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Abstract: Mass spectra are presented of aluminum bromide clusters containing up to 30 atoms. Peaks in the mass spectra 
corresponding to [(AlBr3)J+ clusters are particularly strong for n equal to 2, 4, and 6. The structure and relative stability 
of neutral clusters were calculated by minimizing the total energy assuming purely ionic bonding. The calculations show enhanced 
stability for the (AlBr3)2n species. 

The stability of clusters of metal monohalides, (MX)n, has been 
studied extensively both experimentally1"5 and theoretically.6,7 

These studies have shown that clusters with certain sizes are highly 
stable. Mass spectrometric experiments on alkali halide clusters 
formed by bombardment of a solid with high-energy rare gas ions 
and atoms have indicated that clusters with the composition 
[M14X13J

+ are particularly stable. Calculations have shown that 
this cluster is most likely a small cube having the local symmetry 
of an NaCl lattice. The [Mi4X13]"

1" cluster is highly stable even 
for CsI. 

In the present investigation we have studied the metal trihalide 
AlBr3. Evidence exists that the bonding in this molecule is at least 
partly covalent. The principal molecule found in the gas phase 
is the dimer Al2Br6. It is usually argued that the high stability 
of the dimer is due to the 4-fold coordination of Al giving it a 
complete octet of electrons. We will show that both the structure 
and the stability of the dimer and larger clusters can also be 
understood with a purely ionic model of the bonding. 

Experimental Section 
The technique used to produce clusters is based on that described by 

Sattler et al.! Anhydrous AlBr3 was evaporated from a heated quartz 
crucible placed in a liquid nitrogen cooled chamber filled with 1 mbar 
of He gas. Clusters and small particles condense out of the high-tem­
perature vapor on contact with the cold He gas. The clusters and gas 
flow through a small 3-mm diameter hole into a differentially pumped 
intermediate chamber and then enter the final vacuum chamber having 
a pressure of 5 X 1O-6 mbar as a collimated beam. The clusters were 
ionized with 70-eV electrons and mass analyzed with a quadrupole mass 
spectrometer operated with a constant mass width Am of 8 amu over a 
range of 0-2000 amu. 

Results 
Figure 1 is a mass spectrum of the cluster ions formed by the 

electron ionization of AlBr3 vapor quenched in He gas. The 
spectrum appears complex at first glance because of fragmentation 
and the presence of water. However, the peaks are easy to assign. 
All the peaks repeat themselves at an interval corresponding to 
the mass of the AlBr3 molecule. Therefore, it is necessary to 
identify the peaks in only one period in order to understand the 
complete spectrum. The peaks due to [(AlBr3)J+ have been 
shaded. These peaks are not the strongest in the spectrum. 
Neighboring peaks are at least one order of magnitude more 
intense. In addition, the strength of the [(AlBr3)J+ peaks does 
not decrease monotonically with increasing n, but alternates. The 
peaks are weak for odd n and strong for even n. 

The strongest peak in each period can be unambiguously as­
signed to the cluster [AlnBr3n.]]"

1". Why is this peak more than 
1 order of magnitude more intense than the peak due to the 
stoichiometric cluster [AlnBr3J+? In an ionic picture of the 

(1) Honda, F.; Lancaster, G. M.; Fukuda, Y.; Rabalais, S. W. J. Chem. 
Phys. 1978,(59, 4931. 

(2) Campana, J. E.; Barlak, T. M.; Colton, R. J.; De Corpo, J. J.; Wyatt, 
J. R.; Dunlap, B. I. Phys. Rev. Lett. 1981, 47, 1046. 

(3) Barlak, T. M.; Wyatt, J. R.; Colton, R. J.; De Corpo, J. J.; Campana, 
J. E. J. Am. Chem. Soc. 1982, 104, 1212. 

(4) Ens, W.; Beavis, R. M. Standing, K. G. Phys. Rev. Lett. 1983, 50, 27. 
(5) Sattler, K.; Muhlbach, J.; Echt, O.; Pfau, P.; Recknagel, E. Phys. Rev. 

Lett. 1981, 47, 160. 
(6) Martin, T. P. J. Chem. Phys. 1977, 67, 5207; 1978, 69, 2036. 
(7) Martin, T. P. Phys. Rep. 1983, 95, 167. 

bonding it is consistent to speak of Br electrons and Al electrons. 
The electrons most easily removed belong to the Br ions. After 
ionization the neutral Br atom interacts with the remaining ions 
in the cluster only through a relatively weak monopole-induced 
dipole term. This interaction is insufficient to compete with the 
large amount of energy converted to vibrational motion during 
the ionization process. The neutral Br atom is lost, resulting in 
a cluster with composition [AlnBr3n.,]"

1". 
Three peaks in each period of the mass spectrum in Figure 1 

have been marked with arrows. These are due to the stoichiometric 
cluster ion with zero, one, and two Br ions removed. A weaker 
peak corresponding to the removal of three Br ions has not been 
marked explicitly. Each of these peaks is in turn the first member 
of a series of peaks separated by a mass interval of either 17 or 
18 amu, corresponding to the addition of either OH" or H2O to 
the cluster. The low resolution of the mass spectrometer does not 
allow us to distinguish between these two possibilities. For ex­
ample, the set of peaks near 1200 amu arise from the cluster 
Al5Br15 minus two Br" ions plus zero, one, and two OH" or H2O 
units. 

There are several reasons why clusters containing an even 
number of AlBr3 units might give rise to strong peaks in the mass 
spectrum. The simplest explanation is that since the vapor of AlBr3 

is known to consist primarily of dimers,8,9 these dimers might be 
expected to act as building blocks in the formation of (AlBr3J2n 

clusters. One objection to this explanation is that the strengths 
of the peaks corresponding to the fragments [AlnBr3n-] ] + are 
independent of whether n is even or odd. An alternative expla­
nation is that the [(AlBr3)J+ charged clusters have a higher 
stability if n is even. A third possibility is that the neutral clusters 
have a higher stability if n is even. In the following calculation 
we determine the stable configurations of neutral aluminum 
bromide clusters by minimizing the total energy. 

Calculations 
Because of the localized nature of the wavefunctions of ionically 

bonded materials it is possible to define a two-body interaction 
potential between ions. The total potential energy can be obtained 
by summing over the two-body terms,7 

7 7 
V=l-Z — + Aexp(-rij/p) (1) 

1 'J rij 

The first term represents the Coulomb interaction between point 
charges Z,- and Z7- separated by a distance r^. The second term 
is a short-range Born-Mayer repulsive interaction. The calcu-
lational procedure is very simple. 

First, decide how many ions are to be contained in the clusters. 
Place these ions anywhere in space. Then allow them to move, 
in the calculation, under the constraint that for each movement 
the total energy must be lowered, until it is not possible to move 
any ion in any direction without increasing the total energy. Then 
a stable or at least metastable configuration has been found. In 
this way, with only two parameters, A and p, we can calculate 
not only the shape of clusters of all sizes but also the binding 
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Figure 1. Mass spectrum of clusters formed by quenching the vapor over 
AlBr3 in He gas. 
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Figure 2. Stable configurations of Al4Br^ clusters. The energy for 
dissociation into ions is given in eV. 

energy, the vibrational frequencies, the free energy, and the in­
frared absorption. The assumption made here is that A and p 
are independent of cluster size and shape. 

For each cluster size there exists more than one stable con­
figuration. It is rather difficult to systematize the search for 
minima in the total energy surface. In fact, it remains more or 
less a matter of intuition. The best we can do is to make calcu­
lations for a large number of initial configurations. Each initial 
configuration will, of course, converge to some stable configuration. 
Usually, this stable configuration will be known from previous 
trials. Occasionally, a new stable configuration will be found. 

The parameters A and p have been chosen to yield the known 
interatomic distances10 in the (AlBr3)2 dimer. Explicitly, Z takes 
on the value 3 for Al and -1 for Br. A is chosen to be 4.0 X 10"9 

erg and p, 0.31 A. 

Discussion 
Relatively high energy (70 eV) electrons have been used in this 

work to ionize the clusters. Thus, we were able to obtain high 
ion yields. However, under these conditions fragmentation of the 
parent clusters must be expected. For this reason, in the past, 
we have been careful to draw conclusions concerning the stability 
of the charged fragments only. In the case of [(AlBr3)J+ clusters 
we are presented with a new problem. How should we distribute 
the negative charge removed from the cluster on ionization? Until 
now we have found no unique answer to this question. Therefore, 
results are presented for the calculated stable configurations of 
neutral clusters only. Such calculations indicate the relative 
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Figure 3. The most stable configurations OfAlnBr3n for n = 1 to 7. The 
energy for dissociation into ions is given in eV. 

Figure 4. Binding energy per molecule for the most stable configuration 
of a given size. 

stability of not only the parent cluster but also the ionized cluster 
if the charge is uniformly removed from all negative ions. 

The multiplicity of metastable forms of a cluster is illustrated 
in Figure 2. In all cases the composition of the cluster is Al4Br12. 
However, through variation of the initial coordinates seven minima 
have been located in the energy surface. Notice that the most 
stable configuration is not that with the highest symmetry or 
densest packing. For the configurations shown in Figure 2, the 
Al ions all lie in the same plane. We have also found shallow 
minima for tetrahedral arrangements of the Al ions. However, 
the most stable of these had less than 174 eV of binding energy. 

The most stable configurations for clusters containing one to 
seven molecules are shown in Figure 3. Starting with the cluster 
containing five molecules, a three-dimensional arrangement of 
the Al ions becomes energetically favored. The hexamer with 
highest symmetry consists of an almost spherical hollow shell of 
ions with a nonbridging bromine ion extending outward from each 
Al site. Energy is gained, however, if the symmetry is lowered 
by placing one of these dangling bromine ions at the center of the 
shell (Figure 3). 

Figure 4 shows the total binding energy per molecule for the 
most stable configuration of a given size. Notice that the points 
tend to alternate about a smooth fit. Even values of n show high 
stability and odd values low stability, in qualitative agreement 
with the mass spectrum. 
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