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Na*/ammonia are 2 times higher than in the aqueous system. ™}
. Furthermore, a Monte Carlo simulation by Marchi et al.> pave
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
l previous studies, thus leading to a more or less final result.

2. Models and Methods

2.1 QMMM terms and Definitions. Interactions within a
QM/MM system consist of three parts: (1) the QM part, (2)
the MM pan, and (3) the interaction between QM and MM
regions. The Hamiltenian of this system, modified from Ref., >
can be wntien as

H=Huy + Hyy + Hovoun (1)
where
oM P.': oM 2,7, -
Hoy =3, — +3 — + (WH W) (2)
i 2"1, =N 17
MM PA2
Hyu = 5 + Vum (3)
A -mA
and

MMZ 0 oM A

M A
Homam=§':57: _Zg‘w

R4 '

where f and A 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 clectronic 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 surmounding MM molecules. Hyy
comprises kinetic and potential energies for which the potential
function Vyu 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 sccond term represents
electrostatic interactions between electrons of the QM molecules
and partial atomic charges located on the MM atoms. Vj, is the
noa-Coulombic part of V. Equation 4 can be approximated
by

s

Wi+ v 4

T

OM MM ZIQA QM MM QIQA
Homnn =Y, Y,
T A Ry, T A Ry

where (] is the effective electronic charge on atom / that after
averaging over nuclear charge leads to

oM MM QIQA
Hornen = Vormm = Z Z
T 7 Ry

+Va &

+ Vi (6)

The Vo of eq 6 is used in our simulation and is described
¢ in Section 2.4.
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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.*® 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 tral QM/MM simulations. In practice, the diameter
of the QM sphere can be selected in such a way that the
“chemitcally relevant™ area is totally included, e.g.. in the casc
of solvated jons the first solvation shell whose size can be
evaluated by classical MM simulations as performed in all
subscquent simulations, M1

However, in the present work, we have extended the sphenical
QM region even beyond this first solvauon shell. Although the
ume consumption thus increases considerably from the usual
4—5 months to approximately 1 year on a fast workstation (SGI
RI0000 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 cffects from
the outer sphere influencing the first solvation shell.

The QM sphere is modeled by the Hartree — Fock theory based
on the ¢ffective core potential (ECP) basis functions.?’ The
selection of this basis set is consistent with the earlier finding!®
that an ECP that employs extended functions to descnibe the
valence clectrons, i.e., double-&, 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 Ca®* from 8.3 to 0. Further analyses of
solvation structure and dynamics also show that a larger basis
set 18 necessary for accurate description of intermolecular
interactions in the QM region. However, inclusion of a standard-
sized all-clectron 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. 6749

Forces on the QM particles can be computed from analytical
gradients.?® 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.?” Thus the force on
a particle in the system is defined as

f.‘ = Sm(rl')fQM +(1 - Sm(r))fuu )]
where
SJhr)=1lfor=r=<r
(red = Y (r + 27 — 312
Sulr) = "o 20 33 i )for.l"| <rsr,
(r¢" — )

Sar)=0forry<r

The QM sphere is selected to have a diameter of 10 A, 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 A applied for the smoothing function led to
the values of 5.0 and 4.8 A for rp and r,, 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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TABLE 1: Optimized Parameters for the Na*-Ammonia
Intermolecular Potential

Na*—N a= —1367.661 kcal mol~! A?
b= 1598.529 kcal mol~' AS
¢= 20122.26 kcal mol ™!
d= 2.908240 A

Na*-H a= 22.64286 kcal mol ™' A®
b= 97.03496 keal mol~' A®
c= 18.66449 kcal mod—!
d= 0.7505583 A

definition is needed for the QM molecules since in the QM
region all atoms move freely on the Born—QOppenheimer energy
surface. The intramolecular and intermolecular potentials for
MM ammonia molecules were taken from the literature.*® The
intramolecular potential of ammeonia is based on spectroscopic
data by Spirko?® whereas the intermolecular potential was
constructed by ab initio methods.*® These potentials have been
tested in many simulations8 192930=3 and proved reliable and
transferable up 1o supercritical conditions.™ 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,

MM MM fayy by Q0

VN =M= ¥ |— - —+

A B Rﬁi‘ R:B Ras

(@

MM MM QHQH
VindH = )= 3" ayy e™™" + 2 ] 9
A B AB
VidN — H) =
MM MM O\Qy
2 2 aNH(e-—bm,(R,,-zA) _ ze—cm,(RM,-z.zl)) + ] (10)
A B AB

For Na*-ammonia, several intermolecular potentials are
available from literature,?2%-22 but 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,

ViadNat — Ny =
My st fay,y  Duorw —duasnR Ona+Qn
)ID) + Cgepe” e + ——| (1)
A B R:a RGAB Rys
ViadNa* — H) =
MM MM (ay,y  byoy —a Ona+Ln
LYot e+ ——| (12)
6 R
AB\R, Ry AB

Qu:+ is assumed to be 1. Oy and Qy 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 parameters a, b, ¢, and 4 ineq 1! 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.

24 QM/MM Potential Model. From eq 6 the QM/MM
potential consists of the Coulombic interactions between the
Ret 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
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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 keal/mol

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

o 9 0,0y
VormsdN — M) = E 2 + Vi
T Ry,
oM MM Q0 @M MM [a,, by
=22 — " a®
7 A R roa R:j R?A

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 A containing 1 Na* and 215
ammonia molecules was chosen, corresponding to the experi-
mental density of liquid ammmonia at atmospheric pressure. The
potential and forces are smoothed by using a shifted force
algorithm and zeroed out at the half-box length.?® Since the
simulated cube is not a neutrally charged system, we employed
a reaction field method® 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 Sth 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 Chalienge
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
Be?*, Ca?*, Li*, Na*, and K* in water'7-'%.36 and Li+ and Na*
in ammonia.!82028 In an ab initio molecular dynamics simulation
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TABLE 2: Comparison of Solvation Parameters for Na*

Kerdcharoen and Rode

selvation no.

system s RDF(rmas) Crmun (first shell) T (K} ion/solvent method reference
Na*/ammonia 2.55 j4.8 33 8 235 1/215 MD (2-body) this work
Na*/ammonia 2.55 4.4 37 5 235 1/215 MD (QM/MM) this work
Na*/ammonia 2.49 16.6 R 8 235 1/215 MD (2-body) 20
Na*/ammonia 2.42 14.6 32 7 266 1/215 MD (2-body) 20
Na*/ammonia 2.68 11.6 EX) 9 277 1/201 MC (2-body) 9
Na*/ammonia 2.68 10.0 35 8 277 1/201 MC (3-body) 9
Na*/ammonia 2.25 95 30 5 260 1/250 MC (empirical) 22
Na*/water 2.36 8.1 30 6.5 298 1/199 MD (2-body} 18
Na*/waler 2.33 55 29 56 298 1/199 MD (QM/MM) 18
Na*/water 245 35 6.6 298 1/215 MD (2-body) 39
NaNO: (aq) 244 6 60M X-ray 40
NaNO, (aq) 2.40 4.9 ER B X-ray 41
16 50 —
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Figure 2. Na—N radial distribution function and its running integration
numbers.

of aqueous Be?* by Pamrinello et al.,’® 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. ™

3. Results and Discussion

Figure 1 demonstrates the quality of fitting the analytical pair
potential functions of egs 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*t—N
distance of 2.38 A, which corresponds to the interaction energy
of —27.81 kcal/mol. Although this optimal Na*—N distance is
quivalent to that obtained by Hannongbua,? 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
munning 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

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.

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 A, which leads o
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
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Figure 4. N-Na—N angular distribution for the Oirst solvauon shell.

considerable influence on the reaction pathways for such
exchange processes.

As a consequence of the absence of experimental data for
Nat-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.'®
It has been shown that many-body interactions in Li{NH3)s+
are as large as 26% and still amount o 21% in Na{NHa1)s+."!
This is sufficiently high to effect the solvaton number,
Therefore, we believe that the solvation number of 5 obtained
in our QM/MM simulation should be comect. The discrepancy
between our QM/MM and three-body simulation results may
be atmbuted to the incompleteness of the three-body function
itself and the inclusion of higher contributions (up to the order
of L5) in the QM/MM potential.

The orientation of solvent molecules around the ion in the
first sclvation 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 ammonia® and Ca®* in ammonia,* 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 smail shoulder observed in the Na*—N RDF between 3 and
3.7 A. 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 A, that is exchanged with another one from
the bulk and is, hence, supportive of this model.

=
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4. Concluding Remarks

It is believed that the present work confirms again the
importance of higher n-body terms for a comrect description of
solvated ions, in particular for the case of nonagueous solvents.
The separation of the system into a QM and a MM region Jdoes
not seem o be a problem tor the quality of the results. A further
improvement could probably be achieved only by the use of
large basis sets and/or inclusion of comelation cffects in the
QM treatment. This is, however, still bevond any reasonable
computational feasibility.
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ABSTRACT
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performed, one employing only two-body pair potentials and another with the inclusion of three-
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INTRODUCTION

1-5)

Many-body effects play a significant role in many molecular systems especially in

M . . . . . . . .
in which their neglect may lead to serious shortcomings in simulation

ion-ligand complexes '
results. Non-additive potentials are important not only in multi-charged ion complexes but also
in singly charged ones. Quantum chemical calculations on [M(NH1)¢] complexes with M = Li”,
Na*, Be=". Mg™". and Al"* show many-body interaction energies to contribute 23, 17. 43, 30, and

" A recent study of

42 % of the pair potentials. respectivelv, which is obviously not negligible
Li" solvation in ammonia by means ot combined quantum mechanical / molecular mechanical
(QM/MM) molecular dvnamics in which the classical pair potential was replaced by many-bedy

12)

quantum-mechanical potential vields a coordination number of 4 while pair-potential

4 - .
a In ammonia,

simulations result in an octahedral coordination shell ', For Zn™* * and Mg~
three-body effects must also be taken into account so as to achieve a reasonable solvation shell
structure. Manyv-body effects are cntical not only to the solvation shell structure but also to other
thermodynamic properties such as the solvation energy. *'1¢

Notwithstanding the necessity to incorporate many-body effects into the simulations,
most simulations today still rely on the use of pair potentials alone (see reviews in refs. 17 and
18). The reason is the complicated onentation dependence of molecular systems that prohibits
construction of accurate three-body potential, not to mention pair potential that is often
impossible to cover all regions in configuration space. The present work is aimed at conveying
the information that ignorance of non-additive interactions can lead to unacceptable results in
both structural and dynamic aspects of the simulation results. A molecular dynamics computer
simulation of Zn2+ in liquid ammonia was chosen to demonstrate these perspectives. In general,
three-body potentials are adequate to produce proper coordination numbers and binding

9.19-21)

enthalpies . Therefore, our effort to include many-body effects was limited to the three-

body level.



SIMULATION DETAILS
A flexible model of ammonia was employed so that many-body effects on the
intramolecular degrees of freedom of the solvent could be investigated. Both inter- and
intramolecular potentials for ammonia were taken from the literature '*'. Zn“*-ammonia ab initio
pair potential and [Zn(NH;)g]:+ three-body interactions from a previous Monte Carlo simulation
? were employed as described in Tables 1 and 2.

Two constant-energy molecular dynamics simulations. one incorporating three-body
effects and another one employing only the pair potentials, were performed at an average
temperature of 235 K. The simulation cube of 20.66 A length contains one Zn** and 215
ammonia molecules. corresponding to the experimental density of liquid ammonia of 0.690
g/cm’. The shifted force method 2 was employed to make short-range interactions vanish
smoothly at half box-length. Since the simulattion cube contains unbalanced charge, the

* rather than Ewald summation - had to be selected to account for

reaction-field method
long-range interactions. A time-step length of 0.2 femto-second is chosen, small enough for fast
vibrational motions of hydrogen atoms to be modeled correctly. The pair potential simulation
started from a random configuration and was equilibrated for 20000 time-steps from where it
was continued for 40000 time-steps to collect configurations every 20 th step. The second
simulation, in which three-body effects were included, started from the resulting equilibrium
configuration and was re-equilibrated for 20000 steps. Then it was continued for another 40000
time-steps to collect configurations at every 20 th step. Although the simulation time of 8 pico-
second seems to be short according to today standard, it is still more than sufficient considering

the fast relaxation of ion in solution as shown by previous works, ''¥



RESULTS AND DISCUSSION
(i) Ion-Solvent Structure

The solvation shell structure is one of the primary interesting properties obtainable from
condensed-phase simulations, which can be conveniently elucidated by plotting radial
distribution functions (RDF) of the species pairs contained in the solution. Zn-N and Zn-H
radial distribution functions and their correspondintg integration numbers obtained from 2-body
and (2+3)-body simulations are compared in Figs. 1 and 2, respectively.

The Zn-N RDF obtained from 2-body simulation displays a first peak at 2.10 A,
followed by a small broad peak between 2.6-3.0 A. The integration numbers are 6.0 at the local
minimum located between the aforementioned peaks and 9.0 at 3.6 A, where a well-pronounced
minimum limits the first solvation shell. With three-body corrections, the first peak of Zn-N
RDF is shifted to 2.18 A and the small broad peak disappears, thus producing an unambiguous
integration number of 6.0 for the first solvation shell, in agreement with previous (2+3)-body
Monte Carlo simulations . A similar trend was also found for Zn* in water, where inclusion of
three-body effects reduces the coordination number from 8 to 6 28,

The orientational arrangement of solvent molecules inside the first solvation shell can be
better understood in terms of the N-Zn-N angular distribution as shown in Fig. 3. The (2+3)-
body simulation gives peaks correspending to a clear octahedral arrangement, one high peak
centered at 90 degrees and small broad peak near 180 degrees. For the 2-body simulation, the
angular distribution reflects octahedral characteristics of the six ammonia molecules distorted by
three close ammonia neighbors (as the Zn-N RDF yields an integration number of 6.0 at a
shallow local minumum and 9.0 at the well-pronounced global minimum). The three outer
ammonia molecules thereby try to arrange most separately, as shown by a small peak in Fig. 3
located near 120 degrees. This arrangment is different from the case of Zn** in water, where all

8 water molecules are located uniformly around the ion 2%,



(i) Inter- and Intramolecular Structures of the Solvent

The N-N, N-H, and H-H RDFs from the 2-body and (2+3)-body simulations do not show
any significant differences, and are therefore not presented here. This indicates that [Zn(NHj3)-]
2 three-body corrections do not have any influence on the structure of the bulk solvent. The
nearest self-solvation sphere of a bulk solvent molecule incorporates 12 ammonia molecules to
build up a closest packing.

The Zn** ion’s influence on the intramolecular geometry can be studied by comparing
the N-H bond length and H-N-H bond angle distributions of solvate and bulk ammonia, as
shown in Figs. 4 and 5. The average N-H bond-length is longer and the average H-N-H bond-
angle is narrower for ammonia in the solvation shell than in the bulk, clearly a consequence of
ion attraction of nitrogen and repulsion of hydrogen. In comparison with the 2-body simulation,
three-body corrections shift the average N-H bond length of solvate molecules to a longer
distance by about 0.01 A and the average H-N-H angle to a smaller value by about 2-3 degrees,
because in an unperturbed octahedral environment the solvate molecules are more strictly dipole

oriented towards the central ion, enabling a strong electrostatic interaction between the ion and

ligands.

(iii) Dynamical Properties

A major advantage of molecular dynamics methods over Monte Carlo simulations is the
ability to study dynamic properties via analysis of the velocities. Figure 6 presents the center-of-
mass velocity autocorrelation functions (VACF) of ammonia, plotted separately for bulk and
solvate molecules. The center-of-mass motions of ammonia in the first solvation shell indicate a
more hindered diffusion than for ammonia in the bulk. The differences in the VACFs of solvate

ammonia obtained from the 2-body and (2+3)-body simulations are difficult to interpret. In fact,
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a direct interpretation of the VACEF gives only rough information about dynamics in the solution

and more informative results can be obtained by the Fourier transformation of the VACF,

flw) = Tc (t)cos(wt)dr,

0

where f(w) is the spectral density at the angular frequency . The meaning of the Fourier

transform is related to the velocity component of the involved atoms used to calculate the
VACEF. For example, Fourier transform of the center-of-mass VACF of ammonia supplies
spectroscopic information in terms of hindered translational motion of ammonia molecules as
displayed in Fig. 7, in which the spectra are plotted separately for ammonia in the bulk und in
the solvation shell. The peak at zero wave number indicates relatively free motion of ammonia
in the bulk solvent, whereas the presence of the ion leads to hindered translations of solvate
ammonia as can be deduced from the broad bands at higher frequencies. A specific
characteristic peak cannot be observed in the spectrum obtained from the 2-body simulation. As
seen in Fig. 7, comparable spectral densities occur at all frequencies, corresponding to a
disordered translation mode (a random walk) of motions of ammonia molecules in the primary
shell. For the (2+3)-body simulation, broad peaks are found at 120-250 and 380-450 cm’,
respectively. In analogy to a previous molecular dynamics simulation of Li* in liquid ammonia
12, BeCly(aq) 7, MgCly(aq) *® and CaCly(aq) ** peaks at lower and higher frequencies can be
assigned to hindered translational motions perpendicular and parallel to the dipole moment of
ammonia molecule, respectively. The lower-frequency peaks between 50-200 cm™ are
characteristic of an octahedral solvation shell. Evidence supporting this hypothesis is the
disappearance of such peaks in the QM/MM molecular dynamics simulation of Li” in liquid
ammonia ¥ where a tetrahedral solvation structure was observed and a classical molecularv

dynamics simulation of K* in liquid ammonia 39 where a coordination number of 9 was found
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and such peaks were also not found. In addition, these peaks do also not appear in the 2-body
simulation of the present work, as the resulting solvation shell is not strictly octahedral.
Rotational dynamics of the solvent molecules can also be studied through the Fourier
transform of the angular velocity components of the VACF. Spectra for rotations about the
reference axis perpendicular and parallel to the dipole moment of ammonia are plotted in Figs. 8
and 9, respectively. The (2+3)-body simulation preserves simtlar rotational dynamics, around
the perpendicular axis of ammoma’s dipole moment, as found in the bulk solvent, as can be seen
in the broad spectrum centered at 200 cm’'. The spectral density surprisingly peaks near O cm’™,
denoting that free motion around this axis can occur. Without 3-body interactions, solvate
ammonia renders a quite hindered rotation around the axis perpendicular to the dipole vector, as
observed in a shift from a lower frequency at about 200 cm’' in bulk ammonia to a higher-
frequency broad band around 400-700 cm’. In Fig. 9, the zero frequency indicates that rotation
about the dipole moment axis of ammonia is quite free in both solvate and bulk ammonia of all
stimulations. However, three-body interactions markedly introduce more freedom to such

rotations. The explanation for this phenomenon should be the well-defined octahedral solvation

structure found in the (2+3)-body simulation.

CONCLUDING REMARKS

The important role of many-body effects in molecular simulations is again emphasized
and exemplified by the molecular dynamics simulations of Zn** in liquid ammonia presented
here. Without the inclusion of non-additive interactions of at least the three-body level, correct
coordination numbers can not be obtained. The role of three-body interactions in producing
correct coordination number can be understood according to the repulsive nature of [Zn(NH;)s]
o three-body interactions and based on the analysis of the N-Zn-N angular distribution in the
first solvation shell. The three-body interactions reduce the overemphasized pair interactions

between ion and ligand, thus removing three ammonia molecules from the first solvation shell.



8

The dynamic properties are also affected by three-body interactions and the resuiting change in
ion-ligand coordination as observed in the comparison of hindered translational and rotational
spectra. A reasonable consequence is that three-body interactions free the first shell ligands

from quite hindered translations and rotations imposed by pair interactions.
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[Zn(NH;;)]2+ intermolecular pair potential

a/r’ + b/ir* + ¢ exp(-d r) + Coulomb term

Zn-N a= -1.550601 x 10°
b= 1.173522x 10°
c=  4.021063 x 10°
d=  3.374100 x 10°

Zn-H a=  1.763222x 10°
b= -8.160190 x 10
c=  1.501400 x 10"

d= 4.324000x 107

kcal mol™' A’
kcal mol™' A*
kcal mol™!
A-I

kcal mol™' A’
kcal mol! A*

kcal mol™

AAI

Table 1. Optimized Parameters of the [Zn(NH3)]** Intermolecular Pair Potential
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AE,,, = a(bB + c(1—-cos(2a))) exp(—d(r] + 1))

a= 3.03606 kcal mol™
b= 0.39079 rad’

c= 8.88900

d= 0.17597 Az

Iad

Table 2. [Zn(NH,);]** Three-body Potential. o and 3 Denote the N;-Zn**-N, Angle and the
- Angle between the Dipole Vectors of the Two Ammonia Molecules, Respectively, and r; and r;

are the Zn?*-N, and Zn**-N, Distances, Respectively.



FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9,

Radial distribution functions for Zn-N and their corresponding integration numbers
obtained from 2-body (solid) and (2+3)-body (dashed) simulations.

Radial distribution functions for Zn-H and their corresponding integration numbers
obtained from 2-body (solid) and (2+3)-body (dashed) simulations.

Distribution of the N-Zn-N angles in the first solvation shell, obtained from 2-body
(solid) and (2+3)-body (dashed) simulations.

N-H bond-length distribution obtained from 2-body (solid) and (2+3)-body (dashed)
simulations.

H-N-H angular distribution obtained from 2-body (solid) and (2+3)-body (dashed)
simulations for ammonia in the first solvation shell and bulk solvent (dotted).
Center-of-mass velocity autocorrelation functions of ammonta obtained from 2-body
(solid) and (2+3)-body (dashed) simulations for the solvation shell and bulk solvent
(dotted).

Spectral densities of the translational motions of ammonia obtained from 2-body
(solid) and (2+3)-body (dashed) simulations for the solvation shell and bulk solvent
(dotted).

Spectra of rotations about the axis perpendicular to the dipole moment of ammonia
obtained from 2-body (solid) and (2+3)-body (dashed) simulations for the solvation
shell and bulk solvent (dotted).

Spectra of rotations about the dipole axis of ammonia obtained from 2-body (solid)

and (2+3)-body (dashed) simulations for the solvation shell and bulk solvent

(dotted).
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