaction energy of the system can be
written as

Eroal = (Pom|H|¥m) + Emm + Equmum- 3

The interactions within the solvation sphere of Ca®" are
considered as the active site (the QM region) and treated by
Born—Oppenheimer ab  initic Hartree—-Fock quantum
mechanical calculations using LANL2DZ basis sets,%5® while
the interactions within the MM region and between the QM
and MM regians are described by classical pair potentials. The
LANL2DZ basis sets were selected as a reasonable compro-
mise between the quality of the simulation results and the
requirement of CPU time.**4>#47.54 Dyring the simulation,
the exchange of solvent molecules between the QM and MM
regions can occur frequently. In this case, the forces acting on
each particle in the system are switched according to which
region the ligand is entering or leaving and can be defined as:

Fi=Sm(r)FQM+(1 _Sm(r))FMM, (4)

where Foum and Fyum are quantum mechanical and molecular
mechanical forices, respectively. S,(r) is a smoothing function,%

Sm(r) =1, for r <ry,

2,22 232
S(r) = %i{.ﬁﬁ, forrp<r<ry, (5
Sm(r) =0, for r > ro,

where r; and #, are the distances characterizing the beginning
and end of the QM region. S,(r) ensures a continuous change of
forces in the transition between the QM and MM regions.
For interactions inside the MM and between the QM and
MM regions, flexible models, which describe inter- and intra-
molecular interactions, have been employed for water®5” and
ammonia.®® The pair potential function for water-ammonia
interactions was adopted from Tanabe et al.% The pair
potential function for Ca?*-H,O interactions was obtained
from our previous work.*® The pair potential function for
Ca**-NH; interactions was newly constructed in the present
work using the DZV-+(d,p) basis set for NH;%* and the Los
Alamos ECP plus DZ basis set for Ca?*.®> These basis sets are
consistent with those used in the construction of the Ca>*-
H,0 potential. 1400 Hartree—Fock interaction energy points
for various Ca®*-NHj, configurations, obtained from Gaus-
sian947° calculations, were fitted to the analytical form of

2\ (4. B giqc

AEC32+—NH3 = Z (r_5 + =< + C;cexp(—D,-cr,-c) + . > (6)

=1 ic ic ) i
where A, B, C and D are the fitting parameters (see Table 1), ry
denotes the distances between Ca®t and the ith atom of
ammonia and the g are the atomic net charges. The charges on
Ca’*, N and H of ammonia were set to 2.0, —0.8022 and
0.2674, respectively.

A classical molecular mechanical (pairwise additive
approximation) molecular dynamics simulation was performed
first, followed by the combined QM /MM molecular dynamics
simulation starting from the equilibrium configuration
obtained by the classical simulation. Many-body interactions
are considered most significant at short range between strongly
interacting particles. For ions in solution, the suitable QM size
is the sphere including all ligands within the complete solvation
sphere of the ions. However, the use of such a QM region,
particularly for some strongly interacting ions, is too
time-consuming. The QM region is the most expensive com-
putational parit and hence the size of it has to be a compromise

Table 1 Optimized parameters of the analytical pair potential for thi
interaction of alnmonia with Ca®* (interaction energies in kcal mol™
and distances in A)

Pair  A/kcal thol™! A% B/kcal mol™ A® C/kcal mol™! p/A!

2.7866018
1.4852236

82683.774
—762.25558

16203.122
2957.6223

Ca-N -11757.345
Ca-H —1043.5280
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between the reliability of results and the available computa-
tional resources. As can be seen from the Ca—(N + O) radial
distribution function obtained by the classical simulation
(Fig. 1), the second minimum of the RDF peak is located
around 5.9 A. Within this region, there are about 27 water and
5 ammonia molecules, which is a prohibitively large number
for performing a QM/MM simulation. To decrease the QM
size, the second maximum of the Ca—(N+O) peak around
475 A, is an alternative choice. There are about 14 water and
3 ammonia molecules located within this region, leading to
12-16 min to compute the forces in each QM/MM step (on a
DEC Alpha XP1000 workstation). This is acceptable and,
therefore, the QM region was set to a diameter of 9.6 A in the
simulation, assuming that this size would be large enough to
ensure a smooth convergence of the quantum mechanical
forces to the pair potential forces beyond the QM region.
The classical and combined QM/MM simulations were
performed in a canonical ensemble at 293 K, with a time step
size of 0.2 fs. This canonical ensemble was realized by coupling
to an external temperature bath. The basic cube, with a length
of 18.56 A, contained one Ca?*, 37 ammonia and 163 water
molecules, assuming the experimental density of 18.4% aqu-
eous ammonia solution at the given temperature (0.9398 g
cm™>). The reaction-field method was employed for the treat-
ment of long-range interactions.”’ This method also implies a
compensation of the electrical non-neutrality of the basic box.
The classical pair potential simulation started from an equili-
brium configuration obtained from a previous simulation for
Mg>* in aqueous ammonia solution.*’ The system was equi-
librated for 60 000 steps, and the simulation was continued for
another 100000 steps to collect configurations every 10th step.
The QM/MM simulation started with a re-equilibration for
20000 steps, followed by another 30000 steps to collect con-
figurations every Sth step. The 6 ps interval of our QM/MM
simulation can be considered long enough since it has been
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Fig. 1 (a) Ca~(N+0) and (b) Ca-H(A+W) radial distribution
functions and their corresponding integration numbers.
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shown that even a 2 ps simulation can deliver most of the
structural and dynamical properties of similar solu-
tions, #4241 particular, for Ca?* in water, the QM/
MM-HF simulation has shown that the exchange of a water
molecule between the first and second hydration shells of the
ion takes about 2 ps.”? The switching function of eqn. (4) was
applied within an interval of 0.2 A (i.e,ineqn. (5),r;=4.6 and
ro=438 A).

3. Results and discussion

Fig. 1 shows the overall Ca—(N +O) and Ca~H (from both
water and ammonia molecules) RDFs and their corresponding
integration numbers, obtained from both classical and com-
bined QM /MM simulations. The clagsical simulation gives a
sharp first Ca—~(N + O) peak at 2.60 A and the first solvation
shell is well separated from the second one, leading to a
coordination number of 9.7. In the QM/MM simulation, a
pronounced first Ca—(N + O) peak with two maxima at 2.45
and 2.63 A is observed. The first solvation shell is well sepa-
rated from the second one, giving a coordination number of
7.2. The second Ca—(N + O) peak in the pair potential simu-
lation is less pronounced with the maximum at around 4.75 A.
In contrast to this, in the QM /MM simulation the second peak
is well defined with the maximum at around 4.53 A, consisting
of about 18 ligands. In order to discuss the composition of the
solvation shell of Ca®*, the Ca—H,0 and Ca-NH; RDFs and
their corresponding integration numbers are plotted separately
in Fig. 2 and 3, respectively. The characteristics of the Ca—H,O
and Ca~NH; RDFs obtained from this work are summarized
in Table 2, In the Ca~H,O RDFs, the first Ca-O and Ca-H
peaks in the QM/MM simulation have their maxima at
shorter distances of 2.44 and 3.06 A, compared to the corre-
sponding values of 2.48 and 3.20 of the pair potential

0 1 2 3 4 5 6 7 8 8 1
Distance (A)

Fig. 2 (a) Ca—0 and (b) Ca-H(W) radial distribution functions and
their corresponding integration numbers.



Fig. 3 (a) Ca-N and (b) Ca~H(A) radial distribution functions and
their corresponding integration numbers.

simulation, and consist of 5.2 and 6.7 water molecules,
respectively. In both classical and QM/MM simulation, the
second Ca—H,0 peaks are recognizable, as can be seen from
the distribution of water molecules within this shell. In the Ca—
NH; RDFs, the pair potential simulation produces a very
sharp first Ca—N peak centered at 2.61 A, giving a coordina-
tion number of 3, and no second peak is observed. In the
QM/MM simulation, a less pronounced first Ca~N peak is
located at 2.64 A, corresponding to 2 ammonia molecules. A
second peak is also well recognized with a maximum around
4.54 A, indicating the participation of both water and
ammonia molecules in the second solvation shell of Ca?*. To
characterize the two maxima appearing in the first Ca—~(N + O)
peak of QM /MM simulation, ab initio geometry optimizations
of Ca*-H,0 and Ca?"-NH; complexes, using the
DZV+(d,p) basis set for ligands and the Los Alamos ECP plus
DZ basis set for Ca®*, have been performed. The optimal Ca~
O and Ca-N distances are 2.37 and 2.52 A, which correspond
to the first Ca—(N+O) peak obtained by the QM/MM
simulation for the distribution of water and ammonia

molecules, respectively. It is plausible that the larger NH;4
ligands would experience more steric hindrance and hence be
located farther away from the ion than the smaller H,0O
molecules. The global minima for Ca*"-NH; and Ca?**-H20
interactions (—54.8 and —49.6 kcal mol™! after ab initio geo-
metry optimizations) would imply that Ca** binds more
strongly to NH; than to H,O. However, in the case of a multi-
solvated ion with non-ideal orientations one has to consider
that repulsive forces for geometries deviating from the dipole-
oriented configuration are much stronger in the case of Ca’*—
NHj; interactions than in the case of Ca**-H,0O interactions.*®

Fig. 4 shows the probability distributions of the solvation
numbers of Ca**, calculated up to the second minimum of the
Ca—(N +O) RDFs. In the classical simulation, about 25-33
ligands, namely 21-27 water and 4-6 ammonia molecules, are
located within the solvation sphere. A lower solvation number
of 19-25 is observed in the QM/MM simulation, corre-
sponding to 15-19 water and 4-6 ammonia molecules. The
distributions of coordination numbers within the first and the
second solvation shell of Ca®* are plotted separately in Fig. 5.
In the classical simulation, the first solvation shell of Ca?*
prefers a coordlination number of 10 (followed by 9 to a lesser
extent), consisting of 7 (and 6 to a lesser extent) water and 3
ammonia molecules. The second solvation shell favors a
coordination number of 20 (in addition to 19 and 18 in com-
parable amounts). In the QM /MM simulation, the first sol-
vation shell of Ca®* prefers a coordination number of 7
(followed by % and 6 in decreasing amounts), consisting of 5
(and 6 in a smaller amount) water and 2 (and 1 in smaller
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Fig. 4 Coordination number distributions, calculated up to the sec-
ond minimum df the Ca**~ligand RDFs: (a) Ca**—(H,0+NH,), (b)
Ca?*-H,0 and (¢) Ca**-NHj.

Table 2 Comparison of solvation parameters for Ca®" in 18.4% aqueous ammonia solution, obtained from classical and QM /MM si.mullati(.)ns
(Fmax1 s Fmax2 > Fmin1 a0d Fmina denote the first maximum, the second maximurm, the first minimum and the second minimum of the. radial distribution
functions in /&, and nyin; and npigz are the average numbers of ligands obtained by integration up to Fmin1 and rminz, respectively)

Fmax1 Tminl Mminl Tmax2 Tmin2 Pmin2 Method
Ca-O 2.48 3.09 6.7 4.70 6.04 27.3 Classical MD
2.44 2.80 52 4.53 5.72 19.7 QM/MM MD
Ca-H(W) 3.20 3.75 13.7 5.26 6.34 58.7 Classical MD
3.06 3.64 10.6 5.28 591 39.9 8}\’[/M1}/1MN]I)D
Ca-N 2.61 3.06 3.0 — — — assical
2.64 2.97 20 4.54 5.08 4.9 811\4/M1:/IMN1[)D
Ca-H(A 3.24 3.83 9.0 — — — assica
@ 3.06 3.79 6.0 5.15 6.22 19.2 QM/MM MD
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Fig. 5 Coordination number distributions, calculated within the first
and the second solvation shell of the Ca?*: (a) Ca’*~(H,0+NHa), (b)
Ca?*-H,0 and (c) Ca®>*-NHs,.

amount) ammonia molecules. The second solvation shell pre-
fers a coordination number of 15 (in addition to 16, 14, 17, 13,
12, and 11 in smaller amounts), made up of 12 (followed by 13,
11, 10, 14 and 9 in decreasing amounts) water and 3 (in addi-
tion to 2 and 4 in equivalent amounts) ammonia molecules.

According to the composition of the solution, which con-
tained one calcium ion, 37 ammonia and 163 water molecules,
the statistical average distribution of ligands around Ca®*
would have been approximately 4.4 : 1 for water and ammonia,
respectively. The QM/MM simulation depicts a water-to-
ammonia ratio of 5.2 : 2 (2.6 : 1). With respect to the HSAB
principle,*! Ca®* is not a really “hard " ion (e.g. compared to
Mg?*) and is not expected, therefore, to show a preference for
the “harder” H,O over the “softer” NH;. From the results
obtained in this work, it seems that Ca®* even prefers the NH;
molecules as first-shell ligand. When taking into account the
full solvation sphere including the first and second solvation
shells of Ca?*, the corresponding water-to-ammonia ratio
obtained by the QM /MM simulation changes to 5 : 1, however,
which is again not too different from the statistical average.

Fig. 6 presents the O—Ca—0O, N-Ca~N and O-Ca-N angular
distributions, calculated up to the first minimum of the Ca-
(N +0) RDFs. From both classical and combined QM /MM
simulations, the solvation shell structure of Ca®* is predicted
to be approximately polyhedral, as can be seen from the dis-
tributions of O—Ca—O, N-Ca-N and O-Ca-N peaks. For this
structure, the ammonia molecules are arranged in a non-
nearest-neighbor pattern. In order to investigate the influence
of many-body contributions on the preferential orientations of
ligands around the solvation sphere of Ca?*, the angle 6,
defined by the Ca- - -O axis and the dipole vector of the ligands,
has been used. The dipole-oriented arrangements of water and
ammonia molecules within the first solvation shell of the ion
are given in Fig. 7. Both classical and combined QM/MM
simulations indicate that the ammonia molecules stick more
rigidly to the dipole-oriented arrangement than the water
molecules. This can be ascribed to the higher binding energy of
Ca?* to NHj than to H,0. In the first solvation shell of Ca**,
the QM/MM simulation indicates a more flexible dipole-
oriented arrangement of both water and ammonia molecules
than the classical simulation. In the second solvation shell of
Ca®*, the effects of the ion on the orientation of the ligands are
not much different between the classical and the combined
QM/MM simulations.
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The main advantage of applying combined QM/MM
simulation is to correct the effects of many-body contributions
within the solvation shell of Ca?", which are mostly due to
polarization eflects. These effects of polarization are an
essential difference to the molecular mechanical potentials
using fixed partial charges for each atom in the system. For
strong ion-ligand interaction systems, the changes in charge
distributions within the interacting molecules are substantial
and vary congiderably during the molecular movements.
According to our previous studies for Nat 46 and Mg**,¥’
ligands inside the QM region are strongly polarized by Ca®*.
This leads to higher Mulliken atomic charges of the ligand
atoms by about 35% and 28% for water and ammonia,
respectively (i.e,, N and O atoms become more negative and H
atoms more positive).

In addition to the correct description of polarization effects,
ab initio calculations can be used to obtain an estimate of
charge transfer for the Lewis acid-base complexes.”>’* This
makes the ab initio treatment even more significant, as it allows
one to distinguish between the effects of polarization, where
charge within the solvent molecules is redistributed while the
total charge rémains constant, and charge transfer, where
charge is exchanged between the solvent molecules and the ion.
The effects of charge transfer can be expected to play an
important role in the case of doubly or even higher charged
ions. Based on the Mulliken population analysis, the average



charge on Ca®" is +1.71, compared to the constant value of
+2.0 employed in the pair gotential simulation, implying that
the use of this charge on Ca®" in the classical simulation results
in an over-stabilization for short-range Ca?*-ligand interac-
tions. A classical simulation with the reduced charge on Ca
could be a first approach to correct this error, but it could
never reach the quality of the QM/MM approach, where the
Ca charge is corrected dynamically according to the structural
changes of the solvate.

Our QM/MM results concerning the preferential solvation
of Ca®* in aqueous ammonia solution can provide some
insight into the feature of Ca**-ligand complexes in biological
systems. Such complexes have both N- and O- binding ligands
of various types. In this respect, the coordinating oxygen and
nitrogen atoms of water and ammonia molecules can be seen
as models representing some oxygen- or nitrogen-containing
ligands (e.g. functional groups of proteins and other bio-
molecules). According to the crystal structures known for
calcium—protein and calcium-nucleic acid complexes,”® Ca?*
shows coordination numbers of 6, 7 or 8. In most cases, Ca®*
prefers to bind to oxygen rather than to nitrogen. In particular
for the coordination number of 7, the Ca®* coordination in
crystal structures containing Ca®*---X (X=0 and N) can be
70, 60/IN and 50/2N. This preference is in good agreement
with the preferential solvation of the ion as observed in our
QM/MM simulation. The correct description of calcium
binding in complexes is very important since such complexes
require very specific and selective conformations in order to
respond appropriately to biological signals.”®”” For example,
the interactions of regulatory proteins such as calmodulin with
other proteins are strongly determined by the specific binding

situation of Ca**.”®

4. Conclusion

The QM /MM simulation technique has provided detailed data
for the solvation structure of Ca?" in 18.4% aqueous ammonia
solution. This technique has predicted considerably lower
coordination numbers than the classical pair potential simu-
lation, proving once more the important role of non-additive
contributions and mutual polarization effects for a correct
description of solvated ions.
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