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Results of a Monte Carlo study of a lithium-liquid ammonia solution at 240 K are reported. The
basic cube contained 135 Li* and 1025 NH;. With an experimental density of 0.554 g/cm? a side-
length of 37.89 A resulted. The pseudopctential theory is employed, which permits the exclusion of
the electrons from an explicit consideration. The structure of the solution is described by various
site-site radial distribution functions. The six ammonia molecules in the first solvation shell of the
lithium ion are arranged octahedrally. Clusters are formed which consist almost exclusively of two
solvated Li* which have simultaneously either one ammonia molecule or an octahedral edge or an
octahedral plane in common. About one third of the ammonia molecules belong to the bulk 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 application of the
pseudopotential theory, renormalized effective inter-
atomic potentials are derived through which electrons
can be excluded from explicite 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 solutions. 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 various points of view, there is a serious
lack of information on their structural and dynamical
properties because of experimental difficulties. Com-
puter simulations cannot only fill this gap but can
additionally contribute to a better understanding of
the macroscopic properties of such systems on a
molecular level.

During the course of the simulations of the lithium
ammonia solutions with the potentials reported in [1],
we realized that an improvement of both contribu-
tions — the direct and indirect ones — to the total
potential

Vet (R)= Vil (R)+ Vi (R) v
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is needed. For the improvement of Vji(R), new ab
initio calculations have been performed and during
the newly performed fitting procedure the charges
were not considered to be free parameters. It could be
shown that it is a unique feature of metal ammonia
solutions that indirect contributions are not only
functions of metal concentration but also of tempera-
ture [2]. With the new potential, a Monte Carlo (MC)
simulation of a lithium-liquid ammonia solution with
a lithium mole fraction x;;=0.1164 has been per-
formed.

In the next section the improved potential will be
presented, and details of the simulation will be given.
The structure of the solution will be discussed in the
following section on the basis of radial distribution
functions, the orientation of the ammonia molecules,
their geometrical arrangement in the solvation shells
of the ions, and the formation of clusters consisting of
solvated lithium ions.

2. Potential Functions and Details of the Simulation

A rigid ammonia model is employed in the simula-
tion with an N-H distance of 1.0124 A and an N-H-N
angle of 106.67 ° [3]. The partial charges of 0.2674 |e|
and —0.8022 |e| on the hydrogen and the nitrogen
atoms, respectively, are taken from SCF calculations
of the ammonia molecule [4].

The direct ammonia-ammonia potential is the same
as described in [5] while the lithium-ammonia and
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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

115 3516
Vi (R)= — == — = +120417 exp(~331 R), (2a)
372 4931
Vi (R)= 2"+~ +2241 exp(— 261 R), (2b)
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where the energies are given in kJ/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;(q),
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The effective radii of the ions were chosen to be
r.n=151, r. 4=00, r ;=128. (11)

Q is the volume of the system, N;; and z;; are the
number of metal ions and their charges, respectively.
For further details the reader is referred to [1].
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In the course of our investigations we realized that,
different from pure metals, in metal-ammonia solu-
tions the indirect contributions to the potentials are
strong functions of the temperature of the electron
gas, which leads to a temperature dependence of the
dielectric 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 field function [8] leading to a mod-
ification of the indirect site-site potentials. In this ap-
proach

G(x)=Ax*+Bx*+C 12)
8 4—x2 |2+x
Ax*+(B+24)x2—C 1
+[x+( +5 )x ]<4x n2——x)
with
3 16
= yor——M—gO)]—— A 13
Con— o [1—gO]- 2 4, (13)
c=_3. +9[1 (0) 4 (14)
=gt gll—9OI—5 4,
Y 2
e 15
g(0)= <J(Y)> (15)
Ar\/?
A=0.029, Y=4< > =41/ ke,
n
9 1/3
rs=<7”> Tk, (16)

where J(Y) is 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 full 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 to the
N-H interaction differ significantly. The reduced
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Fig. 1. Ammonia-ammonia (top) and lithium-ammonia (bot-
tom) pair potentials as a function of nitrogen-nitrogen 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 full and dashed lines denote the direct
and the total potential, respectively.

L1 F e T T T T

V[ kJ-mol! N-N 0
150F .
- -150
100 | 300
50 -450
0 -600
T 75
0
- 50
50+
- 25
100}
- 0
150 + + =1 [
El P3 | P4
Iy AR I { 150
1 I
sof | 1k 100
1 T L \ 4
L\ e \
251\ L { 50
r \\ | \ i
\
L —— T e N
0 4 8 12 R/A DO 4 8 12 R/A

Fig. 2. Site-site potentials for the six different interactions in
the lithium-liquid ammonia solution. The denotations are
the same as in Figure 1.

screening is responsible for the lower minima. Al-
though there are significant differences in the site-site
potentials, the molecule-molecule interaction remains
almost unchanged because of the mutual compensa-
tion of the changes in the direct and indirect contribu-
tions (Figure 1).

The improved Li-N, Li-H and Li-Li direct contri-
butions — resulting from the new ab initio calculations
— differ significantly from the older ones [1, 5]. They
are generally weaker. But the minimum 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 compensation of the site-site poten-
tials leads again to a lower minimum in the total
lithium-ammonia potential compared to the older one
[1]. Differently, the screening of the Li-Li interactions
is less pronounced 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 ions 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 to 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
employed for the evaluation of the structural proper-
ties of the solution.

3. Results and Discussion
a) Radial Distribution Functions

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



S. Hannongbua et al. - A Monte Carlo Study of a Lithium-Liquid Ammonia Solution 831
51+ g(R) n(R) | 20rg (R) n(H) ~20
af NN Lo s Li-N ]
3l | B :15
L 10
110
2 {20 |
1 2 S 45
0 : — I/v ——+——+——+ 0 0= | 0
P 2 20% ¢
T N-H 175 -H 175
4+
3tk 450 - 50
E
2L

T

T T T T T T T W%

41 15} 1

1 10} p
Jos _[ 125

N4 [ *
+—4———+—+—+—+—+—+—H+ 0 0 0

42 . ; g o BT
Fig. 3. Partial radial distribution
S A functions and running integration

0 numbers.

R R I AT
8 10 R/A 024

Table 1. Characteristic values of the radial distribution functions g, (R). R;, and Ry; and R,

for the ith time g,,(R) is unity, has a maximum and minimum,
are also given for comparison.

6 8 1o R/A

; are the distances in A, where
respecuvely The values for the dilute solution, x;=0.0046,

Xy xy; - 100 R, Ry gxy(RMl) R, R 9. (Rn1) Ry gxy(RMZ) nxy(le)
NN 11.98 2.80 3.04/4.32 51/1.2 3.88 4.06/4.68 0.9/0.7 592 1.6 8.1/10.7
0.46 3.04 3.38 2.2 429 5.0 0.7 6.64 12 12.8
NH 11.98 240 3.00/3.82 1.8/1.9 - 4.48 1.1 6.00 14 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 3.82 1.2 4.56 5.0-5.5 0.9 - - 36.5-47.6
LiN 11.98 1.95 2.16 20.0 2.50 2.88 0.2 4.30 21 6.0
0.46 2.01 2.29 15.9 2.53 2.80 0.0 4.38 29 6.0
LiH 11.98 213 2.64 5.6 327 3.46 0.7 4.64 19 20.6
0.46 2.54 2.87 6.5 3.16 3.40 0.0 5.00 1.9 18.0
LiLi 11.98 2.51 2.74 6.6 325 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 ion, these RDF's are
nearly the same as in pure ammonia [5]. The pseudo-
potential theory has not been employed in this case.
Consequently, there exists no indirect contribution to
the total potential.

The screening in the concentrated solution strongly
reduces the repulsion for the N-N and H-H interac-
tions (Fig. 2) and leads, therefore, to more pronounced
first peaks in the corresponding RDFss at significantly
shorter distances compared with the very dilute solu-
tion (Table 1). In spite of the fact that the potential
minimum for the N-H interaction is also strongly re-
duced by the screening, the first peak in gyy(R) is more
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pronounced. The reduction in the N-N and H-H re-
pulsion overcompensates this effect, as can be seen
from the total ammonia-ammonia potential depicted
in Fig. 1, 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 clus-
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 gyy(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. In
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 gy (R); 0.7 A shorter than
in the dilute solution). This maximum is formed by the
more than 30% ammonia molecules outside of the
first solvation shells of the lithium ions.

The cluster formation in the concentrated solution
leads — similar to gyn(R) — also in gny(R) and gyy(R)

T

P(cosd) ®

08 04 0 04 08
cos ¥

Fig. 4. Distribution of cos 3 — where 3 is defined as the nitro-
gen-lithium-nitrogen angle - calculated for the ammonia
molecules in the first solvation shell of the lithium ion.
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to more pronounced first peaks at shorter distances
than in pure ammonia [5]. The broad maxima there
are splitted now. But it seems to be quite difficult to
assign definite structures to the characteristics of these
RDFs. Also the long range parts of all three solvent
RDFs differ significantly for the two concentrations,
which is again a consequence of the cluster formation.

The screening effect of the electrons leads to a
slightly shorter distance of the first peaks in g ;n(R)
and g, ;4 (R) when compared with the very dilute solu-
tion (Table 1). Although the coordination number
does not change, the first peak in g;;y(R) is slightly
higher and that in g, ;;; (R) slightly lower in 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
of 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 finding that in 90% of all
cases the coordination number is six while in only 5%
each it is 5 or 7 (see also Figure 4).

The first peak in gy;;;(R) is quite pronounced at
2.4 A. This distance is much shorter than the flat po-
tential minimum between 4 and 5 A (Figure 2). The
running integration number is one at about 4.5 A.
This leads — as in gy (R) — again to the conclusion that
cluster formation must occur in spite of the fact that

309 P(cos@) T

-0.4 0

cos 6

Fig. 5. Normalized distributions of cosf for the ammonia
molecules in the first solvation shells of the lithium ions. @ is
defined in the insertion. Full and dashed lines refer to lithium
mole fractions of 0.1164 and 0.0046, 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
to a first solvation shell (see below).

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

b) Solvation Shell Structure

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

It is obvious from Fig. 4 that the six ammonia
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°. It is interest-
ing to note that the maximum is not exactly at
cos 3 =0 but shifted slightly to positive values, appear-
ing at 86°. This slight disturbance of the octahedral
arrangement might be caused by the cluster formation
as discussed below, where one, two or three ammonia
molecules belong simultaneously to the solvation shell
of two lithium ions.

¢) 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 6, where 0 is defined as the angle
between the dipole moment direction of the ammonia
molecule and the vector pointing from 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 from the ion. The distribution is much
broader for the concentrated solution. The reason for
the significant difference in the widths of the distribu-
tions is expected to be connected 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 shell 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 ions for the energetically most favor-
able orientation leading to the broad distribution.

d) Cluster Formation

In order to understand in more detail the different
features of the various RDFs depicted in Fig. 3, we
have investigated in a first step the distribution of the
ammonia molecules between the first solvation shells
of the lithium ions and the bulk. An ammonia mole-
cule is considered to belong to the first solvation shell
if the Li-N distance is smaller than R, =2.88 A, the
position of the first minimum in the Li-N RDF. The
coordination number of an Li*, defined by n;;y(R,,;),
is found to be six (Table 1). It has been calculated from
the simulation that 33% of all NH; belong to the
bulk. From the remaining 67% of the molecules, 55%
are coordinated to one Li* and 12% simultaneously
totwo Li*. In the following discussion we shall denote
these three kinds of NH; molecules by NO, N1, and
N2, respectively. It has been mentioned above that the
formation of clusters explains the positions of the first
as well as that of the small second peak in the N-N
RDF. The shoulder at the long distance side of the first
peak results from the N-N distances in the bulk, where
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a broad first maximum exists which is centered at
3.4 A (Table 1).

The next point of interest is the distribution of the
ammonia molecules N1 and N2 in the first solvation
shells of the 135 lithium 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

Yo 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. It will be demonstrated in the next paragraph
that the probability to find such clusters is very small.

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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