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The Electronic Structures of Some Aluminium Fluoride Compounds
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The electronic structures of AIF, AlF;, AIF,~ and
AlFg> are reported. Comparison of the electronic
structures of the monofluorides of B, Al, Ga and In
reveals that the heavier element fluorides have a greater
ionic character and a lower bond population. AlF; is
calculated to be a better fluoride-ion acceptor than
BF; due to the formation of a stronger donor—acceptor
bond while the reorganisation energies of BF; and
AIF; are similar. From the calculations on AIF* and
AIF; it is postulated that in molten cryolite the AIF¢>
ion is more likely to dissociate to AlF,~ and 2F ions
than to AIF, and 3F ions. It is found in all the com-
pounds that (1) the aluminium possesses a substantial
positive charge, (2) the d-orbital population of alu-
minium is ca. 0.4—0.5¢ except for AIF where it is 0.13,
and (3) the d-orbital bonding contribution is signifi-
cant. Reasons are presented for the non-formation of
the BF¢> ion.

Introduction

Since the era of large-scale molecular orbital cal-
culations dawned, the realm of boron chemistry has
been well served by the results from this mode of
investigation. In particular, the electronic structures
of the boron halides™ and hydrides*® have been
detailed, enabling a comprehensive picture of the
bonding in these boron compounds to be ascertained.
However, there has been no theoretical examination
of the compounds of aluminium. This is rather sur-
prising, as these compounds are commercially impor-
tant.” In this publication we attempt to provide some
information in this previously barren area by reporting
the electronic structures of some fluorides of aluminium.

In contrast to BF;, AIF; exists not as a discrete
species but as a polymeric solid in which the aluminium
is surrounded by an octahedral array of fluorines and
the octahedra are connected to each other by their
vertices. It has been conjectured that this structural
difference is due to the contribution of the 3d orbitals
on aluminium and also to presence of the weaker z
bonding associated with second-row atoms. An ex-
amination of the electronic structure of monomeric
AlF; would therefore be of interest.

Further species of interest are the fluoro anions AlF,~
and AlF¢>, which are important in the electrolytic
production of aluminium.” Controversy has recently
arisen, however, over the composition of molten cryo-
lite used in the electrolysis. Holm® suggested that the
AlF¢> anions present in the melt are dissociated to
AlF; and F~ ions, whereas other workers® propose a
dissociation into AIF,”~ and F~, hence, calculations on
these systems might help to resolve this contentious
issue.

Method

The calculations were performed within a non-em-
pirical version of the LCAO-MO-SCF framework.
Each s and p atomic orbital was represented by two
Slater orbitals, while the 3d orbital of aluminium was
simulated by a single Slater orbital. This ensured that
the role of the d orbital, a formally vacant orbital, was
not overemphasised when compared to the behavior of
the occupied orbitals. Each Slater orbital was construct-
ed from a linear combination® of four Gaussian orbitals.
Themoleculargeometries were obtained from references
7 and 11, while the orbital exponents were extracted
from the work of Clementi."?

Results and Discussion

Initially we examined the structure of monomeric
AlF;. It was necessary to obtain an optimum 3d orbital
exponent and this was procured by minimisation of the
total energy. The acquired value, 1.6, was then used
for all subsequent calculations. The atomic and overlap
populations are presented in Table I. These values
show that there is a net flow of electrons towards the
fluorine atoms resulting in a substantial charge (+1.6)
on the aluminium, despite a considerable back-dona-
tion of electrons (0.58) into the 3p, and 3d orbitals
of aluminium. The majority of these back-donated
electrons resides in the 3d orbitals of aluminium. Com-
bination with three fluorine atoms causes considerable
denuding of the aluminium 3s-orbital population. The
overlap population data indicates that the zz character of



126

D. R. Armstrong

TABLE 1. The Atomic and Overlap Populations of the Aluminium Fluoride Species.

AIF AlF, AlF«~ AlF>

Electron density
Al s 5.882 4.306 4.328 4.283

Pa 2.365 4.504 } 6767 b 688

Pa 4.132 2.164

d, 0.050 0.275 0.273

d, 0.082 0.143 } 0.419 0.223
Total 12.451 11.392 11.514 11.665
F s 3.952 3.954 3.961 3.960

Do 1.810 3.684 } 1.857

Px 3.788 1.898 5660 3.905
Total 9.550 9.536 9.621 9.722
Overlap Population
Al s-F —-0.083 0.099 0.085 0.061
Al p-F 0.201 (x = 0.076) 0.274 (= = 0.066) 0.241 0.190 (= = 0.101)
Al d-F 0.101 (= = 0.063) 0.212 (= = 0.073) 0.163 0.133 (= = 0.061)
Total 0.218 0.585 0.499 0.384

the AI-F, bond amounts to about one-quarter of the
total, while for BF;'® there is a 30 % & component of the
B-F bonds. This is an illuminating example of the
diminishing importance of the # bonding, especially
the p,~p, component, upon the replacement of a
first-row atom by a second-row element in a bond.
The aluminium 3d-bonding component is quite sig-
nificant and this is also manifest in the calculated total
energy of the system, which is destabilised by 212.82
kJ molI! by exclusion of the 3d orbitals.

The electronic populations of AIF are also presented
in Table I. Comparison of these values between the
two aluminium fluorides is enlightening. The aluminium
in AIF possesses a relatively smaller positive charge
(+0.55) which is approximately one-third of the charge
on aluminium in AlF;. A similar observation was ob-
tained in boron—fluorine systems' where the charge
on boron bore a linear relation to the number of
fluorines present. The 3s orbital of the aluminium is
substantially filled and, coupled with the information
that the overlap population for the Al,-F is negative,
indicates that the Al 3s electrons in AIF are non-
bonding. This is confirmed by inspection of the eigen-
vectors, where it is revealed that the highest bonding
orbital is largely composed of the Al 3s orbital. More-
over, the energy of this orbital is —0.335, which indicates
comparatively labile electrons. We expect the reactivity
of AIF to be dominated by this non-bonding orbital.
The lowest vacant orbitals are z* in nature and are
localised about the aluminium p orbitals.

An interesting property of the Group IIIb elements
is the increased stability of compounds of the elements
with- a formal oxidation state of one as the Group is
descended. It was thought that the electronic struc-
tures of the monofluorides of the elements from boron

to indium might reveal some reasons for this tendency.
A single-zeta basis was used in this particular series of
calculations although each Slater orbital was repre-
sented by a linear combination of five gaussian func-
tions. The orbital exponents of boron and aluminium
were obtained from Clement and Raimondi'* while
a procedure due to Burns™ was used to calculate the
orbital exponents of gallium and indium. The inter-
atomic distances were taken from reference 15. The
resulting electronic information concerning these four
diatomics are presented in Table II. The transfer of
charge to the fluoride increases as we progress from
BF to InF. However the valence s-electronic popula-
tion of the Group IIIb element is enlarged as we
progress from BF to InF. It is the valence p electrons
which are increasingly displaced as the atomic number
of the Group IIIb elements is augmented. These figures
seem to lend credence to the so-called inert pair effect
which refers to the resistance of the pair of valence
s-electrons to be lost or to be involved in bond forma-
tion. In contrast the energy of the highest filled molec-
ular orbitals of these diatomic fluorides increases from
BF to InF. This would seem to indicate that the fluorides
of the heavier Group III elements would be more reac-
tive and hence less able to consolidate the univalent
state. The critical factor, however, could be the bond
strengths which are related to the bond populations
presented in Table II. It can be seen that the overlap
bond populations decrease rapidly from AIF to InF.
Inspection of the relevant components of these bonds
reveals that it is the M,—F, and to a lesser extent the
M,-F, portions which show a corresponding diminu-
tion. The most drastic reduction occurs for the M,o—
F, o population which amounts to 0.237 for BF but only
0.004 for InF. This gives support to the idea that the
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TABLE II. The Valence Electronic Population, Charge Overlap Population and the Energy of the Highest Filled

Molecular Orbital of BF, AIF, GaF and InF.
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M-F Charge Valence Population Overlap Energy of
Transfer M F Population  Highest Filled
Molecular
s Po D= d s Po D= M-F Orbital
(a.u.)
B-F 0.132 1711  0.627 0.266 - 1.936 1728 1.734 0.574 -0.374
Al-F 0.184 1.806 0.500 0.194 0.233 1929 1732 1762 0.614 -0.274
Ga-F 0.261 1.827 0.589 0.184 0.076 1954 1.687 1.810 0.388 -0.274
In-F 0.425 1.890 0.185 0.246 0.010 1959 1965 1.750 0.118 -0.271

trivalent state becomes unstable as the group III is
descended because of the decrease in bond strength and
the increase in the ionic character of the M—F bond.

The electronic structures of the fluoro-anions are
outlined in Table I. Comparison of the atomic .charges
of the anions with those of AIlF; discloses that the
addition of one or three fluoride ions results in the
extra charge being smeared over all the atoms. The
positive charge of aluminium becomes smaller as we
add fluoride ions but this decrease is quite small, with
a difference of only 0.27 between the charge of alu-
minium in AlF; and in AlFs>". The d-orbital popula-
tion of aluminium is marginally increased by the ad-
ditional fluoride ions, while the overlap population of
the Al-F bond is decreased by increased coordination.

The energies of formation of the anionic species
were calculated with respect to the fluoride ion and
AlF; according to:

AlF; g +F g— AlF (D

It was found that for reaction 1 there was a consider-
able stabilisation of energy (640.6 kJ mol™*) upon
formation of the tetrafluoride, while for reaction 2 the
hexafluoride ion was unstable with respect to the tri-
fluoride and the three fluoride ions by 83.2 kJ mol™.
These calculations indicate that in the gas phase, the
aluminium hexafluoride ion would decompose to the
aluminium tetrafluoride anion and two fluoride ions,
with a gain in energy of 723.5 kJ moI'%. There is always
a danger in assuming that conclusions of gas phase cal-
culations will be true of other phases. However, the
energy differences involved are so large that it is
doubtful whether the different conditions in a melt
will drastically alter the conclusions. Hence, we can
say, with the above reservation, that these calculations
seem to indicate that in a melt the aluminium hexa-
fluoride will decompose to aluminium tetrafluoride
and two fluoride ions.

Reaction (1) is also a direct measure of the fluorine
affinity of AlFs. This is in reasonable agreement with
a previously proposed value of 548.1 kJ mol™ ob-

tained by Holm® using thermochemical data. Com-
parison with the corresponding reaction involving boron
reveals that the fluoride affinity of BF;* (555.7 kJ
mol™?) is smaller than that of AlF;. It is generally
accepted'”>® that the two main energy terms involved
in the formation of donor—acceptor complexes of
Group III halides are, (i) the energy required to re-
organise the planar acceptor into a pyramidal - con-
figuration and (ii) the energy gained by the formation
of the donor—acceptor bond. The reorganisation energy
of planar AJF; is calculated to be 164.0 kJ moI™* which
is very similar to the quantity required to transform
BF;2. The stabilisation energy gained by the forma-
tion of a fourth fluoride bond is 804.6 kJ mol* and
720 kJ mol™ for AIF; and BF;?, respectively. Now,
it is found that the order of acceptor power for the
Group III acceptors is AI>B>Ga>In'®. We can
therefore propose that the relative positions of Al and
B arise because aluminium forms stronger bonds than
boron with donor species, while they both possess the
same reorganisation energy. The reorganisation pro-
cess causes minor changes in the electronic population
of aluminium with a more positive charge (+1.63)
on the aluminium due to a lower d-orbital occupancy,
and a smaller AF bond population in pyramidal
AlF;.

In a crystal lattice, AlF¢* is a stable ion. We at-
tempted to obtain a description of AlFs> in this
environment by surrounding the AIFs> unit by an
array of positive charges so positioned to simulate the
influence of the nearest neighbouring sodium cations
in cryolite. It was found that the energy of the system
was substantially lowered (2111.4 kJ mol™). AlFg*
is clearly stabilised by an envelope of the positive
charges. This stabilisation energy is related to the
lattice energy, although most certainly is not equal to
it, since our model only simulates the immediate en-
vironment of AIF¢* and does not attempt to des-
cribe an infinite lattice. Nevertheless, it clearly illus-
trates the order of energy gain by AlFs* due to the
introduction of positive charges and provides a ratio-
nale for its existence in a crystalline environment. The
Mulliken population analysis of the anion surrounded
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by positive charges reveals that, surprisingly, there are
only small changes in the atomic populations of AlF¢*.
The enclosing array of positive charges produces only
a very limited movement of electrons to the fluorine
atoms. The existing positive charge on the aluminium
prevents a large donation of electrons to the fluorines.

We can conjecture from these calculations that in
the crystalline state, AlFs>~ will be a stable species
but in a melt where the influence of the cations will be
less, then it will disproportionate to AlF,” and two
F ions.

In contrast to aluminium, boron does not form a
hexafluoride ion and as it is a related problem the
electronic energy and structure of the BFg> is re-
ported. The B-F bond length was assumed to be the
same as the boron—fluorine distance in BF,~'* and
the basis set consisted of the double zeta gaussian
orbitals which had been employed in earlier calcula-
tions on BF,; and BF,~.> The energies of formation
of BFs>~ and BF, from BF,; and the appropriate
number of fluoride ions were obtained in a similar
manner to the aforementioned energies of the related
fluoroaluminium anions. It is found that the energy of
BF,™ ion is more stable than the component BF; and
the F~ ion by 555 kJ mol™* while the corresponding
energy of BF¢> ion is less stable by 1579.7 kJ mol™
than BF; and three F~ ions. Comparison with the AlFg*
system clearly demonstrates that it is this energy term
which is responsible for the non-appearance of a stable
BF63_ ion.

The electronic populations of BF¢>~ were examined
in order to ascertain possible reasons for the instability
of this ion. It is found that boron possesses a positive
charge (+1.2) while the fluorine atoms have an extra
0.7 electrons. This atomic charge distribution is very
similar to that found in AlFs>. When we examine
the overlap populations we observe that the value for
the boron—fluorine bond (0.38) is much smaller than
the corresponding quantity for BF; 0.59 and BF,”
0.48. These values, however, bear a close resem-
blance to the bond orders of the related aluminium
fluorides presented in Table I and hence do not ac-
count for the inherent instability of the BF¢* ion.
Further scrutiny of the population data reveals that the
neighbouring fluorine—fluorine interactions are anti-
bonding (—0.183) which coupled to their abundance
must be a major factor in the non-formation of BF*".
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This claim is further substantiated by comparison with
the fluorine—fluorine interactions in AlF* (-0.023),
AlF,~ (—0.007), and BF;” (-0.076), as they arc all
considerably less destabilising and so the formation
of these three ions is possible. Examination of the
fluorine—fluorine interaction in BF¢>~ reveals that the
largest negative overlap population component occurs
between the p orbitals which lie along the B-F axis.
There is also a substantial negative contribution from
the interaction between the neighbouring fluorine p
orbitals which are situated perpendicular to the B—F
axis and are lying in the same plane.
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