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Results of a Monte Curlo study of a hthium-aguid ammonia solution at 240 K arc tepaonted 1he
basic cube contgined 135 Li* and 1025 NH, With an cxpenmental density of 0 S33 5 om ' s e

length of 37.89

resulted The pscudopetential theory s employed. which permuts the cwclusion o

the electrons from an explicit consideration. The structure of the solution 1s described by varoe:
site-site radial distribution functhions The six ammona molecules 1in the st solvanon b=l of (b
lithium 1on are arranged ociahedrally Clusters are formed which consist almost evcluvsely o1 1w,
solvated Li® which have simuitancously aither onc ammenia molecule or an olahedial edye of a
octahedral planc in common. About one third of the ammonia molecules belong 1o the buik phase

1. Introduction

In[1] an approach has been suggested for the inves-
tigation by computer simulation of systems which
contain free electrons. Through the apphcation of the
pscudopotcntial theory, renormalized effective tnter-
atomic potentials are derived through which electrons
can be excluded from cxplicite consideration and clas-
sical computer simulation methods can be employed.
The usefulness of this method has been demonstrated
by the calculation of structural properties of concen-
trated metal ammonia solubions. Preliminary results
have been presented for two different concentrations
with lithium mole fractions x , =0.118 and 0.1958.

Although metal ammonia solutions are of great in-
terest from vanious points of view, there is a scrious
lack of information on their structural and dynamical
propertics because of experimental dilliculties. Com-
puter simulations cannot only {ill this gap but can
additionally coninibute to a beiter understanding of
the muacroscopic propertics of such systems on u
moleculiar level.

During the course of the stmulations of the hthium
ammonia solutions with the potentials reportedan (1),
we reahzed that an improvement of both contribu-
tons — the direct and indirect ones - to the total
potential

B2GRY= LU (R MR (1

S
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lithium-lithium potentials have been newly derived
from ab initio calculations using the DZP basis set of
Dunning [6] and the HONDO 7 program {7]. They
are presented now by

111s 3516

Vi n(R)= — = TR + 120417 exp(—3.31 R), (22a)
372 49.31

Vi (R)=—= + —= +2241 exp(—261 R), (2b)
1390

Wi (R) = —— —18.71 exp( - 1.62 R). (2¢)

where the energies are given in ki/mol and R in A.

The indirect interaction as a function of the inter-
atomic distance, R, can be derived from the Fourier
transformation of the model pseudopotential, w;(g),
where i, j=H, N and Li":

. Q= Y R
Vi (R)= = | Fila) 22 qdq (3)
n ) R
with
Qq? 1—¢(q)
e = Al O 4
Filg) rpe () £(q) w;(q), (4)
where
4z,
wig)= — Q_qz- cos(gr,.,;) (3)
and the dielectric function
4n
elg)=1+ s I1{q) (6)
with
ke )
flig)= — 7
(@) nl =4 p?x2) Gx) fF(x) )
and

Rp nke 2
. 1 4-xy2 2+ x

XNj= - + 9
S 2 sv o l2—x| *)
cy=—08022, :,=02674, z ,=10. (10}

The effective radii of the ions were chosen to be

ro=1.51, r ,=00. r =128 (1)

¢

€2 is the volume of the system. N,; and z,, are the
number of metai ions and their charges, respectively.
For further details the reader is referred to [1].

- A Mante Carlo Study of 4 Lithtum-Liguid Ammonia Solution 829

In the course of our investigations we realized that,
different from pure metals, in metal-ammonia solu-
tons the indirect contributions to the potentials are
strong functions of the temperature of the electron
gas, which leads to a temperature dependence of the
diclectric function. It is very difficult to describe this
effect analytically. Therefore, the temperature effect
has been evaluated numerically. For details see [2).

In[1, 2] the Geldart-Vosko approach was employed
for the local field function G(x). This approach re-
sulted in very strong screening effects which had led to
potentials which were not able to reproduce the den-
sity correctly. Therefore, we used in this investigation
the Ishimaru local {ield function |8] leading to a mod-
ification of the indirect site-site potentials. In this ap-
proach

Gx)=Ax*+Bx*+C (12)
8 4—x? :
+[Ax‘+(8+—A)x2—C x In 24 x
3 4 x 2—x
with
9 3 16
B=—yor.— —[1—g(0))— —
16 Yo s 64[ g(0}] 15A’ (13)
3 9 16
C__Eyor‘+1_6[1_g(0)]_GA’ (14)
(0)—1 vy 15
S J(yy) " {s)
A2
A =0.029, Y=4(——’) =4 /1/n ks,
T
91’! 13
r,-‘(?‘) /ke. (16)

where J{Y)1s a modified Bessel function.

The new total and direct potentials for the ammonia-
ammonia as well as the lithium-ammonia interactions
are depicted in Figure 1. The [ull lines show that the
new ab initio calculations lead to deeper minima com-
pared with the previous ones [1]. The screening affects
the two different interactions now in a similar way,
The minima of both direct potentials are reduced by
about 10% by the indirect contributions. A more de-
tailed picture results from the site-site potentials which
are presented in Figure 2.

The direct contributions to the ammonia-ammonia
potential have not been changed compared with the
previous ones 1, 5]. The indirect contributions te the
N-H interaction differ significantly. The reduced
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Fig. . Ammonia-ammonia (top) and lithium-ammonia (bot-
tom) pair potentials as a function of nitrogen-mitrogen and
lithium-nitrogen distances for orientations as shown in the
insertion and at a temperature of 240 K with a lithium mole
fraction of 0.1146. The ull and dashed lines denote the direct
and the total potential, respectively.
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Fig. 2. Suc-site potentials for the six diflcrent interactions in
the hthium-liquid ammonia solution. The denotations are
the same as in Figure 1.
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screening 1s responsible for the lower ...nma. Al
though there are significant differences in the site-site
potentials, the molecule-molecule interaction remains
almost unchanged he  use of the mutual compensa-
tion of the charges in the direct and indirect contribu-
tions (Figurs 1)

The improved Li-N, Li-H and Li-Li direct contri-
butions — resulting from the new ab initie calculations
— differ significantly f[rom the older ones [1, 5]. They
are generally weaker. But the mimimum in the lithium-
ammonia potential is by about 20% deeper because of
a smaller mutual compensation. With the modifica-
tions of the pseudopotential theory described above
the screening becomes stronger in the case of the Li-N
and Li-H interactions. Similar to the direct contribu-
tions, the mutual compensatian of the site-site poten-
tials leads again to a lower mimmum 1n the total
lithium-ammonia potential compared to the older one
[1]. Dilferently, the screening of the Li-Li interactions
15 less pronouncea and the minimum in the total Li-Li
potential has become much shallower.

The Metropolis Monte Carlo method [9] was em-
ployed. The basic cube contained 135 lithium jons and
1025 ammonia molecules. With an experimental den-
sity of 0.554 g/cm? at 240 K and 1 atm, a sidelength of
the periodic cube of 37.89 A resulted. Due 1o the strong
screening of the Coulombic interactions by the indi-
rect contributions (see Fig. 2). a cut-off of the total
site-site potentials at 15 A was justified, which saved a
significant amount of computer time compared with
the Ewald method. The starting configuration was
randomly generated. The simulations were carried out
for 40 million configurations in order to equilibrate
the system. The next 3 million configurations were
emploved for the evaluation of the struciural proper-
ties of the sclution.

3. Results and Discussion
a) Radial Distribution Functions

The solvent-solvent, ion-solvent and 1on-ion RDFs
and the corresponding running integration numbers
are presented in Figure 3. Their characteristic values
as well as those obtained for a single lithwum ion in
215 ammonia molecules [5] are summanized in
Table 1. The coordination numbers are defined as the
running integration numbers at the positions of the
first minima of the RDFs.

fvmmmtadaa
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Table 1. Characteristic values of the radial distribution functions g, {R). R,, and R,; and R_ are the distances in A, where

for the ith time g, (R} is unity, has a maximum and minimum,

are also given for comparison.

respectively. The values for the dilute solution, x;, =0.0046,

Xy x., - 100 R, Ry, g;,(Rul) R, R g:y(le) Ry, 9,,(RM1) n (R
NN 11.98 2.80 3.04/4.32 5.1/1.2 3.88 4.06/4.68 0.9/0.7 5.92 1.6 8.1/10.7
0.46 3.04 338 2.2 4.29 5.0 0.7 6.64 1.2 12.8
NH 1198 2.40 3.00/3.82 1.8/1.9 - 4.48 1.1 6.00 1.4 28.6
0.46 311 3.62 1.3 4.47 49-53 0.8 - - 342-434
HH 11.98 2.04 2.38/3.56 1.3/1.6 - - - - - -
0.46 3.07 182 1.2 4.56 50-55 0% - - 36.5-47.6
LiN 11.98 1.95 2.16 20.0 2.50 2.88 0.2 4.30 2.1 6.0
0.46 2.01 2.29 159 2.53 2.80 0.0 4.38 29 6.0
LiH 11.98 213 2.64 5.6 3.27 3.46 0.7 4.64 1.9 20.6
0.46 2.54 2.87 6.5 3.16 3.40 0.0 5.00 1.9 18.0
LiLs 11.98 2.51 2.74 66 3.25 3.72 0.3 5.24 2.3 0.8
0.46 - - - - - - - - -

Significant changes in the solvent structure can be
observed by the comparison of the N-N, N-H and
H-H RDFs for the two different concentrations. In the
simulation with the single lithium ton, these RDFs are
nearly the same as in pure ammonia [5). The pscudo-
potential theory has not been employed in this case.
Conscquently, there exists no indireet contribution to
Lhe lotal potential.

The screening in the concentrated solution strongly
reduces the repulsion for the N-N and H-H interac-
tions (Fig. 2Yand leads, therefore, 1o more pronounced
first peaks in the corresponding RDFs at significantly
shorter distances compared with the very dilute solu-
tion (Table 1). In spite of the [act that the potenual
minimum for the N-H interaction is also strongly re-
duced by the screening. the Nirst peak in gun(R) is more
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pronounced. The reduction in the N-N and H-H re-
pulsion overcompensates this cffect, as can be seen
from the total ammonig-ammonia potential depicted
in Fig. |, where the indirect contributions reduce the
potential minimum by only about 10%.

In the concentrated solution, where 7.5 ammonia
molecules are available for each lithium ion, the N-N
RDF is in accordance with the formation of clusters
where two solvated Li* have one, two or three ammo-
nia molecules in common (see below). In such a ctus-
ter, where the six NH, molecules in the first solvation
shell of lithium are octahedrally arranged (Table 1 and
Fig. 4), one would expect about eight nearest neighbor
nitrogen atoms around a central one at a distance of
about 3 A (first peak in gun(R)) and another two at
about 4.3 A, twice the Li-N distance (small intermedi-
ate peak) in agreement with the coordination num-
bers, nyn (R, ). given in the last column of Table 1. [n
keeping with this picture, both the first maximum and
the first minimum in pure ammonia are found at dis-
tances longer by about 0.3 A [5], resulting in a coordi-
nation number larger by about three than in the con-
centrated solution. Roughly speaking, the two Li® in
the cluster are replaced by two ammonia molecules,
and additional contributions come from the ammonia
molecules in the bulk phase.

In accordance with the cluster formation. the sec-
ond nearest ammonia neighbors would appear at
about 6 A (second peak in gun(R); 0.7 A shorter than
in the dilute solution). This maximum is formed by the
more than 30% aummonia molecules outside of the
first solvation shells of the lithium ions.

The cluster formation in the concentrated solution
leads - similar to g (R) - also in gn, (R} and g, (R)

P(cos ) '
| () ®
31 -|
1_
-0.8 -0.4 s] 04 og
cos

Fig. 4. Distnibution of cos 9 - where 9 s defined as the nitro-
gen-lithium-nitropen angle citteulated for the ammonia
molecules in the fiest sobvation shell of the hibium on
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Lo more pronour... hirst peaks at shorter distances
than in pure ammonia [5]. The broad maxima there
are splitted now. But 1t seems to be quite dilflicult to
aaa1gn definite structures to the characteristics of these
RDFs. Also the long range parts of all three solvent
RDFs differ sigmificantly for the two concentrations,
which 15 again a consequence ol the cluster formation.

The screening eflect of the electrons leads to a
shghtly shorter distance of the first peaks in g ;nv(R)
and gt (R) when compared with the very dilute solu-
tion (Table 1). Although the coordination number
does not change. the first peak in g (R} is slightly
higher and thatin g,y (R} shghtly lower tn the concen-
trated solution. Both first minima are less pronounced.
The larger coordination number for hydrogen, n;, (R),
is expected to result either from a less strong orienta-
tion of the solvation shell ammonia molecules because
ol screening effects, or from the undefined orientations
of the ammonia molecules common to two lithium
ions {see Figure 5).

The small effect of the lithium concentration on the
structure of the solvation shell is in accordance with
the only 10% decrease in the potential minimum of
the lithium-ammonia interaction by the indirect con-
tributions (Figure 1). The rather rigid solvation shell
structure is confirmed by the inding that in $0% of all
cases the coordination number i1s six while in only 5%
each it is 5 or 7 (see also Figure 4).

The first peak in g,;;(R} 15 quite pronounced al
2.4 A. This distance is much shorter than the flat po-
tential minimum between 4 and S A (Figure 2). The
running integration nurmber is one at about 4.5 A.
This leads — asin gy (R} - again 1o the conclusion that
cluster formation must occur in spite of the lact that

301 Plcos8)

04 0
cos

Fig. 5. Normabized distributions of cost? for the ammonia

molecules 1n the first solvanon shclls of the bithiuayons, s

defined in the insection. Full and Jdished Tines refer to fithium

maole fractions of 01164 and Q0046 respectively
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Fig. 6. Lithium-lithium pair interaction energy distribution
in arbitrary units.

at least 30% of all ammonia molecules do not belong
10 a first solvation shell (see below).

The g ;;{R} is in accordance with the pair interac-
tion energy distribution, P(¥;), shown in Figure 6.
The positive energies at about 50 kJ/mol result from
the interaction of two Li1* characterized by the [irst
peak in g, (R), as can be seen {rom a comparison
with V' (R) depicted in Figure 2. The negative ener-
gies mainly result [rom those Li* which belong to the
second peak. At this distance 'S (R} has its flat min-
imum. The large number of small positive interactions
result from Lt* at distances larger than 6 A.

b) Solvation Shell Structure

The geometrical arrangement of the ammonia
rnolecules in the solvation shells of the lithium ons
can be deduced from the simulation by the calculation
of the distribution of cos 3. where J 1s defined as the
N-Li-N angle. The result is depicted in Fig. 4, wherc
only the ammonia molecules in the first solvation
shells are included in the distribution.

It is obvious from Fig. 4 that the six ammoniy
molecules are arranged octahedrally around the lith-
ium ion. The integration over the distribution shows
that there is one other solvation shell molecule at
about 180 and four more at about 90°. 11 is interest-
ing (o note that the maximum s not exactly at
cosd =0butshified shightly to positive values. appecar-
ing at 86 . This slight disturbance of the octahedrul
arrangement might be caused by the cluster formation
as discussed below, where one. two or three ammonia
molecules belong simultancousty to the solvation shell
of two hithiuwm fons

A Moate Carlo Study of « Lithiem-Liquid Ammaonia Solution K33

c) Orientation of the Ammonia Molecules

The orientation of the ammonia molecules in the
solvation shells of the lithium ions is described by the
distribution of cos 0, where 8 is defined as the angle
between the dipole moment direction of the ammonia
molecule and the vector pointing {rom the nitrogen
atom towards the ion. The normalized distributions
are presented in Fig. 5 for the two concentrations with
the mole fractions 0.1164 (full) and 0.0046 (dashed).

For both concentrations there is a strong preference
for the dipole moment of the ammonia molecule
pointing away {rom the ion. The distribution i5 much
broader for the concentrated solution. The reason for
the significant difference in the widths of the distribu-
tions is expected (o be connecied with the cluster for-
mation {see below}. In the case of the single ion
(dashed}, solely the interaction between solvation shell
molecule and the ion determines the orientation be-
cause of the relatively weak interactions between the
solvation sheli molecules and those in the bulk. In the
concentrated solution, however, where - because of
the cluster formation — one, two or three ammonia
molecules belong simultaneously to the solvation
shells of two lithium ions, there is a competition be-
tween the two 1ons for the energetically most lavor-
abte orientation leading to the broad distribution.

d) Cluster Formation

In order to understand in more detail 1the different
features of the various RDFs depicted in Fig. 3, we
have investigated in a first step the distribution of the
ammonta molecules between the first solvation shells
of the lithium 1ons and the bulk. An ammonia mole-
cule 1s considered to belong to the first solvation shell
il the Li-N distance is smaller than R_, =288 A, the
position of the first minimum in the Li-N RDF The
coordination number ofan Li~. defined by n . (R, ).
is found to be six (Table 1). It has been calculated from
the stmulation that 33% of all NH, belong to the
butk. From the remaining 67% of the molecules, 55%
are coordinated (o one Li’ and 12% simultanecously
totwo Li7. In the following discussion we shall denate
these three kinds of NH, malecules by NO, N1, and
N2 respectively. It has been mentigned abosve that the
formation of clusters explains the positions of the first
as well as that of the smalt second peak in the N-N
RDF. The shoulde: at the lone distince side of the first
peak resules from the N-N distances i the bulk where
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a broad f{irst maximum exists which is centered at
3.4 A (Table 1),

The next point of intcrest is the distribution of the
ammonia molecules N1 and N2 in the {irst solvation
shells of the 135 hithium ions in the solution. With
the denotation Li(N1)},(N2). .., the result is given in
Table 2.

Table 2. The fraction in % of the clusters of kind m.

m 6 5 4 3 2
Y 32 8 16 38 6

The structure of the clusters can be visualized easily.
The octahedrally arranged solvation shells of two lith-
ium ions have an NH, molecule, an edge and a plane
in common for m equal to 5, 4, and 3, respectively. For
m2 one can imagine that a central solvated Li* has
two of his edges in common with two neighboring
ones. From the numbers in Table 2 it could not be
excluded that clusters with more than 3 Li* exist in
the solution as e.g. the cluster m2 could be imagined
with five Li* where four of them are combined with a
central one by having one NH, molecule each in com-
mon. [t will be demonstrated in the next paragraph
.that the probability to find such clusters is very smail

The number of nearest neighbor lithium ions
around a central one up to the first minimum of the
Li-Li RDF at 3.72 A, n.,,,(r.,), is 0.8, in accordance
with the distribution given in Table 3.
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Phys. 78, 461 (1993).

(2] Z. Gurskii, V. Kushaba, S. Hannongbua, and K. Hein-
zinger, Metal Phys. Adv. Techn. 17, 62 (19935).

[3] W. S. Benedict and E. K. Plyler, Can. J. Phys. 35, 890
(1985).
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[5] S. Hannongbua, T. Ishida, E. Spohr, and K. Heinzinger,
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A Monte Carlo Study of a Lithium-Liquid Ammonia Solution

Table 3. Pcrécnlagc of nearest neighbor lithium ions, n,,,
(R, ), around a central onec.

no (Roy) 0 i 2 1

% 40 44 14 2

The Li-Li distances for the clusters m3, m4 and m$
are about 2.8, 3.1 and 4.3 A, respectively. This means
that clusters m5 and mé de not contribute to the first
peak in the Li-Li RDF and consequently n; (R, ;)
=0, in agreement with Table 2. As there is no peak
around 4.3 A in g, (R) and a shoulder can hardly be
recognized, it has to be concluded that the number of
clusters m5 Is quite small, again in accordance with
Table 2. This means also that in the clusters m4, m3
and m2 those with common edges and common octa-
hedral planes are the by far most important ones,
excluding contributions to these clusters from mS5, The
second peak in the Li-Li RDF must consequently
almost exclusively result from the independently sol-
vated lithium 1ons (m6).

Sarkar et al. [10) have deduced recently from a re-
newed evaluation of older X-ray data by Narten that
clusters are formed in pure liquid ammonia at 277 K.
This result cannot be related to the cluster formation
here.
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Abstract

Many-body effects 1n the Li"=NH ;| system have been examined, using ab 1muio calculations. Potential energy surfaces of
the three-body effect in the L1~ -{NH ). compiex have been demonstrated. A three-body potenual function was developed
from more than 6000 configuratens of the L =(NH,}, complexes. Monte Carloe ~imulations were performed with and
without the three-body carection functons. The results show thal the error of the puir approximation in the octahedral
complex 1» 23% Only sheht changes tn the three-body energies due 1o rotation of the molecules in the tetrahedral and
octahedral compleaes were vieided and they were excluded from the development of the three-body correction function. The
first shell coordination number of 6 15 the same for both simulations. © 1998 Elsevier Science B.V. All rights reserved.

For Li", apart from the composition Li{NH,}; of
highly concentrated solutions in frozen form (see.
e.g.. Refs. [5.6]). a precise stoichiometry of the first
solvation shell of Li* in NH, is, surprisingly. not
yvet known. The only available information for dilute

l. Introduction

It has been found that the assumption ot pairwise
additivaty leads to an error of mleraclion cnergies in
cation—water svstems ol at feast 10% . 15% and 20%

{or mono-, di- and tra alent 1ons, respectively [ In
metal—ammonia sysiems. encrgetic crrors due (o
many-body cftects for MINH ), clusters, where M is
Na‘. Be'". Mg . Zo"" and ALY and n=1-8.
have been investigated (23] vielding errors in the
two-body approximation n the oclahedral complexes
of 17%. 43%. 30% . 18 and 43%, respecuvely. By
means of Monte Carlo simulanons [2.4]0 three-body
effects reduce the tirst shell coordimation number
liquid ammoema from 9w 8 for Na7o 10 sen tor
Mg~ and 9w 8 for /n”

THHID - 200 /98, %19 0 0 o
IS DO0Y. 261 4(9x)00 7

R - _ e —

solutions is from melecular dvnamics simulations by
us [7] and Impey and Klein [8]. leading to first-shell
coordination numbers of & il 4. respectively. In
addition, an octahedr' tomplex Li(NH )¢ has also
been lound in hi concentration ranges [9).

In contivsation of our previous work on dilute
soletiens of metal dons i higuid  ammaonta
i75,7.10.01] and oo concentrated hithium—-ammonia
<olutions [9,12,13]. we have extended the Monie
Carlo simulation of the didute Tithium—-ammonia so-
stion o a level ancluding three-body  corrections,

worenee BN D prehts rosernyed
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The goal of this study wis 10 mvestigate the relaee
impartance of the three-body etfects or
properties of the solution.

v cjural

2. Details of the caleLiations

240 Many-I v effecrs and thrce-body correction
Junct o

To examine energetic errors duc to many-body
effects in the Li* -NH system. ab ininto calculations

n a double-zeta basis set wncluding polanzation
functions (DZP) [14] have been performed using the
Gaussian 92 program [15] for the Li(NH,); com-
plex. The N-Li* distunces have been sunulane-
ously optimized. The experimental gas phase geome-
try of the zzmmonia molecule, with an N—-H distance
of 1.0124 A and an HNH angle of 106.7° was taken
from ihe literature [16] and kept constant throughout.
The average binding energy per ammonta molecule
1s computed as

AE, =[E(ML,) - E(M) = £(L,)] /6. ("

where E(ML,), £(M) and E£(L,) are the total ener-
gies of the LI(NH ), complex, the Li~ and six NH,

molecules in the same configuration as that of

Li{NH )7 | respectively. This yields an error in the
pair approximation of 23%.

In order to develop the complete three-body func-
E’ion. a second ammonia motecule was placed al

werous positions around the first-ammonia /L1’
complex (Fig. 1), varying the geometrical paramelers

T2 =<180°.0°< ¢ < 60°and | ﬁA<r,_<_80A
The Li'=NI distance (r ) of 1.5 A und the conligu-
ration of the first ammonia were at first kept fhixed
and the calculations were performed for numerous
Li"=(NII,), clusters. Then the same procedure was
rcpcgncd for v, = 1.8,2.02,22,25 30 40, 60und
8.0 A leading to a wotal of more than 6000 conligura-
tions of Li"=(NH ), complexes and 18000 Li " -NH,
and NH ,-NH, pair inteructions,

The three-body interaction energies were calcu-
lated as:

ALy, = {E[ML,L,) - £[M} - E[L,] - E[L, ]}

_[E[Lll'.‘] 3[~|}" [L’”
- Y (E[ML] - £[M] - E[L]) 0 (2)

LA (YUK OIS 00N

Fig | Geametrical parameter definiions in the evaluation ol the
* _(NH,}, potentials. used for the SCF calculations.

All energies on the righi-hand side of Eq. (2) are the
total energies of the system in brackets, where M, L,
and L. denote the lithium ion and the furst and
cecond ammonia molecules, respectively. Then these
energies were fitted to an analytical potential of the

following type:
__\Elhd={Ie_b(,'+r:lﬁ"r', (3)

Here . » and ¢ are [itting parameters, ry is the
distance between NI and N2 of the two ammonia
molecules, and £, and ». are the distances from Li~
to N1 and N2, respectively. The final fitting parame-
lers for the three-body functions according o Eq )]
are the following: a= I->6 783 kcal mol” b=
02261 A" and ¢ = 09645 A~

2.2 Manie Carlo simudations

Monte Carle simulations have been performed for
a system consisting of one Li* and 201 ammoma
maolecutes, using our previous Li*-NH, and NH ,-
NH , potentials [7.9], with and without the three-body
correction functions. The upcnmen[ﬂ density ol
pure liguid ammoma at 277 K and | atm of . 690 ¢
cm ' oleads to @ basic box length af 20, 99A. A
starting configuration was generated randomly and a
further S million conligurations after equilibration
were used to evaluate strycrurat data ot the solution.
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3. Resulls and discussion

3.1, Characteristics of the three-body correction
Sunciion

The nature of the three-body correction terms for
the Li"=(NH,}, complexes 1s simitar 1o those ob-
served by us {2.4] for Za* " ~(NH,),. Na‘~(NH,),
and Mg’ -(NH,),. by Lybrand and Kollman [17]
for Mg**=(H,0), and by Ortega-Blanke et al. [18]
for Mg?"-(H,0), and Ca’"-(H,0),. where the
interactions are attraclive ai short distances { < 1.8 A)
and repulsive for the other ranges. The vanations of
the term for Li"—(NH },. as a lunctuion of r, for
different values of @ (see Fig. 1). where r, = 20A
and ¢ = 0°. are displayed in Fig. 2. Ax in the other
cases [4.17.18], the atracuve SCF data points in the
region of r, ry < 1.8 A were not represented by the
three-body functions because they were not included
in the fit. This simplificauon was found not ta affect
the accuracy of the simulation results, since the
repulsive terms of the pair potential dominate within
this region. [n Fig. 2, a good agreement between the
caleulated (A Eg-¢) and plotted (M Ep ;) energies
was yielded. Note that the fit 1s weighted o the
configurations where the NI-Li"-N2 angies are
> 90°, as they are known to correspond o those of
the tetrahedral or octahedral angles which are fa-
vored geometries of the ions in the solution.

To evaluate in more detail the angular dependence
of the three-body function. a three-dimensional A

g T o ’J g =433° — Abser

& [ Ak

e 1

S o a=9°

> .
- ]
e

S 10« 8= L
b} : .

D 1 8= is0 [

N JER N~
- d —_— 1
JJ 60 &G iRe R} [ 140
Distance { A )

Fro 20 Vaoution af the three-body energies ablaned frem the
SCE calculations and from the fined anddyncal potenial oy =
functon ot ». where 7, =202 and = O lor dificrent . nee
ul G Csee Big 1)

\ ‘.
Y
% ol
E
g \
:F 10 1 é \‘\ >
< "":‘:':““
£ AR
0 TER{ A MOCSS
© "%’g’:';!’o'
4 @ i""""
A 3 6
kg

Fig 3 Potential energy surface~ for the three-body effects n the
Li" —(NH .}, complex as a function of the NI1-Li1* —N2 angle and
Li™ -N2 distance. where the Li~ -NI distance is 2.02A and N1
and N2 denote nitrogen atams of the first and the second ammonia
molecules, respectively (see text for more deails).

plot was generated. The Li* is placed at the origin
of the coordinate system and the nitrogen atom of
the first ammonia molecule (NI} is fixed in the
positive x-axis at an Li*-NI distance (r,) = 2.02 A
(distance where the miuimum of the Li*-NH, pair
potential takes place, rap), pointing with 1ts dipole
moment vector toward Li*. One of its hydrogen
atoms lies in the xz-plane. The nitrogen atom of the
second ammonia molecule (N2) is moved along with
radius r, = 1.5A and 30° < a < 180°, where a de-
noles the NI-Li*=N2 angle, alsc with its dipole
vector peinting to the 1on and one of its hydrogens in
the wz-plane. The same procedure was repeated for
ry=1.8, 202, 22, 25, 3.0, 4.0 and 6.0A. The
resulting A E,, plot is displayed in Fig. 3.

It 15 clearly seen from the plot that at short r; and
r, distances, ALy, depends strongly on the NJ-
Li"—N2 angle. Decreasing the angle leads to an
exponenual increase in the energy. The A £y, val-
ues at r,, and the NI-L 7 ™7 angles of 96, 104.5
and 180° which cor. .pond o those of tetrahedral
and ocuhedral - -aaguravons, are 3.6, 2.3 and — 0.1
keal mot wespectively. Inchuding a thermal effect
at " =l of 0.6 keal mol™'. the minimum N]1-Li -
- 2 angle which should take pluce in the solution s
~ 857 Although the A £, at small NI-Li"-N2
angles and short N-Li® distances s relatively high
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(Fig. 3}, such contiguranons are rarely detected dui- devetopment of the three-body correction funcuon.
ing sunulations due 1o the strong repolsion ot the This redaces the computational time required for the
pair potential 1o addition, as a funcoon of the 17 -N gquantwn chenwcal calculavons. T addition, neglect
distance, A F,, forany N1T-L 7 =N2 angle shows al thes phenomenon wmoour Li'=(NH ), functions
maximum il + (g C30) s also the conseguence of this I-'indmg.

.
Investigations have also been undertithen o exame

ine the ¢itect ol the rotanon of the ammoni
motecules on At Hereo »poand r, were fived

Fop. fOr values of the NI1-1Li1"=N2 angle between 30 4. Monte Carlo simulations

ap
and 180° winte the second ammonia molccule was
._{. tated around s dipole vector. The rolauon step As expected and Tound 1n our previous work [2.4],
“was 10° ranging from O to 90° The results of the ne sipticant distference between the atom-atom
calculations ure depicted in Fig. 4. Rotation ol the cachial distrsbution funcuons (RDES) of the ammonia
second ammonia molecule in the L' =(NH ). com- maolecules for both simulauons, with and  without
plex has a strong ceffect on the changes i A £, three-hody corrections, s detected. as far as position
only for small NI-Li'-N2 angles and hence for and height ol the peahs and coordimation numbers
short N1-N2 distances. It is interesting (o note thal are concerned. The results are in good agreement

the rotation of the molecules around their dipole axes with N-ray [17] and other simulatton data [7,8.18-

in the tetrahedral and oclahedral clusiers causes only 23]

slight changes in the three-body energies. The maxi- The Li' =N and Li" - RDFs obtained from the
mal fluctuations of A £,,, under molecular rotaton simulatons wath and without the three-body correc-
for any NI-Li"-N2 angles between 90 and 150% ton Tfunctons are shown o Fig. 5. Comesponding
plots tar Na© wken trom the literature [4] are also
siven for comparison. For all RDE plots, the differ-
cuce i the postuon of the peaks for both runs s
atmost neghigable. The first solvation sphere of the
a7 s represented by o sharp peak cenlered al
220 A, The corresponding coordination numbers (-
tegrated up o the finst minima of the two Li' =N
RO of 6 are wdestncal, Influence of the three-hody
corrections leads o a shightly decreased probability
ol Tindig a solvent molecule i the region between
the Tist and second solvation shells, and hence a

) o o
1.c. 0.5 kcal mol ™', is even less than thermal tuctus-
tons at 298 K. The result clearly indicates that rata-
ton ol the molecule can be eacluded from the

shight lowering of the first minima of the Lt* =N and
Ly H O RDEs To heep a constant hirst shell coords-
nation  number,  compensation  was o apparenily
achiesed by a shight increase in the first peaks (Fig.
5).

Some comments could be made conceming the
influence of the three-body correction on the first
shedl coordimation number ol Li*, especially in com-
parmon wath that ol Na' o Although the cnergetic
) crror ol the piur approsnmation in the oclahedral
l"% 4 Potential energy surfaces Tor the thiee-body elfects 1w complen Tor the Nat ol 18% is lower than that of
.[" .‘N“ o camplea s tunction of the N1t -N2 Gl and 280 (o St he three-body correction reduces the
angle ol potin ol ain amnmonaa molecule, where 1Y NI ol . L i i

fisst shell coordmaton number of Na® o igud

1’ N . - A
1. N2 dhistanees are 202A and N and N2 dennoe Meren

o ;
s e the Dot ansd (e second suamoni molecufes, espuetively
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Fig. 5. Li~ =N {above) and L7 -H (below) radial dismhu_lmn
functions and cormesponding running coordinalion numbers in
ditute tithium-anmumoaia soelunon, obtarned feom the simulitions
without (sohid line) and with {dasbed hine) threc-body carrections
The same plats for Na™ are shown Lorse s for companson.

only by carrving ~ame of the solvent malecules with
t. thus rendenng it more ¢lfective than the large 100,
which s only looscly bound to the solvent.

The calcubated average coordination number ol 6
contlicts with that of 4 miered by tmpey and Kleis
[8). based on a molecular dynumics study of o solu-

tion of ane Li~ in 107 NH, molecules. However.

L)

this simulation was performed using a modified
Li*~H,0 polenual, which is lexs negative than our
SCF Li* ~NH, parr-potential. The Li*-NH; and the
Li*~H,O interaction energies, computed with the
DZP basis set [14] at the optimal configuration of the
Li"=NH, complex {the Li"-N distance is 202 A)
have been examined. The cortesponding eneryics are
—40.6 and —36.2 kcal mol ™', respectively. There-
fore, it is clear that the source of the lower courdina-
tion number reported by Impey und Klein lies in the
less negative modified Li™-H,O potential for asso-
ctation of the ion to the solvent malecule.

As experimental data on the structural properties
of Lt"-NH, solution are avadable only tor the
crystalline phase or in frozen form (see, e.p.. Refs.
[5,6.19-23]) and theoretical approaches exist only
for high Li* concentration, where the solutivns are
characterized by excess electrons and the couordina-
tion number of L1~ is not taken into consideration
[24-26], there is no way at present to asceriain
whether the optained solvation numbers are in better
agreement with experiment when using three-body
potentials than when using two-body potentials only,
Although more extensive invesngations have been
made for metal 1ons in aqueous solutton, much of the
avaijlable data, which are comprechensively reviewed
by Marcus [27) and taken from both experimental
and theoretical methods. show inconsistencics be-
tween the values deduced from different sources.
Based on computer simulation techniques including
three-body corrections, it is particularly agrecd that
this approach, despite its shonicomings, shows ways
in which generallyv avatlable methods can be used to
improve upon the model and hence the stincuural
information of the solution [1.2.4.17,18]. Therefore,
the incluston of at least three-body effects seeims 1o
be absolutely necessary.
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Three-body Effects in Calcium(ID-ammonia Solutions:

Molecular Dynamics Simulations
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Motecular dynamics simulations have been performed with and without three-body corrections at an
average temperature of 240 K using a flexible ammonia model. The system consists of one calcium ion
and 215 ammonia molecules. The calciurmn(ID)-ammonia interactions were newly developed, based on
ab initio calculations with a basis set of double zeta quality. The role of three-body interactions on the
structural and dynamical properties of the solution has been investigated. The presence of three-body
corrections leads to the reduction of the first shell coordination number of Ca(Il) in liquid ammonia
from 9 to 8, the increase of the size of the solvation shell by 0.33 A and the disappearance of the sec-

ond solvation shell.

1. Ahtroduction

It has been known since the early [940s that many-
body effects can have an important influence on the re-
sults obtained from computer simulations. This can lead
to a serious modification of the simulation models, espe-
cially in cases of condensed-phase systems [1]. In 1962,
in order to simplify the calculation of many-body ex-
change effects, Jansen (2] introduced the Gaussian effec-
tive electron model and found that first-order three-body
exchange effects for the rare gases could change the ex-
change energies by as much as 20% of the two-body ex-
change energies. Furthermore, Lombardi and Jansen [3]
also extended the approach to four-body interactions and
found that these effects were negligible for most geom-
etries of interest. These observations have been illustrat-
ed for a monatomic gas [4) and numerous cases of ions
in aqueous solution [5—-8]. In addition, recent studies of
Na(I), Mg(il}, or Zn(II) solvation in liquid ammonia by
Monte Carlo simulations showed that the three-body
corrections reduce their first shell coordination number
from 9 t0 8, 10 to 6. or 9 to 6, respectively [9-10).
Ab initio calculations with double zeta quality basis
sets for the corresponding octahedral ion-ammonia com-
plexes showed that the error in the two-body approxima-
tion of the binding energy was 7%, 30%, or 18%. re-
spectively. However, similar investigations for Li(I) in
liquid ammonia [11] showed that adding three-body
corrections did not influence the first shell coordina-
tion number of 6, zven though the pair approximaton

Reprint requests o Dr. S. Hannongbua, Fax: (6622577 su.

overestimated the octahedral Li{NH4)g complex binding
energy by 23%.

In the present work, the role of three-body effects on
the structural and dynamical properties of a Ca(Il)-am-
monia solution has been analyzed using the molecular
dynamics method. Two simulations have been per-
formea, with and without three-body correction func-
tions, using newly developed Ca(II)-NH, pair potential
and NH;-Ca(l[)-NHj three-body correction functions.

2. Details of the Calculations

2.1 Development of the Ca(ll)-NH ; Pair Potential

Tocoverarange of NH; distances and orientations rel-
ative to Ca(Il), more than 1700 Ca(II}-NH; pair config-
urations were generated. The experimental gas phase
geometry of the ammonia molecule, with an N-H dis-
tance of 1.0124 A and HNH angle of 106.67°, was tak-
en from the literature [12] and kept constant throughout.
The pair interaction energies were computed using ab in-
itio self-consistent fiend (SCF) calculations with double
zeta quality basis sets inctuding polanization functions,
and were fitted to an analytical function ot the form

a4

AEy = 2.

e ;

h r r,

where AE,,,, is the fitted energy in kcal -mol™' . a,. b,. c,.
and 4, are the fitting parameters, r; 15 the distance in A

332154, g¢, | ()

v L’\ +o, exp{-d, r,)+
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Fig. 1. Ca(ll)-NH, dimer interaction energies (kcal - mol™") from ab inirio calculations (triangles) and from best-fit pair potential

functions (solid lines).

Table 1. Optimized paramelers a, b, ¢, and d of the analytical
pair potential function along with g values (in atormic units) de-
rived from the ab initio calculations {see text for details).

a b I d o
(keal- A mol™ (keal-A* mol™ (kcal-mal™) (A7)

0.9954 -0.8340
23356 0.2780

-1083.0971
-3051.4211

~768.5588
1734295

Ca-N 3614.1584
Ca-H  405.7155

between the i-th atom of the ammonia molecule and the
calciumion, and g, and g, are their corresponding atom-
ic net charges obtained from a Mulliken population anal-
ysis [13] in the SCF calculations. The final values of the
fitting parameters for the Ca(Il)-NH; pair potential, us-
ing a non-linear least squares fitting method, are given
in Table 1. The SCF and the fiued energies for some tra-
jectories, including the most favourable configuration
where the dipole moment of the ammonia molecule
points away from the ion, are compared in Figure 1.

2.2 Development of the NH -Ca(11)-NH ; Three-body
Correction Function

As tllustrated in Figure 2, for three-body calculations,
‘he nitrogen atom of the first ammonia molecule, NI, was
it the origin of the coordinate system, and the calcium
on was along the z-axis at a distance ry from N1. The ni

trogen atom of the second ammonia molecule, N2, was
placed at the coordinates (r;, &, ¢;). Both ammonia
molecules are in the configuration in which their dipole
vectars paint o the calcium ion. The four parameters
were varied independently in the ranges 1.9 A<r<
10.0 A, 0°<6,<180°, and 0°< ¢, < 60° in order o cover
the whole spatial configuration of the NH;-Ca(ll)-NH,
complex. Then the three-body interaction energy, AE;,.
for each configuration was computed from the SCF en-
ergies of the monomer, dimer, and trimer according to
the equation:

AE,, = [E(MLIL}-E(M) -E{L 1 -E{L}]
-{E{ML)-E(M]-E{L]]
- [E{MLy} - E{M]} - E(L:]}]
—E(L\Ly) - E{L ] -E{LA}],

(2)

where M, L, and L, denote the calcium ion and the first
and second ammonia molecules, respectively. The three-
body interaction energy was fitted using an analytical
function of the form

ALy = IR (r) R4 Ry (ra)} Ry} ©(8). (3)

where

| I o2t {
Riri=al +al Uy + e i+ Deapt=4r ).
2 2 B :
Glray = (al + @l ab e + a5V exp (- ¢,

L) (93]

K} o k)
O(0) = (i +a P cos + iV cos 8 + o cos )
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Fig. 2. Geometry for the evaluation of the NH,-Ca(Il)-NH.
potential for SCF calculations and the three-body correction
function.

3

B
AE 4,/ Keat-mol
&

. &

15 20
AE,, /kcalmal”

-5

Fig. 3. Comparison of AEy, (SCF) and &£y, for a random
sample of the generated configurations.

were employed, where o) and ¢ are fiting constants
and 6 is the N,-Ca(l[l}-N, angle. The optimal values of
the parameters are given in Table 2 while the SCF and
fitted energies are compared in Figure 3. Three-dimen-
sicnal plots of Af,, ., 3 and @ in the configuration
shownin Fig. 2 at ri=1.5 A, 2.0 A. 2.5 A and 3.0 A are
displayed in Figure 4.
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rey surface for the three body effect
in kcal-mol™'Yin the NH.-Ca(ll)-NH, complex as a
N2-Ca(ll) distance (r5 in A) and NT1-Ca{Il}-N2
N1-Ca(ll)ydistance, ry=1.5.2.0,

Fig. 4. Potenual ene

(Aflhl'll
funcuon of the
angle (8 indegrees) atconstant
2.5 and 3.0 A (see Figure 7).

P B ) H
Table 2. Optimized parameters ay’ and ¢’ of the analyti-
cal 3-body correction Tunctions (7in A and interaction energies

in keal-mol™"y

=i =1 1=1

! -26 1335 26 7764 1.8751
! -0.0166 ~29.0045 -0.8993
o 04367 §.4738 1.8335
! 0.0303 —).7336 -0.1777
o 0.7031 1.0039 -
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2.3 Maolecular Dynamics Sunulations

For the molccular dynamics simulations, a flexible
modcl of ammonia was employed. Both inter- and intra-
molecular potentials of ammonia molecules, which are
the same as those used in [9- 11, 14-16], verc taken from
[17, 18). Two moleculardynamics simulations were per-
formed for an average temperature of 240 K and atmos-
pheric pressure. We used the experimental density of
liquid ammonia at the simulated temperature and pres-
sure of 0.688 g/cm? [19]. so a cube containing one cal-
ciumionand 215 ammonta molecules has edges of length
20.67 A. A periodic boundary condition was used, and
the shified force method [20] was employed to make
short-range interactions vanish smoothly at the half-box
length. The stmulations were started from random con-
figurations and were equilibrated for 10,000 time steps.
Then they were continued for 80,000 tume steps. corre-
sponding to 10 picoseconds. with system configurations
collected after every 10 time step. The calculations were
performed on the workstations of the Austrian-Thai Cen-
ter for Computer Assisted Chemical Education and Re-
search and the National Electronic and Computer Tech-
nology Center, Bangkok, Thailand.

3. Results and Discussion

3.1 The Two- and Three-bodv Potential Functions

Figure 1 indicates good agreement between the SCF
two-body and fitted energies. using the parameters giv-
en in Table |. The optimal Ca([I)-N distance and the cor-
responding SCF energy for the most favourable config-
uration are 2.41 A and —62.6 kcal- mol™', respectively.

The quality of the fit to the three-hody correction en-
ergies is shown in Figure 3. where the SCF and fit ener-
gies are compared. Changes &£y, with the distance
between Ca(ll) and the two nitrogen atoms, r| and riy. and
of the angle between them. & car be clearly scen from
Figure 4. Three-body effects are strong only when the
two ammonia molecules are closer than 3 A from Ca(l),
and are negligible when the distance is greater than about
5 A. All plots in Fig. 4 show two maxima near 7=,
and 6=0° or 180° and a saddic point near ry=r,, and
6=90°, where Fop de s the optimal Ca(H}-N distance
in the Ca(ll)-Ni< | pair potenual. In addition, the three-
body ener.;, at 8=0° shows strongest repulsion, and the
thre  pody encrgy at 8=180° 1s about two thmes greater
«an that at 8=90°. The strongest interaction, for =7,
and 8=0°, where the two Ca(ll)-N vectors are parallel,
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cannot occur in the sotution. Itis interesting to nolc that
among the plots in Fig. 4, the one with r;=2.0 A shows
the strongesl three-body effects. Note also that the three-
body correction cnergies involve only the ammoma
molecules in the first solvation shell of Ca(Il). 1n prac-
tice, the strongest repulsive effect will be near r, =ry=r,,
and 8=180°. The corresponding value of AL, is aboul
10 keal-mol™'. This is about 20% of the mos! negative
interaction in the Ca(ll)-NH; pair potential at the same
distances.

3.2 Structural Properiies of the Solwion
lon-solvent Structure

The solvation structure of the solution can be analyzed
from the radial distribution functions (RDFs) of pairs of
all species involved in the solution. The Ca-N and Ca-H
RDFs as well as the corresponding integration numbers
obtained foreach simulation are caiculated and compared
in Figs. 5a and 5b, respectively.

Without the three-body correction, the Ca-N RDF
shows the first sharp peak centered at 2.53 A. The inte-
gration number up to the first minimum of 3.25 A is ex-
actly 9. With the three-body correction, the first peak
shifts to 2.86 A, the first minimum is at 3.98 A and the
first shell coordination number reduces to 8. [t 15 inter-
esting to note that the shift of the first peak position by
0.33 A in this study is much higher than the increase by
0.12 A for Mg(ll) {9] and the decrease by 0.08 A for
Zn(1D) [10] in liquid ammonia. The significant increase
of the size of the first solvation shell for Ca(ll) can be
understood in terms of the looser binding of the solvent
molecutes n the bigger solvauon sphere for Ca(il)
(rop=2.41 A and the corresponding stabilization cnergy,
AE.,=~62.6 kcal-mol™) as compared with Mg(il)
(rap=2.06 A, AE,,=-957kcal mol™") and Zn(il)
(rop=1.95 A, AE,,=-94.1 keal -mol™') (9, 10}. On the
ather hand, 1t was found that the calculated size of the
first sofvation sphere for singly charged Li{1) and Na(l)
inammoniarcmains unchanged when the three-body cor-
rections are apphied [ 10, 11].

The influence of the three-body corrections on the sec-
ond peak of the Ca(ll)-N RDF is also different from that
on the other doubly charged rons, Mg(H) and Zn{Il). As
a consequence ol the loosely bound solvation sphere of
Ca(lhy, the three-body effect causes the disuppearane -
a well recognized sccond peak of the Ca(ll* ", RDF.
while this effect for Mg(il) and Zn(IbV ' Ls 1o a sligit
shift of the second peak 1o longer asances,
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The Catll)H RDFs of simulatons with and without
three-hody corrections show a sharp et peak at 3.39 A
J 3,10 A containing 27 and 24 hydrogen atoms, re-
spectively, Changes due to the three-body corrections are

g(r) {a) n(r)
20 — Ca-N 40
18 f /

/ 35
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Fig. 5. Ca(ll)-N and Ca(l1)-H radial distribution functsons and

comresponding running integranon numbers for simulations
without and with threc-body corrections,

Table 3. Characicristics of radial distribution functions of C

&wplr}is unity. maximized, and minimized. respectively, and naplr

similar 10 those for the Ca{ll)-N RDF. As expected, no
signincant difference has been detected between G-
N-N,N-H and H-H RDFs of the two runs. Their charac-
teristics, as well as those of the Ca{lld ™ und Ca(Il)-H
RDFs have been summarized in Table 3.

To manitor the shor-range structure of the 9 {8) am-
monia molecules in the first solvation shell for simula-
tions without {witli) three-body corrections, we examine
the configuration-averaged distribution of the N-Ca-N
angle for pairs of solvent molecules in the firstshell (Fig-
ure 6). Note that the optimal spacing of § solvent mole-
cules equidistant from the solute would give rise Lo a cu-
bic configuration. With respect to a given solvent mole-
cuie, 3 other molecules would be at an N-Ca(II)-N angle
of 70.5°, ancther 3 at 109.5°, and 1 at 180°; the cosines
of these angles are 1/3, —1/3. and -1, respectively. The
simulation results without three-body corrections show
asharp peak centeredclose to I/3 and a large gap between
that peak agd a further peak (cosar = [/3), indicating a cu-
bic structure that is distorted to accommodate a ninth
molecule. When three-body corrections are included, the
distribution is qualitatively similar, but the peaks are
much broader, indicating that the expected structure of
the & ammonia molecules in the first solvation shell is a
less rigid, time-varying. distorted cubic configuration.

Figure 7 shows the distribution of cosf which is de-
fined as the angle between the vector pointing from the
caleium ion to the nitrogen atom and the dipole vector
for an ammonia molecule located in the first solvation
shell. The distributions obtained from both simulations
are sharply peaked at cosf=1.0, with no significant dif-
ference beiween them. The distribution for Ca(ll) is
broader than that for Mg(11) and narrower relative 1o that
of Na(l) [9]. This can be understood in terms of the
strength of the interaction energy, —1F cosfi, between
the ammoria dipole moment, 4, and the ion’s electric

atlly. R, Fup and r,, are lhe distances in A where for the i-th lime

1) is the running integration number up to ...

afs Ky Tan LaplTan) Ry Fol 2ap(Fot) Tar2 Beaplrant noa(ru)
without NN 2.97 3.30 2 422 5.07 08 6.52 1.1 12.6
3-body N H 2.94 364 {2 4.44 512 09 6.53 1. 39,1
corsections H I 310 364 1 4.5t 5.21 0.9 6.08 1.0 411
CanN 228 253 151 2.858 3125 072 4.75 21 8.97
Cu H 2.79 310 6.8 347 31.85 0.2 5.25 | .6 274
with NN 299 334 2. 4.25 5.13 0.7 6.60 [.1 12.8
3-body NH 2.97 3.67 1.2 4 49 5.02 09 6.69 11 36.8
corrections HH 308 381 1.1 4.55 537 09 6.73 1.0 44 .8
CaN 2.51 286 s 330 198 03 5.28 1.5 819
Ca M 10K 339 1.4 3.814 4.42 0.4 5.68 1.2 243
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Fig. 6. Distribution of the cosine of the N-Ca(l1)-N angle, p(cosa), for a pair of ammmonia molecules in the first selvation sphere

and running integration number, n(cosa).

-~ 10
[+=1
-
[=]
L
a 08 +
0.6-’—
0a+ 0 without 3-bady
—— with 3-body
0.2 +
0.0 4 —rr—r1rvrr ST vy

0.70 0.75 0.80 0.85 0.90 0.95 1.00
cos B

Fig. 7. Distribution of cosfi for ammonia molecules in
lh_cI first solvation shell of calcium ion (see text for de-
tatls).

Q ar oz 03 time / ps

Fig. 8. Normatized center of mass velocily autocorrelation functions
for ammonia molecules in the bulk (solhd line) and the first salvation
shell of Ca(I1) obtained from our simuiations with (long-dashed line)
and without {(shori-dashed line} three-body corrections,

field, Ee<q/r*. Based on our simulations, the strength of 3.3 Dyuamical Properties of the Solution

the electric field at the first solvation shell is in the order

Translational Motions

Mg(Il)>Ca(Il) > Na(l): this explains why 2ig(Il) has
the narrowest cos B distribution and Na{ij has the broad- Translational motions of the molecules can be repre-

est.

senled by the veloctty autocorrelation function (acf). The
center-of-mass acls of the two simulations, with and
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= owithout the threc-body corrections, both for molecules
"+ in the bulk and the first solvation shell, have been calcu-
- “2Hated separately and plotted in Figure 8. Fourier trans-

. . form, J(w), is called the spectrat density and is defined

oa

J C,(t)cos(we)dr,
0

z ..".':S(a)) —

ST

(4)

: .;fxi_bc'rp*:cv (r) denotes the acfs (Figure 9).

R -'h:;_'l'lic acfs for bulk molecules decay smoothly to zero at

I "3bout 0.25 ps for both runs. The acf for molecules in the

.- first solvation shell for the simulation, using only the pair

. potentials, crosses zero at 0.038 ps before overshooting

"“"due to a restoring force, which is much faster than the

time of 0.086 ps when the three-body effects are includ-

ed. The spectral densities of the three types of molecules

(bulk, first solvation shell with three-body correction and

first solvation shell using only pair potentials) peak at

0, 67 and 259 cm™', respectively (Figure 9). We see that

bulk molecules can translate freely (with zero frequen-

cy), while solvated molecules are bound more tghtly

when the three-body corrections are neglected. In con-

clusion, the acf and spectral density plots confirm that

the three-body corrections yield looser binding of the sol-
vated molecules.

It is found experimentally that the self-diffusion coef-
ficient (D) of liquid ammonia is strongly temperature de-
pendent [21], and it is not yet possible to model that prop-
erly using simulation data [18, 22]. A seif-diffusion co-
efficient for bulk ammonia calculated in our previous
work [18] using the same NH,-NH; pair potential as in
this study, and calculated in [22] are approximately 70%
too high and 80% too low, respectively, compared with
the expentmental value at 277 K [21, 23]. However, for
the ammonia molecules in the first solvation shetl of
Ca(ll) we obtained D=(3.80=222)x 10" cm’s™" and
D=(5.75+2.35)x107% cri? 57! for the simulations with
and without three-body corrections, respectively. The rel-
atively large error is due to the fact that there are only a
few ammonia molecules involved in the statistical cai-
culations.

Librational Motions

Librational dynamics of the ammonia molecules in ihe
simulated system can be studied through the Fourier
transform of the acf of velocity components of hydrogen
atoms. Details of the projections of the velocitics onto
degenerate axes are explained in [24]. The spectral dia-

215

-

Tablc 4. Comparison of vibrational frequencies (em™) from
our stmulations and experimental results. A4

Mode Ca(ll)}-NH, simulations Pure ammonia
experimental data
solvation  bulk hiquid gas
shell liqued [25]) [t7]
Sym. Bend. 1310 1184 1066 932,968
Asym. Bcnd 1560 1643 1638 1627
Sym Siretch. 3251 3418 3240 3336
Asym, Stretch. 3557 3580 3379 3444

grams of rotation around x and z axes, defined by the con-
figuration of the first ammonia motecule (N1) in Fig. 2,
are shown in Figs. 10 and 11, respectively.

The rotational spectrum around the x axis of the mole-
cutes in the bulk peaks near 200 cm™', while those of sol-
vated molecuies for both simulations, with and without
three-body corrections are strong between 400 ¢cm™ to
600 cm™'. The Fourier transforms of the acfs for rotation
about the dipole moment axis (Fig. 11} are all quite sim-
ilar. The maximum at zero frequency indicates fairly free
rotation around that axis.

Vibrational Motions

Table 4 shows the consistency between the vibration-
al frequencies from experiments and from simulations,
espectally between fiquid ammaonia and bulk molecules
instmulations. From the qualitative agreement in the bulk
system, tt can be expected that the potentials employed
in the simulation lead 10 a qualitatively correct descrip-
tion of the effect of the calcium ton. The blueshift of the
symmetric bending and redshift of the symmetric stretch-
ing mode for the molecules in the solvation shell indi-
cates the influence of calcium ion interactions on the am-
moma molecutes. Similar effects were also found in the
system of Li* in liquid ammonta {18} and systems of K*
and I 1n hquid ammonia [ 14]. The effect of adding three-
body corrections on these frequencies was not strong, ex-
cept for a shghtly decreasing shift in the anti-symmetric
stretching mode., as shown in Figure 12

Ackneawledgement

[Financial support by the Thatland Rescarch Fund and
the generous supply of camputer time by the Austrian-
Thar Center for Computer Assisted Chemical Education
and Rescarch tn Banghok and the Nationa! Electronic
and Computer Technology, Center, Banghok, Thailand

are gratelully acknowledged



216 W. Sidhisorade) erwf. - Three-body Effecss in Calciumic i) -ammuama Solutions

(1] M. I. Elred and R. J. Saykally, Chem. Rev. 94, 1975
(1994).
(2) L. Jansen, Phys. Rev. 125, 1798 (1962).
(3] E. Lombardi and L. Jansen, Phys. Rev. 167, 8§22 (1968).
4] E. E. Polymeropoulos and J. Brickmann, Chem. Phys.
Lett. 92, 59 (1982).
{8] J. Kim, S. Lee, S. ]. Cho, B. J. Mhin, and K. §. Kin.,
J. Chem. Phys. 102, 839 (1995).
{61 T. Lybrand and P. A. Kollman, J. Chem. Phys. 83, 2923
(1985).
[7] R. Kelterbaum, N. Turki, A. Rahmouni, and E. Kochan-
ski, J. Chem. Phys. 100, 1589 (1944).
[8] L. X. Dang, J. Chem. Phys. 96, 6970 (1992).
(9] S. Hannongbua, J. Chem. Phys. 106, 6076 (1997).
{10) S.Hannongbua, T. Kerdcharoen,and B. M. Rode,J. Chem.
Phys. 96, 6945 (1992).
(1t} S. Hannongbua, Chem. Phys. Lett. (1998} in press.
[12] W. 5. Benedicl and E. K. Plyler, Can. I. Phys. 35, 890
(1985).
[13] R.S Mulliken.J. Chem.Phys. 23, 1833, 1841,2338, 2343
(1955).

(14] A. Tongraar, S. Hannomigbua, and B M Rode. Chem
Phys. 219, 279 (1997). ..

[15] S.Hannongbua, Aust. J Chem. 44, 447 {1991}

[16] S. Hannongbua and B. M. Rode, Chem Phys. 162, 257
(1992). . .

[17] V. Spirko, J. Mol Spectrosc. 101, 30 (1983).

(18] S. Hannongbua, T. Ishida, E. Spohr. and K. Heinzenger,
Z. Nawurforsch. 43a, 572 (1988).

{19] R. C. Weast, Handbook of Chemistry and Physics, $7th
ed.; CRC: Chio 1976-1977.

[20] W.B. Streew, D. J. Tildeslay, and G. Saviile, ACS Symp.
Ser. 86, 144 (1978).

[21] A. N. Garroway and R. M Cotts, Phys. Rev. A7, 635
(1973,

[22] R.W.impey and M. L. Klein, Chem. Phys. Lett. 104, 579
(1984).

(23] D.E. O'Reully. E. M. Peterson, and C. E. Scheie. J. Chemn
Phys. 58, 4072 (1973).

(24] P. Bopp. Chem. Phys. 196, 205 (1986).

[25) T. Birchall, I. Drummond. J. Chem. Soc. 1970, 1859,



The Best Structural Data of Liquid Ammonia based on the Pair

Approximation: First Principle Monte Carlo Simulation
by
Supot Hannongbua
Chemistry Department, Faculty of Science, Chulalongkorn University,

Bangkok 10330, THAILAND (supot@atc.atecu.chula. ac.th)

Abstract

Monte Carlo simulations have been performed for liqutd ammeonia at 277 K and
1 atm with and without the pair potentials. The NH;-NH; potential function used in the
first simulation has been developed based on ab initio calculations with TZP (Trple
Zeta plus Polanzation function) basis sets. For the second run without the pair
potential, the pair interactions have been calculated directly during the simulatton using
the first principle ab initio method with the same basis sets. The nitrogen-nitrogen
radial distribution function (RDF) obtained from the later case which 1s considered as
the best structural data based on the pair approximation, shows a sharp first peak at
3.4 A followed by a broad shoulder ranging from 4.2 A to 4.8 A. This shoulder has
been observed for the first time, theoretically, unless that reported experimentally at
3.7 A In addition, energetic error due to three-body effects have been clearly
visualized. Its effects on the N-N RDF at short distance has been consistently detected.
Sensitivity of the structural properties ot the solution to the intermolecular, both pair

and three-body, interactions has been extensively discussed.
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1. Introduction

Since the first experimental report on the structural data of liquid ammonia by
Narten in 1976 (1), in terms of nitrogen-nitrogen radial distribution function (RDF)
which shows a sharp first peak at 3.4 A and pronounce shoulder at 3.7 A. Severa
attempts have been made (2-9), theoretically, to reproduce the experimental N-N RDF,
but no entirely satisfactory model has yet emerged. Discrepancy took place concerning
an appearance of the RDF shoulder.

There 1s no way to ascertain, on the basis of existing data, whether the N-N
RDF 1s caused pnimarily by an error due to the diffraction measurement or the
development of the pair potential as both processes are so complicate. To examine this
problem, structural property of liquid ammonia has been evaluated using Monte Carlo
technique. Simulations have been performed based on the pair approximations with

and without pair potential. In the second run, interaction between the rwo ammonia

molecules has been calculated directly using the first principle ab initio method.

2. Details of the Calculations

2.1 Development cf the pair‘ potential

To develop the NH;-NH; pair potential, more than 1,500 configurations of the
dimer have been generated. Their interaction energies have been calculated using an ab
initio method with TZP (Triple Zeta plus Polarization function) basis sets (10). The

data points were, then, fitted to analytical function. The final form of the fitted function

with the optimal parameters is:

I

AE(L,A) L — (1]

where 4 is numbers of atem of ammonia, A;;, B,-j are fitting constants, 7jj is the
distance between an atom / and an atom j of the two ammonia molecules, ¢; and q; are
the atomic net charges of the atom / and j in atomic units. obtaned from the
population analysis (11) of the isolated molecules. Figure 1, optimal configuration of

the ammonia dimer has been displayed.



Figure 1 Optimal configuration of the ammonia dimer (a=R=12°).

2.2 Investigation of the Three body-effects

To monitor an energetic error of the pair approximation due to the three body
effects, the three-body interaction energies, Eaug, have been calculated for the three
ammonia molecules, in the three configurations shown in Figure 2, varying 2 A < ry,
r< 10 A, where r; and r; denote distances from nitfogen atom of the central ammonia,
L., to nitrogen atom of the first (L,) and the second (L,) ammonia molecules,
respectively. Note that, nitrogen atoms of L; and L, lie in the configuration to form
linear hydrogen bond with L.. For the ammonia molecules which bind to the lone pair
side of L. an angle (o) between dipole vector of L. and vector pointing from the
nitrogen atom of L. to that of the other nitrogen is 50°. This value is estimated from
probability plot of the geometrical arrangement of the nearest neighbor NH; molecules
around the central one obtained from molecular dynamics simulation of pure liquid
ammonia (9). For easier monitoring, the three configurations of the trimer, where L,
and L, are coordinated to L. on the lone pair, the hydrogen and the opposite sides, are
named double-donor, double-acceptor and donor-acceptor configurations,

respectively.

For each configuration, Esp, was computed from 13 terms of the ab initio

energies on the right side of equation [2],

Eye =[E{L.L,L,} —E{L_}~E{L,} - E{L,}]
—[E{L.L,} - E{L.} - E{L,}]
~[E{L.L,} —E{L,} ~E{L,}]
—[E{L,L,} - E{L,} - E{L,}]

[2].

c



All energies on the right-hand side of equation [2] are total energies of the
system in brackets. For each plot, more than 400 three-body data points have been

computed, using also the TZP basis sets. The results are displayed in Figure 2

(a) (b) (c)
Figure 2 Ammonia trimer in the donor-donor (a), donor-acceptor (b) and acceptor-

acceptor (c¢) configurations (a=50°).
2.3 Monte Carlo Simulations

Monte Carlo simulations have been performed for liquid ammonia with and
without pair potentials at 277 K and 1 atm. The system consists of 202 rigid ammonia
molecules. Their experimental gas phase geometry, with the N-H distance of 1.0124 A
and the H-N-H angle of 106.67°, was taken from ref. (12). For the first simulation, the
NH:-NH; pair potential from equation [1] which is developed based on ab initio
calculations with TZP basis sets have been used. In the second run using the pair
approximation without the pair potential which is, afterward, named first principle
Monte Carlo, the pair interactions have been calculated directly by means of ab initio
method with the same basis sets during the run. The experimental density of pure liquid
ammonia at 277 K and atmospheric pressure of 0.633 g.cm™ leads to the box length of
the periodic cube of 20.99 A. Cut off of the pair potentials at half of this length and at

7.0 A were applied for the simulations with and without pair potentials, respectively.

Starting configuration of the first simulation using the pair potential was
generated randomly and a further 5 million configurations after equilibration were used
to evaluate structural data of the liquid. The final configuration obtained from this run

was, then, used as the starting configuration for the second run without the pair



potential. To equilibrate the later system, simulation has been carried out for 40,000
configurations. Then, another 40,000 configurations have been collected for structural

evaluation,
3. Results and Discussion

3.1 Dimer configuration and the pair potential

With the ab initio calculations using TZP basis set, the optimal stabilization
energy is -2.53 kcal.mol™' taken place at the optimal N-N distance, Fop, Of 3.4 A The
total energy and the dipole moment of the monomer are -56.21603 Hartree and 1.87
D, respectively. The observed dimer configuration agrees well with those found using
ab initio calculations with inclusion of correlation effects (8) Referring to the
experimental dipole moment of the ammonia monomer of 1.47 D, the calculated value
using the TZP basis sets is the best one, in companson with the values obtained from
the 6-31G, 6-31G*, 6-31G**, DZP and DZ2P basis sets of 223 D, 1.95 D, 1.89 D,
235 D and 1.97 D, respectively. Note that, although the STO-3G value of 1.78 D is
much clo.ser to the experimental data due to error canceliation in the SCF-LCAO-MO

method but it is known that this basis sets yields a wrong configuration of the dimer.

3.2 Characteristic of the first principle simulation

Some comments should be made concerning time required for the Monte Carlo
simulation using pair approximation without pair potential. Single point calculation
with TZP basis sets of the ammonia dimer using G52 and G94 programs (xx) on the
SGI power challenge workstation consumes 30 - 35 seconds, CPU time. Within a
spherical cut off of 7.0 A around central ammonia, interactions with about 30 neighbor
molecules have to be calculated, i e., each move of the first principle Monte Carlo takes
approximately 20 mins. Therefore, total CPU time for the 80,000 moves of this study is
about 3 years. Cut off of the dimer interaction at 7.0 A applied for this simulation is
necessary in order to make this work possible, i.e., this event helps to reduce the CPU
time by a factor of three, in comparison with that cut off at half of the box length. In
addition, the pair NH;-NH; interaction in the most favorable configuration of the dimer

is almost disappear beyond 5-6 A.

3.3 Nitrogen-nitrogen radial distribution functions



Figure 3, N-N radial distribution functions obtained from the simulations with and
without pair potentials have been plotted. That observed experimentally by Narten (1)
at the same temperature, 277 K, has been also given for comparison. As describe and
discuss in details in ref. (9), in term of the height and the position of the first maximum
as well as the first shell coordination number, the N-N RDFs obtained from the
simulation using pair potential agrees well with the X-ray measurement. In consistent
with the results obtained from the other theoretical works (xxs), the simulated RDF

does not reproduce the experimental shoulder at 3.7 A,

25 "

T Pair potenh al !
20+ ... Abinitio .

R Experiment |/ °
15} '

S
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05
L - . ’

O.OO 5 8 10
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Figure 3 Nitrogen-nitrogen radial distribution functions obtained from the X-ray
diffraction and from the simulations with and without pair potentials. The first principle

RDF averaged from 20,000 configurations has been also given in the insert for

COMPparisor.

Due to methodical limit, very short simulation has been carried out and non-
smooth of the RDFs have been yielded. However, longer simulation would have lead to
better quality of the plot but would not have changed the main feature of the RDFs. To
certify this statement, the N-N RDF collected from the first 20,000 configurations, after
equilibration, has been evaluated and plotted in the insert of Figure 3. Similarity of the
two plots, averaged from 20,000 and 40,000 configurations, indicates reliability of the

first principle RDFs reported in this study.



3.3.1 Simulated N-N RDFs with and without pair potentials

The nitrogen-nitrogen radial distribution functions obtained from the first
principle simulation (N-N,, RDF) which is considered as the best structural data based
on the pair approximation, shows first peak at 3.4 A (hump of the peak is within the
fluctuation limit) followed by broad shoulder ranging from 4.0 A to 4.8 A. Unless an
appear of the pronounce shoulder, significant changes of the N-N,, RDF compared to
that of normal simulation using pair potential (N-Ny, RDF) are observed in the three
regions, <3 A, 35A<r<40Aand5A<r<6A Thedistortionsatr <3 A and 5
A <r <6 A are a consequence of a poorly fit of the interaction potentials in the two
regions in comparison with the ab initio data. With an assumption that those
configurations don’t take place in the simulation. Therefore, most author weighs the fit
to the global minimum of the interaction energy of the dimer at the optimal N-N
distance. This leads to discrepancies in the two regions around the minima. At r < rep,
the fitted curve is usually above the ab initio one (the fitted energies are more positive
or less negative than the ab initio data) and confirms the shift of the N-Ng RDF to
shorter distance to be N-N,, RDF, 1.e., the N-N,, RDF start to be detected before the
N-Ng, RDE. For 5 A <r <6 A, inconsistency between the N-Np, and the N-N,, RDFs
could be related to the shortcoming of the pair potential in the region beyond the
minima. In addition, shift of the N-Ng second peak at 5 A <r < 6 A to shorter distance
(Figure 3) can be assigned consequently to the changes at r <3 A and 3.5 A <r <4.0

A as well as the formation of the shoulder of the N-N,, RDF.

Taking into account all the above distortions, it can be conclude clearly that
structural properties of the system of weak interaction such as liquid ammonia is very
sensitive to the quality of the fit and requires a more complicated functions which can
represent ab initio data in all regions. The authors must play much attention on the
discrepancies of the fitted and the ab initio data in the short distance before the minima

and in medium distance beyond the minima.

Strangely enough the experimental RDF at r < 3 A is better reproduced by the N-
Ngs RDF which is generated from the simulation using the under-estimated pair
potential (fitted energies are more positive or less negative than the ab initio data) than
the N-N,, RDF. The reason for this event is assigned to the three-body effect which is

known to play strong role at short distance {14-23).



Interest is centered on an appear of the pronounce shoulder of the N-N,, RDF
between 4.0 A to 4.4 A This is observed for the first time based on theoretical
approach. The difference in the RDF characters obtained from the two simulations.
with and without the pair potentials, using the same levels of ab initio data, is mevitably
to be assigned to the shortcoming in the fitting steps in developing of the pair potential.
Source of discrepancy lies in an existing of several minima of similar stabilization
energies. Some examples are the stabilization energies of -2.40, -2.53 and -2.25
kcal.mol" at the optimal N-N distances of 2.54 A obtained from the dimer
configurations of the two ammonia molecules shown in Figure 1 where o = 0°, 10° and
20°, respectively. Those configurations suppose to be taken place in the simulation, as
well as in reality, as the energy differences are within thermal fluctuation at 298 K, KT=
0.6 kcal. mol™ where K denotes Boltzmann constant. Such minima can not be modeled
properly by simple analytical functions. Weighing of the fit to one will lead to
distortions, in term of both energy minimum and the corresponding distance, on the
other minima while quality of the fit stili statistically satisfy. As structural properties are
sensitive to quality of the function, especially around potent minima, therefore,
orientation of the molecules generated from the fitted energy surface, which contains
one appropriated minimum, is inconsistent with that from the ab initio surface which
contains several minima of similar well dept. The above information allows us to
conclude that structural properties of the weak hydrogen bonded system is sensitive to
all potent minima. Therefore, more complicated function and more attention in

developing of the pair potential would have been required.

3.3.2 The experimental and the first principle N-N RDFs



o ° (b)

Figure 4 Three-body interaction energies for the ammonia trimer in the donor-donor

(a}, donor-acceptor (b) and acceptor-acceptor (c) configurations shown in Figure 2.

Compare to the X-ray structure, the N-N RDF obtained from the first principle
simulation based on the pair approximation starts to be detected earlier. Tts shoulder
appears at longer distance and covers the X-ray shoulder centered at 4.8 A. Its second
peak starts at shorter distance and is less pronounce. An appear of the N-N,, RDF
which starts to be found before that of experimental one, N-N., RDF, indicates a less
repulsion of the pair interaction derived from ab initio calculations during the
stmulation than that in reality, where many-body effects have been taken into account.

Therefore, source of discrepancy at short distance can be, again, assigned to the
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exclusion of the many-body effects in the Monte Carlo simulation. Further
confirmations are discussed in detail in the next section in terms of three-body

interaction energies and their orientation dependence.

3.4 Influence of the three-body effects on the N-N RDF

Figure 4a-4c, three-body interaction energies, Esug, of the three configurations
shown in Figure la-1c have been, respectively, displayed. The Eapg in the double-donor
configuration (Figure 4a), E%, | shows weak repulsive interaction with two maxima of
0.5 kcalmol” atr =1, =34 A ;=25 Aandatr, =25 A r,=r, = 3.4 A Note
that, £ atr; =1 =r, =34 Ais 0.1 kcal mol” In the donor-acceptor configuration
(Figure 4b), £, is attractive and decays to zero at r; = r, = 5.0 A. Although the £
is quite strong attractive at short distance but its value at r; =1, = 1,, = 3.4 A is only -
0.2 kcal. mol”. Strongest repulsion of the £,,, is observed in the configuration where

the two ammonia molecules coordinate to the two acceptors, hydrogen atoms, of the

central ammonia, £, (Figure 4c). Fast decay of the £, leads to its value atr, =1, =

Top Of 0.7 kcal.mol”. Strong repulsion of the E.,, at short distances confirms the less

discrepancy of the N-Ng, than the N-N,, RDFs in comparison with the experimental

one.
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