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Motivated by results on molecular clusters formed from octahedral connectivity in NbF5 and
by simulation and neutron diffraction studies of liquid AlCl3 and related materials, we discuss
the gaseous n-mers of AlCl3 built from corner-sharing or edge-sharing tetrahedra. We use an
interionic force-law model to evaluate the energetics of these clusters and examine their
relevance to liquid structure near freezing and at higher temperatures as determined by means
of classical molecular-dynamics simulation.
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1. Introduction

It is well established experimentally [1,2] that polymerization equilibria involving
monomers, dimers and trimers operate in vapours of NbF5 and other pentafluorides to
make the structure of these vapours strongly dependent on thermodynamic conditions.
The (NbF5)2 dimer is formed from two edge-sharing octahedra, while the (NbF5)3
trimer as reported in the literature from electron diffraction studies [1] is a ring formed
by three corner-sharing octahedra (see left panel in figure 1). A recent calculation [3]
based on an interionic force-law model adapted to some measured properties of MF5

monomers (with M¼Nb, Ta, V. Sb and Mo) has reproduced these isolated n-mer states
and has also found a chain trimer consisting of two terminal octahedra that are
connected by edge sharing to a 7-fold-co-ordinated unit (see right panel in figure 1).
Seven-fold co-ordination of a pentavalent atom may be unfavourable on quantum
chemistry grounds, but the two double-halogen bonds replacing three single-halogen
bonds contribute to enhance the binding energy of the chain trimer. As a result, the ring
and chain forms of the (MF5)3 cluster shown in figure 1 appear from these calculations
to have approximately similar binding energies, within a few tenths of an eV.
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The present work aims at examining the stability of dimers and higher clusters arising
from the connectivity of tetrahedral units. The specific compound that we focus upon is
AlCl3, a material that has drawn much attention in the literature from its most unusual
melting behaviour. It was first proposed in an X-ray diffraction study [4] that AlCl3
melts from an ionic layer structure into a molecular liquid of dimers. The (AlCl3)2 dimer
has the shape of two edge-sharing tetrahedra. Thus crystalline AlCl3 at melting
undergoes a collective structural transition in which the co-ordination of each Al atom
changes from 6-fold to 4-fold [5,6]. Neutron diffraction studies of liquid AlCl3 and
related materials near freezing (AlBr3, GaBr3 and GaI3) have confirmed the 4-fold
co-ordination of the trivalent metal ions [7,8]. Recent theoretical studies using both
ab-initio methods [9,10] and interionic force-law models [11,12] have yielded results in
broad agreement with the observed structure of these liquids near freezing as observed
in the diffraction experiments. Some further observations should be mentioned at this
point: (i) a temperature-dependent equilibrium between dimers and monomers has been
reported from both Raman scattering and electron diffraction experiments in dilute
vapours of AlCl3 [13,14]; and (ii) polymeric complex anions from corner-sharing
tetrahedra are well known in liquid chloro- and bromo-aluminates [15].

The plan of this article is briefly as follows. In section 2 we evaluate the structure and
the energetics of the two series of ring and chain clusters built, respectively from
corner sharing and from edge sharing tetrahedra, using an interionic force-law model.
In section 3 we report results on the average distribution of clusters from classical
molecular-dynamics simulations of liquid AlCl3, showing how the equilibrium
populations of dimers, monomers and chain trimers depend on some important details
of the model and on temperature. Section 4 concludes the article with a summary and
some discussion of further perspectives.

2. Isolated ring and chain clusters in AlCl3

The calculations that we report in this section are based on an interionic force model
proposed by two of us [16] for neutral and ionized clusters that are relevant to molten
chloroaluminates. The model accounts for the deformability of the ions through the
use of effective ionic valences and of electrical and overlap polarizabilities, and
its parameters are adjusted to the bond length in the ðAlCl4Þ

� molecular ion and to an

Figure 1. The ring trimer (left) and chain trimer (right) in gaseous NbF5 and other fluorides of pentavalent
elements.
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Al–Cl bond length and a vibrational frequency of the (AlCl3)2 dimer. The results of the
model for various other bond lengths and for the relative energies of various clusters are
in close agreement with those obtained by means of first-principles calculations carried
out in a density-functional approach involving a local-density approximation
supplemented by gradient corrections [16].

The ground state of the dimer in the model has the well-known shape formed by two
edge-sharing tetrahedra (see left panel in figure 2), with values of 228 and 206 pm for the
Al–bonding-Cl and the Al–terminal-Cl bond length respectively, and its energy will be
taken as the zero of reference for the following discussion of the energetics of other
clusters. Breakage of one chlorine bond yields a cluster formed by a tetrahedron and
a trigonal monomer sharing a corner (see right panel in figure 2). This structure is,
however, mechanically unstable: i.e., the net force on each nucleus vanishes but the
cluster lies at a saddle point in the potential energy landscape where one of its
vibrational modes has an imaginary frequency. This saddle point lies at 75 kJmol�1

above the double-bonded ground state. This result is in excellent agreement with first-
principles calculations by East and Hafner [10], who report the same saddle-point
structure at 73 kJmol�1 above the ground state of the dimer. Also, there is very good
quantitative agreement between the internal Al–Cl bond lengths in the saddle-point
structure (214 and 254 pm in our model calculations, against 216 and 275 pm in the
first-principles calculations of East and Hafner [10]).

The higher (AlCl3)n polymers form two series depending on whether the Al-centered
units are connected via double-chlorine bonds or single chlorine bonds (mixtures of
these bond types are also conceivable, of course). Their structures are illustrated for n
up to six in figures 3 and 4, respectively. Starting with the chain trimer in the top-left
panel of figure 3, it consists of two terminal tetrahedra bound via edge sharing to
a 5-fold-co-ordinated unit. The higher polymers in this series merely involve an
increasing number of such 5-fold internal units. The ring trimer in the top-left panel of
figure 4, on the other hand, consists of three corner-sharing tetrahedra and the higher
members of this series merely involve an increasing number of such tetrahedral units.
Each of these structures lies at a minimum in the potential energy landscape of each
cluster, i.e. all their vibrational-mode frequencies are real. In our exploration of the
potential energy landscapes we have also met various mechanically unstable structures,
which often differ from the corresponding stable structures merely by rotations of
terminal chlorine groups.

Turning to the energetics of the clusters shown in figures 3 and 4, we find that
the chain trimer lies at a deeper minimum that the ring trimer by some 36 kJmol�1

(i.e. 0.38 eV). The excess binding of the chain trimer is evidently associated with the
presence of two double-chlorine bonds in lieu of three single chlorine bonds: however,
bearing in mind that the excess binding is only 0.36% of the total binding energy of
the trimer relative to separated ions, and that the central 5-fold structure that may be

Figure 2. Illustrating the ground-state (left) and a saddle-point state (right) of the Al2Cl6 cluster.
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unfavoured by quantum-chemical effects only approximately accounted for the model;
the above value for the energy difference between the two forms of the isolated trimer
should be regarded as being only an estimate. If we take the calculated binding energies
of all clusters at their face value, then we find that the difference in binding energy
between the two forms of each n-mer decreases with increasing n and indeed the ring
n-mer becomes more strongly bound at n¼ 6.

Figure 3. Illustrating the series of chain polymers for the (AlCl3)n clusters, with n in the range from 3 to 6
(top left to bottom right).
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It remains for us to compare these binding energies with those of separated
monomers and dimers. Our calculations indicate that there is a preference for each
isolated n-mer (with n� 3) to break into isolated dimers. For instance, for the chain
clusters the decomposition reactions in vacuo read as follows:

ðAlCl3Þ3!
3
2 ðAlCl3Þ2 þ 0:02 eV

ðAlCl3Þ3! ðAlCl3Þ2 þAlCl3 � 0:40 eV
ðAlCl3Þ4! 2ðAlCl3Þ2 þ 0:23 eV
ðAlCl3Þ5!

5
2 ðAlCl3Þ2 þ 0:50 eV

ðAlCl3Þ6! 3ðAlCl3Þ2 þ 0:98 eV

8>>>><
>>>>:

: ð1Þ

A positive sign in front of the energy term in the right-hand side of these equations
denotes that energy is released in breaking the higher cluster. Indeed, to our knowledge
no report has been given in the literature of n-mers higher than dimers in AlCl3 vapours.
The chain trimer is found to be energetically almost stable against breakage into dimers,
but in this case entropy terms will favour the dissociated state at finite temperature.
We again see from equation (1) that the dimer is energetically quite stable against
breakage into monomers.

3. Clusters in liquid AlCl3

We turn to discuss the population of clusters in liquid AlCl3 as a function of
temperature, on the basis of data from microcanonical simulation runs using the
classical molecular-dynamics method previously developed and described in detail in

Figure 4. Illustrating the series of ring polymers for the (AlCl3)n clusters, with n in the range from 3 to 6 (top
left to bottom right).
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the work of Goat et al. [11]. In these runs, we allow for thermal expansion by means of
the temperature-dependent density reported by Janz [17], extrapolating it beyond its
reported range of validity (462 K<T<569K) up to 673K. The data take the form of
histograms reporting the relative number of various ion groups as a function of the
number of ions composing them, as collected during the evolution of the sample after
equilibration and averaged over the whole run.

We give first in figure 5 the results that we obtain by means of the same effective-
charge interionic-force model that we have used in the calculations reported in
section 2, except that we have introduced a saturation factor in the van der Waals
interactions between the halogens in order to prevent system collapse arising in close
ion-ion collisions from an imbalance between sixth-inverse-power attractions and
exponential overlap repulsions [12]. It is evident from figure 5 that within this model
there is an absolute predominance of dimers in the liquid near freezing (bottom panel)
and that these dimers progressively break up into recognizably single monomers as the
temperature of the liquid is raised. The message from these results thus parallels the
observed behaviour of the vapours of AlCl3 that we have recalled in section 1, except
that in figure 5 some trimers also appear with increasing temperature in the relatively

dense liquid. These trimers are of the chain type, and should be viewed as formed by the
attachment of a monomer to a dimer (see again the top-left panel in figure 3).

The cluster population, however, is also strongly dependent on the details of the

interionic force model. We have repeated the simulation runs with an interionic-force
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Figure 5. Histograms giving the population of various ion groups in liquid AlCl3 at the indicated
temperature and density, from classical simulations using the effective-charge model leading to figures 2–4.
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model that adopts nominal rather than effective ionic charges, as again adjusted to
properties of monomer and dimer [18], and the results for the cluster population are
shown in figure 6. This model, which was shown elsewhere [12] to yield good
quantitative agreement with the results of neutron and X-ray diffraction experiments on
the liquid structure of AlCl3 and related materials near freezing, generally enhances the
cohesion of the clusters. It predicts that higher clusters can be present in the structure of
the liquid near freezing (bottom panel in figure 6), these clusters being again of the
chain type and thus to be envisaged as dimer–dimer or dimer–monomer structures.
Increases in temperature lead to progressive dissolution of the higher clusters in favour
of dimers and chain trimers and ultimately establish an equilibrium between dimers and
monomers.

4. Summary and future perspectives

In summary, we have evaluated the structure and the energetics of the isolated clusters
that may be of interest in relation to gaseous and liquid AlCl3 and we have found that
the most relevant ones in practice, besides the Al2Cl6 dimer, are the AlCl3 monomer and
the Al3Cl9 chain trimer. Breakage of the dimer into monomers may require
an activation energy E approaching a value of 1 eV, and a monomer–dimer equilibrium
may start being established at temperatures of order T� 600K corresponding to
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Figure 6. Histograms giving the population of various ion groups in liquid AlCl3 at the indicated
temperature and density, from classical simulations using a nominal-charge model.
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kBT�E/20. A ratio of order 20 between a characteristic binding energy and a

characteristic thermal energy is typical of thermally activated defect excitation processes

in classical systems [5]. The chain trimer, which can be viewed as formed by attaching

a monomer to a dimer in a linear (bent) configuration, may be energetically competitive

with the dimer and may be present in the relatively dense liquid phase in suitable

thermodynamic conditions. Although these conclusions follow from our calculations on

models of AlCl3, we have evidence that they also apply to related materials such as

AlBr3, GaBr3 and GaI3, with the onset of the monomer–dimer equilibrium being shifted

downwards towards the standard freezing point in the latter liquid material.
As already discussed elsewhere [11,12], the main fault of the present pseudoclassical

models is their inaccuracy in the prediction of the pressure of the system at given

temperature and density. This fault implies errors of order 1 GPa and may have

relevant consequences in determining the difference in the scenarios that we have found

with different models for the cluster population in the liquid. Work is in progress to

obtain control of the equation of state of these materials and to extend our studies to

other thermodynamic states in which the breakage of dimers may be followed by further

breakage into fully ionized states.
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