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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 N H 3 . With an experimental density of 0.554 g/cm3 a side-
length of 37.89 A resulted. The pseudopotential 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 
pseudopotent ia l theory, renormalized effective inter-
a tomic potentials are derived through which electrons 
can be excluded from explicite considerat ion and clas-
sical compute r simulation methods can be employed. 
The usefulness of this method has been demons t ra ted 
by the calculation of s tructural properties of concen-
trated metal ammonia solutions. Prel iminary results 
have been presented for two different concentra t ions 
with lithium mole fractions xL i = 0.118 and 0.1958. 

Al though metal ammonia solutions are of great in-
terest f rom various points of view, there is a serious 
lack of informat ion on their structural and dynamical 
propert ies because of experimental difficulties. Com-
puter s imulat ions cannot only fill this gap but can 
addit ionally contr ibute to a better unders tanding of 
the macroscopic properties of such systems on a 
molecular level. 

Dur ing the course of the simulations of the li thium 
ammonia solutions with the potentials reported in [1], 
we realized that an improvement of both contr ibu-
tions - the direct and indirect ones - to the total 
potential 

VZ(R)=VZ(R)+VZ(R) (l) 

Reprint requests to Dr. K. Heinzinger. 

is needed. F o r the improvement of r(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 contr ibut ions are not only 
funct ions of metal concentra t ion but also of tempera-
ture [2]. With the new potential , a Mon te Car lo (MC) 
simulation of a lithium-liquid a m m o n i a solution with 
a lithium mole fraction xL i = 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 orientat ion of the ammonia molecules, 
their geometrical a r rangement in the solvation shells 
of the ions, and the format ion of clusters consisting of 
solvated lithium ions. 

2. Potential Functions and Details of the Simulation 

A rigid ammon ia model is employed in the simula-
tion with an N - H distance of 1.0124 Ä 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 
a toms, respectively, are taken f rom SCF calculations 
of the ammonia molecule [4], 

The direct a m m o n i a - a m m o n i a potential is the same 
as described in [5] while the l i th ium-ammonia and 
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li thium-lithium potentials have been newly derived 
f rom ab initio calculat ions using the D Z P basis set of 
Dunn ing [6] and the H O N D O 7 p r o g r a m [7], They 
are presented now by 

1115 3516 
VUN(R)=-— ^ r + 120417 e x p ( - 3 . 3 1 R), (2a) 

R R 

372 49.31 

VUH + 2 2 4 1 EXP< - 2 61 

1390 
VLIU 8 . 71 e x p ( — 1 .62 R), 

(2 b) 

(2 c) 

where the energies are given in kJ /mol and R in Ä. 
The indirect interact ion as a funct ion of the inter-

a tomic distance, R, can be derived f rom the Fourier 
t ransformat ion of the model pseudopotent ia l , wtiq), 
where i, j = H, N and L i + : 

with 

Q ® sin A R 
VZ(R)=-2 I FtJ(q)—%-qdq 

n o R 

Qq2 1 -e(q) 

8 71 e(q) 
where 

4 n z t 
Wi(q)=- T T - J c o s ( 4 rc.i) ii q 

and the dielectric funct ion 

4 n 
e(q)=l + —Il(q) 

q 
with 

and 

( kF f j x ) 
W n 2 l - ( 4 / z 2 / x 2 ) G ( x ) / ( x ) 

(3) 

(4) 

(5) 

(6) 

(7) 
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, kF=[ , (8) 
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2 + x 

2 —x 
(9) 

z N = - 0 . 8 0 2 2 , zH = 0.2674, zL i = 1.0. (10) 

The effective radii of the ions were chosen to be 

rc>N = 1.51, rc H = 0.0, re.Li = 1.28. (11) 

Q is the volume of the system, Nu and zu are the 
number of metal ions and their charges, respectively. 
Fo r fur ther details the reader is referred to [1]. 

In the course of our investigations we realized that , 
different from pure metals, in meta l -ammonia solu-
tions the indirect contr ibut ions to the potentials are 
s t rong functions of the tempera ture of the electron 
gas, which leads to a tempera ture dependence of the 
dielectric function. It is very difficult to describe this 
effect analytically. Therefore, the tempera ture effect 
has been evaluated numerically. F o r details see [2], 

In [1, 2] the Geldar t -Vosko approach was employed 
for the local field funct ion G(x). This approach re-
sulted in very s t rong 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) = A x4 + B x2 + C 
+ 

V4X4 + [ B + ~ A ) X 2 — C 
4 —x 

" 4 7 " 
In 

(12) 

2 + x 

2 —x 

with 

9 3 16 
B=—y0r. [ 1 - 0 ( 0 ) ] A, 

1 6 s 6 4 1 y n 15 

3 9 16 

1 / y \ 2 
0 (0 )= ö 

8 \J(Y)J ' 

(13) 

(14) 

(15) 

1/2 

A = 0.029, y=4(—^) = 4yj\jit kF, 

(16) 

where J ( 7 ) is a modified Bessel funct ion. 
The new total and direct potentials for the ammonia-

ammonia as well as the l i th ium-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 bo th direct potentials are reduced by 
about 10% by the indirect contr ibut ions . A more de-
tailed picture results f rom the site-site potentials which 
are presented in Figure 2. 

The direct contr ibut ions to the a m m o n i a - a m m o n i a 
potential have not been changed compared with the 
previous ones [1, 5]. The indirect cont r ibut ions 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. 

0 4 8 12 RIA 0 4 8 12 Rl 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 interact ion remains 
almost unchanged because of the mutua l compensa-
tion of the changes in the direct and indirect contr ibu-
tions (Figure 1). 

The improved Li-N, Li-H and Li-Li direct contri-
but ions - resulting f rom the new ab initio calculations 
- differ significantly f rom the older ones [1, 5]. They 
are generally weaker. But the min imum in the li thium-
ammonia potential is by abou t 2 0 % deeper because of 
a smaller mutua l compensa t ion . Wi th the modifica-
tions of the pseudopotent ia l theory described above 
the screening becomes s t ronger in the case of the Li-N 
and Li-H interactions. Similar to the direct contr ibu-
tions, the mutual compensa t ion of the site-site poten-
tials leads again to a lower min imum in the total 
l i th ium-ammonia potent ia l compared to the older one 
[1], Differently, the screening of the Li-Li interact ions 
is less p ronounced and the min imum in the total Li-Li 
potential has become much shallower. 

The Metropolis M o n t e Car lo m e t h o d [9] was em-
ployed. The basic cube conta ined 135 li thium ions and 
1025 ammonia molecules. With an experimental den-
sity of 0.554 g/cm 3 at 240 K and 1 a tm, a sidelength of 
the periodic cube of 37.89 Ä resulted. Due to the strong 
screening of the Cou lombic interact ions by the indi-
rect contr ibut ions (see Fig. 2), a cut-off of the total 
site-site potentials at 15 Ä was justified, which saved a 
significant a m o u n t of compute r t ime compared with 
the Ewald method. The star t ing conf igurat ion was 
randomly generated. The s imulat ions were carried out 
for 40 million configurat ions in order to equil ibrate 
the system. The next 3 million conf igurat ions were 
employed for the evaluat ion of the s t ructural proper-
ties of the solution. 

3. Results and Discussion 

a J Radial Distribution Functions 

The solvent-solvent, ion-solvent and ion-ion R D F s 
and the corresponding running integrat ion numbers 
are presented in Figure 3. Their characterist ic values 
as well as those obta ined for a single l i thium ion in 
215 ammonia molecules [5] are summarized in 
Table 1. The coord ina t ion numbers are defined as the 
running integration numbers at the posi t ions of the 
first minima of the R D F s . 
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Table 1. Characteristic values of the radial distribution functions gxy(R). R,, and RMi and Rmi are the distances in Ä, where 
for the /'th time gxy(R) is unity, has a maximum and minimum, respectively. The values for the dilute solution, xLi = 0.0046, 
are also given for comparison. 

X.V xLi • 100 ^ ( ^ M l ) Rml 9xy(R ml) RM2 9xy(RM2) "xy(Rml ) 
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 3.38 2.2 4.29 5.0 0.7 6.64 1.2 12.8 
NH 11.98 2.40 3.00/3.82 1.8/1.9 - 4.48 1.1 6.00 1.4 28.6 

0.46 3.11 3.62 1.3 4.47 4.9-5.3 0.8 - - 34.2-43.4 
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 2.1 6.0 

0.46 2.01 2.29 15.9 2.53 2.80 0.0 4.38 2.9 6.0 
LiH 11.98 2.13 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 
Li Li 11.98 2.51 2.74 6.6 3.25 3.72 0.3 5.24 2.3 0.8 

0.46 - - - - - - - - -

Significant changes in the solvent s tructure can be 
observed by the comparison of the N-N, N - H and 
H - H R D F s for the two different concentrat ions. In the 
s imulat ion with the single li thium ion, these R D F s are 
nearly the same as in pure ammon ia [5]. The pseudo-
potent ial theory has not been employed in this case. 
Consequently, there exists no indirect contr ibut ion to 
the total potential. 

The screening in the concentra ted 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 cor responding R D F s at significantly 
shorter distances compared with the very dilute solu-
tion (Table 1). In spite of the fact that the potential 
min imum for the N - H interaction is also strongly re-
duced by the screening, the first peak in gNN(R) is more 



832 S. Hannongbua et al. • A Monte Carlo Study of a Lithium-Liquid Ammonia Solution 832 

pronounced. The reduction in the N - N and H - H re-
pulsion overcompensates this effect, as can be seen 
f rom the total a m m o n i a - a m m o n i a potent ial depicted 
in Fig. 1, where the indirect cont r ibut ions reduce the 
potential min imum by only abou t 10%. 

In the concentrated solution, where 7.5 a m m o n i a 
molecules are available for each l i thium ion, the N - N 
R D F is in accordance with the fo rmat ion of clusters 
where two solvated L i + have one, two or three a m m o -
nia molecules in c o m m o n (see below). In such a clus-
ter, where the six N H 3 molecules in the first solvation 
shell of lithium are octahedrally a r ranged (Table 1 and 
Fig. 4), one would expect about eight nearest neighbor 
nitrogen a toms a round a central one at a distance of 
abou t 3 Ä (first peak in gNN{R)) and another two at 
about 4.3 Ä, twice the Li-N distance (small intermedi-
ate peak) in agreement with the coord ina t ion num-
bers, nN N ( i?m l ) , given in the last co lumn of Table 1. In 
keeping with this picture, both the first max imum and 
the first min imum in pure ammon ia are found at dis-
tances longer by abou t 0.3 Ä [5], resulting in a coordi-
nat ion number larger by about three than in the con-
centrated solution. Roughly speaking, the two L i + in 
the cluster are replaced by two a m m o n i a molecules, 
and additional contr ibut ions come f rom the a m m o n i a 
molecules in the bulk phase. 

In accordance with the cluster format ion , the sec-
ond nearest ammon ia neighbors would appear at 
abou t 6 Ä (second peak in gNN(R); 0.7 Ä shorter than 
in the dilute solution). This max imum is formed by the 
more than 30% ammon ia molecules outside of the 
first solvation shells of the lithium ions. 

The cluster fo rmat ion in the concentra ted solution 
leads - similar to gN N(R) - also in gN„(R) and 

to more p ronounced 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 par ts of all three solvent 
R D F s differ significantly for the two concentrat ions, 
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 gLW(R) 
and gL i H(K) when compared with the very dilute solu-
tion (Table 1). Although the coordinat ion number 
does not change, the first peak in gLW(R) is slightly 
higher and that in gL i H(R) slightly lower in the concen-
trated solution. Both first minima are less pronounced. 
The larger coordination number for hydrogen, nLiH(R), 
is expected to result either f rom a less s trong orienta-
tion of the solvation shell ammon ia molecules because 
of screening effects, or f rom the undefined orientat ions 
of the a m m o n i a molecules common to two lithium 
ions (see Figure 5). 

The small effect of the li thium concentrat ion on the 
s tructure of the solvation shell is in accordance with 
the only 10% decrease in the potential min imum of 
the l i th ium-ammonia interaction by the indirect con-
tr ibut ions (Figure 1). The ra ther rigid solvation shell 
s t ructure is confirmed by the finding that in 90% of all 
cases the coordina t ion number is six while in only 5 % 
each it is 5 or 7 (see also Figure 4). 

The first peak in g L i L ^R) is quite pronounced at 
2.4 Ä. This distance is much shorter than the flat po-
tential m in imum between 4 and 5 Ä (Figure 2). The 
running integrat ion number is one at about 4.5 Ä. 
This leads - as in gN N (R) - again to the conclusion that 
cluster format ion must occur in spite of the fact that 

c o s ö 
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. 

Fig. 5. Normalized distributions of cosö for the ammonia 
molecules in the first solvation shells of the lithium ions. 0 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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4 
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2 

1 

Fig. 6. Lithium-lithium pair interaction energy distribution 
in arbitrary units. 

at least 30% of all a m m o n i a molecules do not belong 
to a first solvation shell (see below). 

The g L i u ( R ) i n accordance with the pair interac-
tion energy distribution, P(V^), shown in Figure 6. 
The positive energies at about 50 kJ /mol result f rom 
the interaction of two Li + characterized by the first 
peak in gLiLi(R\ a s c a n be seen f rom a compar ison 
with FL?L[ (R) depicted in Figure 2. The negative ener-
gies mainly result f rom those Li + which belong to the 
second peak. At this distance FL^CR) has its flat min-
imum. The large number of small positive interactions 
result f rom Li+ at distances larger than 6 Ä. 

b) Solvation Shell Structure 

The geometrical ar rangement of the ammon ia 
molecules in the solvation shells of the li thium 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 f rom Fig. 4 that the six ammon ia 
molecules are arranged octahedrally a r o u n d the lith-
ium ion. The integration over the dis tr ibut ion shows 
that there is one other solvation shell molecule at 
abou t 180° and four more at about 90°. It is interest-
ing to note that the maximum is not exactly at 
cos 9 = 0 but shifted slightly to positive values, appear-
ing at 86°. This slight dis turbance of the octahedral 
a r rangement might be caused by the cluster format ion 
as discussed below, where one, two or three ammon ia 
molecules belong simultaneously to the solvation shell 
of two lithium ions. 

c) Orientation of the Ammonia Molecules 

The orientat ion of the ammon ia molecules in the 
solvation shells of the li thium ions is described by the 
distr ibution of cos 6, where 9 is defined as the angle 
between the dipole momen t direction of the ammonia 
molecule and the vector point ing f rom the nitrogen 
a tom towards the ion. The normalized distr ibutions 
are presented in Fig. 5 for the two concentrat ions with 
the mole fract ions 0.1164 (full) and 0.0046 (dashed). 

Fo r both concentra t ions there is a s t rong preference 
for the dipole m o m e n t of the ammonia molecule 
point ing away f rom the ion. The distr ibution is much 
broader for the concentra ted solution. The reason for 
the significant difference in the widths of the distribu-
t ions is expected to be connected with the cluster for-
mat ion (see below). In the case of the single ion 
(dashed), solely the interact ion between solvation shell 
molecule and the ion determines the orientat ion be-
cause of the relatively weak interactions between the 
solvation shell molecules and those in the bulk. In the 
concentra ted solution, however, where - because of 
the cluster fo rmat ion - one, two or three ammonia 
molecules belong simultaneously to the solvation 
shells of two lithium ions, there is a competi t ion be-
tween the two ions for the energetically most favor-
able or ientat ion leading to the broad distribution. 

d) Cluster Formation 

In order to unders tand in more detail the different 
features of the various R D F s depicted in Fig. 3, we 
have investigated in a first step the distr ibution of the 
a m m o n i a molecules between the first solvation shells 
of the li thium ions and the bulk. An ammon ia mole-
cule is considered to belong to the first solvation shell 
if the Li-N distance is smaller than Rml = 2.88 Ä, the 
posit ion of the first min imum in the Li-N RDF. The 
coord ina t ion number of an Li + , defined by nLiN{Rml), 
is found to be six (Table 1). It has been calculated from 
the simulat ion that 33% of all N H 3 belong to the 
bulk. F r o m the remaining 67% of the molecules, 55% 
are coordinated to one L i + and 12% simultaneously 
to two Li + . In the following discussion we shall denote 
these three kinds of N H 3 molecules by NO, N I , and 
N2, respectively. It has been ment ioned above that the 
format ion 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 f rom the N - N distances in the bulk, where 

VI kJ • mol"1 
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a broad first max imum exists which is centered at 
3.4 Ä (Table 1). 

The next point of interest is the dis tr ibut ion of the 
ammon ia molecules N I and N2 in the first solvation 
shells of the 135 lithium ions in the solution. With 
the denotat ion Li(Nl)m(N2)6_m , the result is given in 
Table 2. 

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

m 6 5 4 3 2 

% 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 N H 3 molecule, an edge and a plane 
in common for m equal to 5,4, and 3, respectively. F o r 
m2 one can imagine that a central solvated L i + has 
two of his edges in common with two neighboring 
ones. F rom the numbers in Table 2 it could not be 
excluded that clusters with more than 3 L i + 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 N H 3 molecule each in com-
mon. It will be demonstra ted in the next pa rag raph 
that the probabili ty to find such clusters is very small. 

The number of nearest neighbor li thium ions 
a round a central one up to the first m in imum of the 
Li-Li R D F at 3.72 Ä, 

^LiLi('"mi)' is 0.8, in accordance 
with the distr ibution given in Table 3. 

Table 3. Percentage of nearest neighbor lithium ions, 
(Rml), around a central one. 

"LiLi ( R
m l ) 0 1 2 3 

% 40 44 14 2 

The Li-Li distances for the clusters m3, m4 and m5 
are abou t 2.8, 3.1 and 4.3 Ä, respectively. This means 
that clusters m5 and m6 do not contr ibute to the first 
peak in the Li-Li R D F and consequently nLiLi(Rml) 
= 0, in agreement with Table 2. As there is no peak 
a round 4.3 Ä in gLiLi(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 c o m m o n edges and common octa-
hedral planes are the by far most impor tant ones, 
excluding contr ibut ions to these clusters f rom m5. The 
second peak in the Li-Li R D F must consequently 
a lmost exclusively result from the independently sol-
vated lithium ions (m6). 

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