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The results of Molecular Dynamics simulations of supercritical ammonia
are reported for the first time. Qualitative agreement is found with neutron
diffraction studies, the only experimental evidence on the structure of su-
percritical ammonia, so far. Based on the experiences with aqueous elec-
trolyte solutions, it is discussed how the potentials describing ion-ammonia
interactions in dilute and concentrated metal-ammonia solutions at subcrit-
ical conditions have to be modified for supercritical simulations.
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1. Introduction

There is an increasing interest in the investigation of supercritical electrolyte
solutions. The state of art of the simulation of water and aqueous solutions under
supercritical conditions can be found in the recent review by Chialvo and Cum-
mings [1]. Ammonia is also of interest as a solvent. The first, and so far the only,
neutron diffraction study of supercritical ammonia was reported by Bausenwein et
al. [2]. They measured pure ammonia at 449 K and four different densities. They an-
alyzed the experimental data by the Reverse Monte Carlo method (RMC) and com-
pared the results for the three radial distribution functions (RDF) with those from
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calculations with the site-site-Ornstein-Zernicke (SSOZ) equation with the HNC
closure by employing various potential models available in the literature.

It is expected that MD simulations lead to more reliable results than the SSOZ
calculations. Therefore, we have performed simulations with the NH3 model em-
ployed for the simulation of Li*-liquid ammonia solutions some time ago [3]. The
same model was also used in the SSOZ calculations mentioned above and has led to
a reasonable agreement with the experimental results, at least at the higher densi-
ties. It will be interesting to see how much the MD simulations differ from those of
the SSOZ calculations under supercritical conditions.

In the next chapter the details of the first simulations of supercritical pure ammo-
nia will be given and preliminary results will be presented. In the following chapter
the solvation shell structures of various alkali and alkaline earth ions in ammonia will
be compared with those in aqueous solutions, all derived from simulations with a sin-
gle ion under subcritical conditions. From this comparison together with the results
for supercritical aqueous solutions, the applicability of the ion-ammonia potentials,
employed so far, for simulations of supercritical solutions will be discussed.

From simulations of concentrated LiT-ammonia solutions, cluster formation be-
tween solvated Li™T has been deduced [4]. In these simulations the pseudopotential
theory has been employed. In this way the electrons do not have to be treated explic-
itly and classical simulations can be performed [5]. The applicability of this theory
to supercritical concentrated metal-ammonia solutions will be discussed.

2. Simulations of supercritical pure ammonia

2.1. Details of the simulations

The three simulations, the results of which are reported here, were performed for
an NVT ensemble consisting of 215 flexible ammonia molecules. The ammonia model
employed has been taken from [3]. For the subcritical simulation a temperature of
220 K was chosen. With a density of 0.71 g cm~3, a pressure of 20 MPa results. For
both simulations at supercritical conditions, the temperature was set to 430 K, with
densities of 0.53 and 0.73 g cm ™2 pressures of 20 and 400 MPa resulted, respectively.
The sidelength of the basic cube was about 20 A. The time step length was chosen
to be 0.125 fs. The simulations extended over 10 ps each. For further details the
reader is referred to [6].

2.2. Preliminary results and comparison with experimental data

The N-N and N-H RDFs from two simulations at supercritical conditions are
compared in figure 1 with one of liquid ammonia at 220 K and a density of 0.71 g cm™3
[6]. The subcritical simulation agrees favourably with a former simulation with the
same ammonia model at 235 K and a density of 0.690 g cm ™ [3].

It can be seen from figure 1 that at the higher temperature, the height of the
first peak is lower and broadened for all RDFs. Also the other maxima and minima
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Figure 1. Nitrogen-nitrogen and nitrogen-hydrogen radial distribution functions
from simulations of supercritical ammonia. The full, dashed, and dotted lines
refer to temperatures of 220, 430, and 430 K and densities of 0.71, 0.73, and
0.53 g cm ™3, respectively.

are less pronounced. The effect is more significant for the N-N when compared with
the N-H RDFs as the latter ones are already very broad even at a low temperature.

Furthermore, the positions of the first maxima remain unchanged with the in-
crease in temperature at a constant density. If the temperature is kept constant,
but the density decreased, then the positions of the first maxima shift to higher dis-
tances while the positions of all other maxima and minima seem to be unchanged.
The shoulder at the long distance side of the first peak in the N-N RDF — discussed
before in all simulations of pure ammonia — can be found even under supercritical
conditions. All RDFs extend at the high temperature to shorter distances, more
pronounced at the lower than at the higher density.

To the best of our knowledge there is no other simulation and only one experi-
mental investigation of supercritical ammonia for comparison. Bausenwein et al. [2]
performed neutron diffraction measurements at 449 K and four different densities
ranging from 0.318-0.700 g cm 3. The authors calculated from the intermolecular
total RDF the partial ones by RMC simulations and compared them with the results
from SSOZ calculations by employing various ammonia models from the literature,
one of which was the model used in this work, too.

There are some differences in the positions and the heights of the first maxima
in the RDF's between the simulation data presented in figure 1 and the SSOZ calcu-
lations. This is not surprising as it is well known that the employment of the SSOZ
method for hydrogen bonded liquids is connected with some difficulties.

There are also some small differences between the positions and the heights of the
first maxima of all RDFs between simulation results and neutron diffraction data.

383



S.Hannongbua, M.Kiselev, K.Heinzinger

But the tendencies of the changes in going from sub- to supercritical conditions are
the same: At a constant density the heights of the first peaks decrease and broaden
with the increasing temperature while the positions remain unchanged. At a constant
temperature and a decreasing density, the positions shift to larger distances and the
heights decrease for the N-N RDF's but increase for the N-H RDFs. This means that
even under supercritical conditions the hydrogen bonding increases with a decreasing
density.

A quantitative comparison between simulated and experimental results is not
possible because the partial RDFs derived from the total RDF by RMC show very
broad and noisy first peaks. In addition, it has to be kept in mind that there exists
a problem with the uniqueness of the RMC method.

The qualitative agreement between simulation and experiment indicates — at
least at this stage — that the ammonia model employed in the simulations does not
lead to serious discrepancies with the experiment. Therefore, it is justified to use this
model for further simulations of supercritical ammonia as well as metal-ammonia
solutions for the time being. The potentials necessary to describe the ion-ammonia
interactions are discussed in the following chapter.

3. Supercritical aqueous electrolyte and metal-ammonia
solutions

With the beginning of this decade the simulation of metal-liquid ammonia solu-
tions developed in three different directions:

1) The extension of single ion simulations to various alkali and alkaline earth
metals by neglecting the electron. The investigation of many-body effects in the
ion-ammonia potentials.

2) Quantum simulations with electron concentrations of up to 9 MPM (mole per-
cent of metal) where the positive ions are either treated as neutralizing background
or, at a high concentration, the Li™ are considered explicitly.

3) The simulation of concentrated Lit-ammonia solutions with concentrations
up to 20 MPM through the application of the pseudopotential theory. Renormalized
effective interatomic potentials are derived in this way, so that the electrons can
be excluded from explicit consideration and classical simulation methods can be
employed.

In the preceding report these three approaches towards the understanding of the
structural and dynamical properties of metal-liquid ammonia solutions have been
discussed in some detail [7]. Now it has to be checked whether the experience with
the potentials used in these simulations justifies their employment also in simulations
of supercritical metal-ammonia solutions.

3.1. Single ion simulations

It is difficult to settle the question of the need of many-body potentials for
the correct description of the structure of ionic solvation shells in metal-ammonia
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Table 1. Ion-nitrogen and ion-oxygen first neighbour distances and solvation num-
bers as deduced from simulations for five cations. The temperatures for the am-
monia and the aqueous solutions were about 240 K and 300 K, respectively.

Ton N n(rp,) Reference 19 n(ry,) Reference
Li 220 64 OL[10] 213 6.1 11]
Na 242 7 [12] 236 6.5 [13]
K 288 7 [14] 2.80 7.8 [15]
Mg 218 6 [16] 2.00 6 [17]
Ca 253 9 18] 2.39 9.2 [19]

solutions because of a lack of experimental data which in turn is a result of the
temperature range of interest. The simulation results (mainly positions of the first
maxima of the ion-nitrogen RDF's and the coordination numbers) have already been
collected in [7] and will not be discussed here again. An indication of the reliability
of the results can be found by comparison with the hydration shells of those ions in
aqueous solutions where a large amount of experimental evidence is available, mainly
from X-ray and neutron diffraction measurements. In table I the first neighbour
ion-nitrogen and ion-oxygen distances and the coordination numbers, defined by the
integration up to the first minimum of the corresponding RDF's, are collected for five
cations. All results presented are from simulations. In the case of aqueous solutions
the simulation results are found to be in good agreement with experimental data [8].

The ion-nitrogen first neighbour distances are found to be slightly larger than
the ion-oxygen ones, while the solvation numbers seem to be quite similar, except
for the lithium ion, where some simulations lead to a value of four. The comparison
of the solvation number of Li* in ammonia with that in water also strongly favours
a value of six. All pair potential simulations of various lithium halide solutions lead
to a hydration number of six in agreement with neutron diffraction studies with
isotopic substitution [20], which are expected to provide the most reliable data on
RDFs and, with it, on coordination numbers. It is very difficult to imagine why there
should be only four ammonia but six water molecules in the first solvation shell of
Lit although the Lit-N distance is by about 0.1 A larger than the Lit-O one. A
final answer cannot be derived from the simulations at this stage.

After it has been demonstrated in the preceding chapter that neat supercritical
ammonia can be simulated reliably, the question arises about supercritical metal-
ammonia solutions. So far no reports can be found in the literature. But there are
reports on simulations of supercritical aqueous solutions. So far only three cations
have been investigated. Driesner et al. [21] simulated a Na™ in 2177 water molecules,
while Lee and Cummings [22] reported on Lit, Na®, and Cs*.

The effect of the supercriticality on the structure of the hydration shell of the
cations in water can be described in short: The first neighbour ion-oxygen distances
do not change significantly with temperature or density. The hydration numbers
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also do not change with temperature but decrease almost linearly with density.
These results have been achieved with the SPC/E model for water and ion-water
potentials which were taken from earlier simulations of aqueous electrolyte solutions
under ambient conditions, where simulations have led to the results in agreement
with the experimental data and also a simulation of a Lil solution at a constant
density and temperatures up to 500 K [23].

Unfortunately, there is no direct experimental evidence that the transfer of ion-
water potentials from ambient to supercritical conditions is justified for the ions
given in table 1. But the tendency that there is only a slight change in the first
neighbour distances with temperature and a decrease in the hydration number with
a decreasing density has been confirmed by neutron diffraction and EXAFS mea-
surements for Ni?*, Ag™ Rb*, and C1~ [21]. Another indirect way to learn about the
reliability of the potentials is the comparison of the simulated molar conductances for
very dilute aqueous solutions with experimental data for supercritical alkali halide
solutions. The molar conductances from the single ion simulations have to be added
up for a comparison with the experimental data from the salt solutions. Possible ion
pair formations might result in errors; but they are expected to be small because
of the very dilute solutions in the experiment, too. Good agreement has been found
for NaBr and CsBr, while there is a significant discrepancy in the case of the LiCl
solution which has to be attributed to the unclear conductance of Li* [22]. From
the general agreement in the conductances it has been concluded that the hydra-
tion shell structures are also correct, at least qualitatively. The discrepancy for Li*
has been explained by the disagreement with the hydration number of Li*. From
the supercritical simulations, an almost density independent value of four follows
while from neutron diffraction studies with isotopic substitution clearly a hydration
number for Lit of six results at ambient conditions.

In spite of this inconsistency one may conclude that in the case of aqueous
electrolyte solutions the use of pair potentials, which have been successfully employed
in the simulations at ambient conditions, do not lead to a significant disagreement
with experiments in the case of supercritical solutions. Based on this qualitative
agreement, it seems to be justified to use the pair potentials employed in single
ion metal-ammonia simulations also for supercritical solutions, at least for the time
being. In the next paragraph the problem of the potentials for the use in concentrated
supercritical metal-ammonia solutions will be investigated.

3.2. Concentrated metal-ammonia solutions

Scientifically more interesting than single ion studies are the concentrated metal-
ammonia solutions. It has been demonstrated that classical simulations can be
performed without taking into account the electrons explicitly by employing the
pseudopotential theory [5]. Then, the total potential describing effective site-site
interactions is given by

Vi(R) = Vil (R) + Via(R), (1)
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Figure 2. Site-site potentials for the six different interactions in the 11.64 MPM
lithium-liquid ammonia solution at a temperature of 240 K. The full and dashed
lines denote the direct and the total potential, respectively.

where V7 (R) is the potential for the direct interactions, the same as used in the
single ion simulations (preceding chapter), and V;”,(R) is caused by free electrons
and derived within the pseudopotential theory [5], [24]. R denotes the distance
between two sites ¢ and j belonging to different molecules or between a metal ion
and an ammonia molecule site. In principle the pseudopotential theory works well
if electron solvation does not occur and the metal-ammonia solution behaves like a
liquid metal. As it is to be expected that in a certain range of metal concentrations
the electrons are only weakly solvated [25], this situation is approximately realized
and the pseudopotential theory can be employed for the metal-ammonia solutions.

With this approach, a 11.64 MPM lithium-ammonia solution was simulated. In
this MC calculation the basic cube contained 135 Li™ and 1025 NHsz molecules. With
an experimental density of 0.554 g/cm? a sidelength of the periodic cube of 35.89 A
resulted. For the direct contributions to the total potential a rigid version of the
ammonia model described in [3] was employed while new ab initio calculations were
performed for the Li*-Li* and the Li*-NHj interactions [4].

In figure 2 the total potentials for the six site-site interactions in the Li*-NHj
solution as well as the direct contributions are depicted. The indirect contribu-
tions calculated from the pseudopotential theory result in a strong screening of the
Coulomb interactions in all site-site potentials. It is expected from these now much

387



S.Hannongbua, M.Kiselev, K.Heinzinger

weaker site-site interactions that the polarizibility effect becomes much less impor-
tant which means, of course, that problems with the many-body interactions, as
discussed in the single ion case [7], are much less relevant and need not be con-
sidered in first approximation in the concentrated metal-ammonia solutions. It is
interesting to note that the consequences of the screening of both, Coulombic at-
traction and repulsion, leaves the overall ammonia-ammonia and lithium-ammonia
potentials almost unchanged as can be seen from figure 3.

A more detailed analysis of the con-
figurations resulting from the MC calcu-
lation shows that the partial RDFs can
only be understood by the formation of
clusters [4], where 33% of all NH; belong 0
to the bulk. From the remaining 67% of -
the molecules 55% are coordinated to one —ab
Lit and 12% simultaneously to two LiT.
These data are consistent with the vari-

T
41 V/kJmoll 1

ous partial RDFs and their running inte- 8 i
gration numbers only if we assume that i T
clusters are formed as shown in figure 4. —12—

The following distribution of the clusters

results: about 35% of the solvated Lit are 0

not connected, 10% have one (a), 15% have -
two (b), and 40% have three ammonia  -50|
molecules in common [4]. N

Different from the single ion case there -100}
is no possibility to compare with aqueous _
electrolyte solutions in going to the su-
percritical solution because the electrons
cannot be neglected any longer. In addi- 0
tion, there are only results reported for a
1 molal aqueous NaCl solution [21] while ~ Figure 3. Ammonia-ammonia (top)
the concentrations of interest here are  and lithium-ammonia (bottom) pair
of the order of 10 MPM. The result is potentials as a function of nitrogen-
very similar to the single ion case. The  nitrogen and lithium-nitrogen dis-
first neighbour Na-O distance remains in Fances. for orientations as shown 1n.the
the limits of statistical uncertainty un- 1n?ert;onith§ futll ar(lid tiasile;i lhnes
changed, while the hydration number de- Egnetl;alores;ectlf\?;jlyan ¢tk por
creases slightly with increasing tempera- ’ '
ture but decreases strongly with decreasing
density. The small hydration number of Na™ at ambient conditions of 4.8 compared
with 6 for Li* is explained by a significant amount of ion pairing. But there is no ex-
perimental evidence for ion pairing at room temperature for a 1 molal NaCl solution.

There is no indication that the pseudopotential theory cannot be also employed
for the simulations under supercritical conditions. As the densities of free electrons
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Figure 4. Solvated lithium ions with one (a), two (b), and three (c) ammonia
molecules in common, calculated from a 11.64 MPM lithium-ammonia solution
at 240 K.

are abnormally low even in the concentrated metal-ammonia solutions [5], [24], treat-
ing the electron-ion interaction within the local field function approach faces some
difficulties. The latter could be more pronounced under supercritical conditions.
Therefore, the deviation of the indirect potential in equation (1) should be modi-
fied. Work on this subject is in progress [26].

4. Summary and conclusions

Molecular Dynamics simulations of supercritical ammonia are reported for the
first time. The results are compared with those of neutron diffraction studies under
similar conditions which provide the only experimental information on the structure
of supercritical ammonia, so far. The agreement found justifies the use of the ammo-
nia model employed not only for further simulations of supercritical pure ammonia
but also of supercritical metal-ammonia solutions, at least for the time being.

In the simulation of metal-ammonia solutions, different treatments of the ion-
ammonia potentials are necessary. If we are concerned with the solvation shells
of an ion only, then single ion simulations can be employed where the electron is
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simply neglected. By comparison of the changes occurring in aqueous electrolyte
solutions when going from sub- to supercritical conditions it can be concluded that
the same ion-ammonia potentials can be also employed here in both cases. It has
been demonstrated before that for concentrated solutions at subcritical conditions
by introduction of the pseudopotential theory the electrons can be excluded from
explicit consideration and classical simulations can be performed. The same proce-
dure should be also possible under supercritical conditions, but new potentials have
to be derived and calculated.
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MopaenioBaHHS MeTOA0OM MOJIEKYJISIPHOI AUHAMIKHN
HaAKPUTUYHOIO aMiaKky Ta pO34MHIB MeTan-amiak

C.laHHoHr6ya ', M.Kicenbos 2, K.ManHuiHrep 2

BipaineHHsa ximii, dakynbTeT NPUpPOaHNYMX HAyK,
YHiBepcUTET M.HynanoHrkopH,
Banrkok 10330, TannaHg

IHCTUTYT XiMii pO34KnHiB POCINCbLKOI akagemii Hayk,
153045 IsaHOBO, Pocis

IHCTUTYT Ximii Makca lNMnaHka (IHcTtutyT OTTO MNaHa),
D-55020 MaiHu, HimewyumHa

OTpumaHo 3 6epesHsa 2000 p.

Bnepwe npencraBneHi pedynbtatM MOAENOBAHHSA METOAOM MOJIEKy-
JNISPHOI ANMHaMIKM amiaky B HAOKPUTUYHOMY CTaHi. BCTaHOBAEHO sikicHE
Y3roKeHHS 3 OCNIKEHHAMMN 3a AU pPaKLIEOo HEMTPOHIB, AKi € EOUHNM
eKCnepnuMeHTasibHUM CBiOYEHHAM NPO CTPYKTYPY amiaky y HaaKpuTuy-
HOMY CTaHi. Ha OCHOBI BioOMUX JaHuX NPO BOOHI PO34YMHW eNIeKTPONITIB
06roBOPIOETLCS MUTAHHS NPO Te, B SIKMIA CcNoci® HeobxiaHo Mmoandikysa-
TV NOTEHLjanu, WO ONUCYIOTb B3AEMOMIT iOH-aMiak y pO3BEAEHMX Ta KOH-
LLEHTPOBaHNX PO34MHax MeTaniB y aMmiaky, 3 METOIO iX 3aCTOCYBaHHS Y MO-
OesioBaHHI aMiaky B HaAKPUTUYHOMY CTaHi.

Knio4oBi cnoBa: Metoa MOAEKYISIPHOI AnHaMiky, BOAHI PO3YUHM
€JIeKTPOJIITIB, aMiak B HAAKPUTUYHOMY CTaHi, PO34YUHU MeTasliB y amiaky

PACS: 67.20.J, 61.20.Qg, 71.15.Pd
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