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Molecular systems with anomalous values of the first ionisation ptoentials or electron affinity have been examined. On the
basis of the results of calculations by the DV-X, method it has been possible to relate the values of the electron affinity and the
first ionisation potential to the characteristic features of the electronic structure of these compounds. The analysis carried out
has made it possible to distinguish two large classes of chemical compound: with an anomalously high electron affinity
(superhalogens) and with anomalously low first ionisation potentials (superalkalies). Estimates of the maximum possible
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possible manifestations of high electron affinity and low first ionisation potentials in the physicochemical properties of
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I. INTRODUCTION

Molecular systems exhibiting extremal characteristics are
of particular interest from both theoretical and practical
viewpoints. The theoretical study of these systems facili-
tates the appearance of new fundamental ideas on the
physicochemical properties of matter, and the use of these
systems in technology extends considerably the range of
constructional materials.

The electron affinity (EA) and the first ionisation poten-
tial (IP) are the most important characteristics of mole-
cules, so that molecules exhibiting the maximum values of
the EA or the minimum values of the IP are of particular
interest for chemistry. Systems with high EA play an
important role in the synthesis of compounds of new
classes. For example, the synthesis of the compound
Xe*[PtF¢]1~,}2? with which the chemistry of the noble gases
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began, was carried out using platinum hexafluoride PtFj,
which has a high EA. Subsequently, systems with high
EA have been used to synthesise many new compounds,
such as XeF*[RuF¢]~, XeF{[RuF¢]~,’ Xe,F{[AsFgs]™,"
KrF*[SbF¢]™,° and many others,® '? and also compounds
containing clusters of non-transition elements of the type
Te2*, Bil*, and S2* as cations.!?

Systems with high EA have recently been used as a
basis for the synthesis of organic superconductors,'*~2°
and also to modify the electronic structure of conjugated
polymers (polymer doping) 2*~2° and graphite (intercalation
of graphite).?®  Systems with low first IP are also important
for preparing new compounds, and the first salts of this
type, Li;0*[NO]~ and Liz0*[NO,]” have already been
synthesised.?’~2° '

‘The anomalous EA and IP values are apparently related
to the characteristic features of the electronic structure of
the chemical compounds, so that it is.of undoubted interest
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to study the electronic structure of molecular systems
exhibiting anomalously high EA values and anomalously low
IP values. This problem is dealt with in the present review.

I1. ELECTRON AFFINITY

The electron affinity of a molecule or radical is defined as
the decrease in the energy of the system when one electron
is added. For molecules it is possible to distinguish two
types of EA: adiabatic and vertical. The adiabatic EA of
a neutral molecule is the difference between the total energies
of the neutral system for its equilibrium geometry (R,) and
the negatively charged system, again for the equilibrium
geometry (R;):

EA,s =E(R)—E"(RY) &)
The vertical EA is the difference between the total energies

of the neutral and charged systems for the equilibrium
geometry of the neutral system (Rg):

EAvert =E(R¢) —E_(R,) (2)
E
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Figure 1. Diagram illustrating the definition of adiabatic and

vertical EA and IP for the case of a diatomic molecule AB (R
is the distance between the atoms A and B).

Moreover, for a negatively charged system it is possible to
define the upper ionisation potential (IP), which also may be
vertical and adiabatic. The adiabatic IP of a negative ion is
equal to the difference between the total energies of the
neutral system for its equilibrium geometry and the nega-
tively charged ion for its equilibrium geometry:

1P,y =— [E"(R?) — E(R)1 €))

Egn.(3) shows that the adiabatic IP of a negative ion coin-
cides exactly with the adiabatic EA of the neutral molecule.
The vertical IP is equal to the difference between the total
energies of the charged system and the neutral system for
the equilibrium geometry of the ion:

IPvert = [E‘ (RD_E(R;)] (4)

The vertical IP of a negative ion differs from the vertical EA
of the neutral system. The difference between the vertical
and adiabatic values of the EA and IP is called the adiabatic
correction.

EA.q = EAvert + AEA,4
IPad = IPvert + AIPad

(5)
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These definitions of the EA and IP are illustrated graphically
in Fig.1.

It should be emphasised that in practice, all three experi-
mental values of EA,q, EAyept, and IPyept are not known
simultaneously for any system. The values are equal to
within the adiabatic corrections, however, so that is is
necessary to consider in more detail the estimation of the
values of these corrections. An analysis of the experi-
mental photoelectron spectra of the molecules SFg, Cg¢Hg,
MoFg, WFg, and UF; *° showed that AIP,4 is generally small
(usually 0.1-0.2 eV) and does not exceed 0.5 eV, The
experimental photoelectron spectra of BrF; and I¥; 3! also
indicate that the difference between IPy4q and IPyert is
small (0.4—0.6 eV).

The low values of the adiabatic corrections for these
molecules are related to the fact that the electron is removed
from non-bonding molecular orbitals (MO). Approximately
the same AEA,4 values should be expected in those cases
where the additional electron occupies a non-bonding MO.

In those cases where the electron enters an antibonding MO,
however, the value of the adiabatic correction may reach
1.5—-3 eV. According to non-empirical calculations of the
electronic structure of the SF; molecule and the SFj anion,
allowance for geometric relaxation in the bond lengths of the
SFg molecule leads to an increase in the EA by 2.5 eV.%2
Calculations of the EA of the molecules PF;, AsF5, and SbFj
by the present authors show that for these molecules,
AEA 4 = 2.8 eV, and that the negative ion has a square
pyramidal structure, whereas the neutral molecule has a
trigonal bipyramidal structure.

Thus in the case where the additional electron occupies a
non-bonding MO, the adiabatic correction is small (~0.5 eV).
If the treatment is restricted to an error of 0.5 eV (this
can be done in those cases where the EA value is small),
then to determine the EA it is sufficient to know one of the
quantities EAgq, EAygpt, OF IPyert. In this approximation,
the problem of calculating the EA is simplified considerably,
since it is possible to replace the geometry of the radicals,
which is often unknown, by the geometry of negative ions
with closed shells, which is known from crystallographic data
for corresponding salts.

Thus for systems of the type being discussed, it is pos-
sible to distinguish two levels of the study of EA. The first
level corresponds to a crude estimate of the EA, when the
difference between the values of EAgzq, EAyept, and IPyept
is neglected. At this level, the errors in the estimation of
the EA may reach 0.5—1.0 eV. At the second level, it is
necessary to take account of AEA 4 and AIPgq4, and in the
comparison with the experimentally determined values it is
necessary to take account of the conditions under which the
experiment was carried out. At the second level, the errors
should not exceed 0.1-0.2 eV. At present, it is apparently
possible to reach the second level of the determination of
electron affinity for small radicals, but for most systems,
existing theoretical methods make it necessary to restrict
the treatment to the first level.

When the additional electron occupies an antibonding MO,
all three quantities (EAgg, EAyept, and IPyept) may differ
considerably, and they must be examined separately.

A large number of methods are used for the experimental
determination of the EA: photo-ionisation,?%®* surface ionisa-
tion,%%3¢ fragmentation by electron impact,®* molecular photo-
dissociation,* equilibrium sublimation,3’ radiative addition
of an electron,’’” measurement of crystal lattice energies,?’
charge-transfer reactions,*®3? photosensitive ionisation,3*
and others.*®*! The greatest experimental success?*"?
has been achieved by the laser photo-ionisation of negatively

_charged systems, but it is applicable only to substances
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which can be obtained in the gas phase in a sufficient con-
centration. In spite of the wide range of experimental meth-
ods, the results of the determination of the EA in early
studies often do not agree with one another. For example,
for the NO, radical the experimentally determined EA values
lie in the range 1.6—4.0 eV; according to some authors,
EA(NO;) > 3.613 eV, and according to others, EA(NO,) <
3.063 eV .3%3°

An alternative method of estimating EA is provided by
quantum-chemical calculations. One of the most important
aims of both experimental and theoretical studies of EA is
undoubtedly the search for simple models which would make
it possible to predict qualitatively whether an EA has a high
or a low value. The study of systems having anomalously
high EA is of particular interest.

The direct calculation of EA is a difficult problem in quan-
tum chemistry. The use of Koopmans' theorem*? or the
ASCF procedure®® to estimate EA gives values which often
differ from the experimental values by 2—3 eV.** The use of
non-empirical methods with allowance for correlation®**~"°
makes it possible to calculate EA with an accuracy of 0.1 to
0.2 eV, but their application at present is restricted to
small molecules.

X, methods, which make it possible to examine compara-
tively large systems, have recently begun to be used for EA
calculations.**

Calculations of the electronic structure of a large number
of molecules by X, methods show that these methods are very
effective for large systems and practically always ensure the
correct order of magnitude of the calculated IP values with
comparatively small deviations from the experimental IP
values. The X calculation procedure has been described
in sufficient detail,**%°~55 and will not be described in the
present work.

Among the elements of the periodic system, halogen atoms
have the highest EA (3.0—3.6 eV). In molecules and poly-
atomic radicals, as a result of collective effects, the EA may
be higher than the EA of the halogens. These systems are
called superhalogens.

1], ELECTRONIC STRUCTURE OF SUPERHALOGENS

In the examination of systems with anomalously high EA
values, two problems arise. Firstly, it is necessary to
outline the range of molecules which can be regarded as
superhalogens. Secondly, it is necessary to determine
the highest EA values that molecular systems in general
can have, and also the specific cases in which maximum EA
values can be expected.

Simple qualitative ideas relating the EA value to the
characteristics of the electronic structures of chemical
compounds have been formulated.%¢~%® These ideas make
it possible to distinguish a class of compound with high EA;
the arguments on which they are based will be discussed in
detail below.

For the development of models it is natural to use the
orbital approach, which is widely employed to interpret
electronic, photoelectron, and X-ray electron spectra, and
which also forms the basis of the Woodward—Hoffman rules,
according to which the energies of the MO formed by AO
of the same type should lie in the following order: e(bond-
ing) > e(non-bonding) > e(antibonding). Thus the value
of the EA can be related to the structure of the lowest
unoccupied MO (LUMO) of the neutral system, which generally
accepts the additional electron on formation of an anion, and
the value of the first IP of the anion can be related to the
structure of its highest occupied MO (HOMO). This gives
the corresponding order: IP(bonding) > IP(non-bonding) >
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IP(antibonding), that is the EA value depends on the type of
HOMO of the anion.

A second important factor influencing the magnitude of the
EA of a molecule is the value of the EA of the atoms making
up the molecule. The higher the EA of the atoms, the
higher may be the EA of the compound as a whole. Itis
therefore possible to have cases where, in spite of the anti-
bonding character of the HOMO of the anion, and as a result
of the high EA of the atoms making up the molecule, the EA
of the whole molecule will be greater than that of a molecule
for which the HOMO of the anion is non-bonding or even
antibonding, but in which the values of the EA of the indi-
vidual atoms are low.

A third important factor influencing the value of the EA of
a molecule is the degree of delocalisation of the "additional"
electron. According to traditional ideas,®® the smaller the
fraction of an electron 8¢, added to an atom, the easier it is
for the atom to retain it. In the limiting case, when §e -~ 0,
the IP of the anion approaches the IP of the neutral molecule,
which is fairly high. Thus the EA should increase with
increase in the extent of the delocalisation of the electron
over an increasing number of electronegative atoms making up
the molecule.

Calculations by the present authors for the model system
F + 8, where 8¢ = 0.1, 0.2, ... 1.0 show that the ratio
[E(F + 8&) — E(F™)]/Se, where E is the total energy,
increases with decrease in §e. The greatest contribution
to the difference in the energies is made by the energies of
attraction to the nucleus and interelectron repulsion, and
the contributions from the kinetic and exchange energies
are small. The electron affinity of the F atom is determined
by the energy of the HOMO of the anion, which in turn is
determined by the overall potential. Increase in &€ is
accompanied by an increase in the shielding of the nucleus,
that is the effective charge of the nucleus decreases, leading
to a decrease in the energy of the level determining the EA.

In addition to these basic factors, the value of the EA is
also influenced by various other specific factors, which will
be discussed below. The above three factors are sufficient,
however, to formulate the conditions which must be satisfied
by systems with anomalous EA or IP values. These limiting
cases and the possible consequences of anomalous IP and EA
values for chemistry will be discussed in detail below.

The ideas presented above can be applied first to molecules
and radicals of the type MX;.. For the EA of these systems
to be high, it is necessary that the ligands X be electro-
negative atoms with high EA, for example halogen or oxygen
atoms. Moreover, it is desirable that the HOMO of the
corresponding anion be bonding. If however the ligands
are halogen or oxygen atoms (and in general if the ligand
atoms have many electrons), the HOMO of the compounds
are either non-bonding or antibonding. When the HOMO
is non-bonding, the EA of the compound MX;. will be greater
than the EA of the ligand atoms X as a consequence of the
high EA of the atoms and the effect of charge delocalisation.

It should be noted that in those cases where the HOMO,
from its symmetry, is antibonding, but the actual contribu-
tion of the central M to this orbital is very small (that is, it
is essentially non-bonding), high EA can be expected for
MXj.. An additional reason for the appearance of high EA
values is observed in compounds MX; where the ligands X
are halogen or oxygen atoms and the central atom M has a
positive charge which ensures additional stabilisation of the
electron delocalised over the ligands. Calculations carried
out®® for a system consisting of an F~ ion with a point posi-
tive charge, separated from the F~ nucleus by 3.0 a.u.,
showed that increase in the point charge by +0.1 e increases
the EA of the F atom by ~1 eV. Thus the greater the

charge on the M atom, the greater may be the EA.
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The above ideas on the relationship between the magnitude
of the EA and the electronic structure of a compound can be
presented in the language of localised MO. If in an jon MXj
with electronegative ligands the central atom does not have
lone pairs of electrons (LPE), while the radical MX} does
not contain unpaired electrons localised on the M atom, and
all the valence electrons are distributed among the localised
MO of the bonds and the LPE of the ligands X, the additional
electron will be delocalised over the electronegative ligands,
and the first IP of the ion MXj should be high. On the
other hand, if the central atom of the anion has LPE (or
unpaired electrons) and these electrons are involved in the
ionisation, then as a consequence of the low EA of the M atom,
the first IP of the MX} ion will be comparatively low.

The influence of the additional electron on the electronic
and geometric structure of a molecule MX, depends on
whether the M atom is a transition or non-transition element.
In compounds MXy, where k is the maximum valence of the M
atom, the additional electron is generally accepted by an anti-
bonding MO. If M is a non-transition atom, the ion MXj, is
deformed in such a way that this electron becomes part of an
LPE of the M atom (or in the case of radicals becomes the
unpaired electron of the M atom). For example, if an elec-
tron is added to the linear BeF, molecule, the electron occu-
pies an antibonding MO, and the BeF; ion undergoes an
angular deformation,®® which decreases the antibonding action
of this MO. In this case the additional electron becomes an
unpaired electron of the Be atom.

In contrast to this, the geometry of the molecules and radi-
cals of transition metals generally does not change when anti-
bonding HOMO are filled with electrons. For example, in
the series of hexafluorides from ReFj to AuFg, the anti-
bonding HOMO 4tzg is filled successively, but the geometry
of the molecules remains octahedral.®:”%3

It is therefore appropriate to examine the systems MXj.
separately for the cases where M is a non-transition element
and where M is a transition metal.

1. Superhalogens Containing sp-Elements

According to the above ideas, in systems MX; where k is
smaller than or equal to the maximum valence of the atom M,
an additional electron is accepted either by an antibonding
MO or by a non-bonding MO of the central atom (that is forms
part of an LPE of the M atom). In both cases the EA of the
entire molecule or radical is low, because of the low EA of the
M atom. The results of ab initio calculations with allowance
for correlation**®*%% and experimental data®®®? confirm this
conclusion. On the other hand, in radicals of the type
MXj , ,» where k is the maximum valence of the M atom, an
additional electron enters a non-bonding MO of the ligands,
to which the AO of the central atom does not contribute for
symmetry reasons, and the delocalisation of this electron over
ligands with high EA leads to a high EA for the radical.

According to calculations of the electronic structure of the
radicals BeF,, BF,, MgF;, AlF,, SiFs, PF; 5¢7%% and BeCls,
BCl,, MgCl;, AlCl,, SiCls, PCl; %%%% by the discrete varia-
tion (DV) X, method, the EA of these radicals is greater than
3.5 eV, and they can all be described as superhalogens.

The same is true of systems MX ;. 4 ,)/,» where X is a
divalent oxygen atom, and k the maximum valence of the

atom M. Estimates based on calculations of the electronic
structure of the radicals BO,, NO;, AlO,, PO,, and ClO, 35758
indicate that the EA of these systems are greater than 3.5eV.
Thus radicals of this type can also be described as super-
halogens.

Russian Chemical Reviews, 56 (6), 1987

To emphasise the importance of high ligand EA values for
the production of high EA in compounds MXj. , ;, radicals
whose HOMO are bonding can be considered. It might seem
that in this case the ionisation potential from the HOMO of the
anions MHi +, should be fairly high; however, the estimated
values of the first IP according to Koopmans (which, judging
overall, are 1.0—1.5 eV too high) for BeHj, BH}, MgHj, and
AlH; %7 are lower than those for the corresponding ions
MF; +1,71,72 whose HOMO are non-bonding. The reason for
this is evidently the low EA of the H atom.

It is thus possible to outline the range of molecules con-
taining sp-~elements which must undoubtedly be classified as
superhalogens. These are radicals of the type MX;. ,
where X is a halogen atom, and of the type MX(k +1)/2,
where X is an oxygen atom. Various other individual mole-
cules can of course have fairly high EA. Examples are
provided by the compounds SeHal; and TeHalg,”3~7% which
are of the type MX;., where k is the maximum valence of
the M atom. The additional electron in the ions MXj, occu-
pies an antibonding HOMO, and the EA of the MX,;. molecules
should be low. This is the case, for example, for SFg,
whose EA is only 0.5-0.7 eV.*:»®® For SeF; and TeFs, how-
ever, the EA is nevertheless fairly high (3.0 + 0.2 eV and
3.34 £ 0.2 eV respectively).’® This is related to the high
polarity of the Se—F and Te—F bonds, as a consequence of
which, although the HOMO have antibonding character with
respect to the central atom—ligand interaction, the actual
contribution to these MO from the AO of the central M atom
is very small. In fact, the LUMO of SeF; and TeF, are non-
bonding ligand MO, and this leads to high EA values for
these molecules. It may be noted that the ions SeFg and
TeF5, like the "metallic" octahedra MoF; and WF;, in which
the additional electron again occupies antibonding HOMO,
preserve the octahedral configurations.””>7®

The difference in the EA values in the series of valence-
isoelectronic molecules SF;—SeF;—TeF; has a marked influence
on their chemical properties. Thus SFg, which has a low
EA, is stable in the gas phase, whereas SeF; and TeFy, which
have high EA, are not detected in the gas phase. On the
other hand, the SeCl?™ and TeClZ™ anions form stable crystal-
line salts, whereas the corresponding salts with the SCI1%"
anion have not been obtained.

In addition to SeFg and TeF,, other molecules of the type
MXy, where M represents atoms of IV, V, and subsequent
periods, may have fairly high EA. For example, the
adiabatic EA, calculated by the DV-¥, method by the
present authors, are 0.7 eV and 2.5 eV for the molecules
PF; and SbF; respectively, and for AsFg the values lie in the
range 1.9—2.9 eV. These are much lower than the values
obtained from thermochemical data:?® ~3.5 eV for PF;,

25.3 eV for AsF;, and 26.4 eV for SbF;. The values given
in Ref.26 are apparently far too high. Further experimental
studies of the EA of pentafluorides by up-to-date physical
methods are required.

The EA of superhalogens of the type MXy ., should
increase with increase in k as a consequence of the delocal-
isation of the additional electron over a larger number of
ligands. Thus in the series MgF; (~3.8 eV) < AlF, (~6.1eV) <
SiFs (~6.3 eV) < PFg (~6.6 eV) and AlO, (~3.4 eV) < PO,
(~4.4 eV) < ClO, (~6.3 eV), the EA increases from 3.8 eV to
6.6 eV in the first case and from 3.4 eV to 6.3 eV in the
second.** Extremal EA values should also be expected for
MX;. with k > 6, but increase in k may also lead to a decrease
in the EA. In particular, in the series MgCl; (~4.5 eV)—
AlCl, (~5.2 eV)—SiCls (~4.4 eV)—PClg (~4.0 eV), beginning
from AICl, the EA decrease as a consequence of the strong
repulsion of the ligands.®%%° This last feature is related

to the fact that the HOMO in the ions MX}. ,, is non-bonding
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with respect to the central atom—ligand interaction, whereas
with respect to the ligand—ligand interaction it has anti-
bonding character. When k is sufficiently large, the mutual
repulsion of the ligands predominates over the effect of elec-
tron delocalisation, leading to a decrease in the EA. For
the optimum values of k, the effect of ligand—ligand anti-
bonding is slight, and does not predominate over the
delocalisation of the additional electron, and this leads to an
increase in the EA. Of the superhalogens containing
sp-elements which have been studied up to the present,

the optimum ratio of antibonding and stabilisation is achieved
for AsF; and SbF, which have high EA (~7 eV).**

The adiabatic EA is usually understood to be the difference
between the total energies of the stable configurations of the
anion and the neutral system. Available experimental data*’s
78=81 and the results of non-empirical calculations®-8? indicate
that the isolated anions MFy +;, where k is the maximum
formal valence of the central atom M, are energetically stable
with respect to monomolecular dissociation to MFj and F~.
Published estimates’®~%% of the energy of this dissociation are
fairly high, 80—120 kcal mole”!. At the same time, experi-
mental data®® indicate that MF} . ; radicals either have a very
low energy of dissociation to MFj + F or are generally
unstable. It should be noted that the adiabatic EA of a
radical can be determined even when it is unstable, since
the necessary condition for the existence of EA is the exis-
tence of a stable negative ion. In this case the first IPyert
of the anion gives the upper limit of the EAgyq values of the
neutral system.

The low energetic stability of MF), ,, radicals compared with
the corresponding anions MF.,, does not agree with the
traditional ideas of the method of molecular orbitals, accord-
ing to which the stability of a molecular system with respect
to monomolecular dissociation should increase if the electron
is removed from an antibonding MO, decrease if the electron
is removed from a bonding MO, and remain unchanged if the
electron is removed from a non-bonding MO. In all anions
of the type MFy ., the highest occupied MO is non-bonding
with respect to the central atom—ligand interaction, and con-
sists only of ligand AO,®% so that the removal of an electron
from the HOMO of the anion should not lead to significant
destabilisation of the resulting radical.

To investigate the reason for this discrepancy between the
prediction based on the qualitative concepts of MO theory and
available experimental data, the electronic structures of the
anions BFy and AlF; and of the corresponding radicals BF,
and AlF, were calculated by the discrete variation X, method
in the present work.

Data on the geometric structure are available only for the
anions, and the calculated non-empirical equilibr(i)um bond
lengths in the isolated anions,®? R(B—F) = 1.43 A and
R(Al-F) = 1.72 A, are close to the corresponding values for
the anions in inorganic salts:®-% R(B—F) = 1.37-1.39 &
and R(Al-F) = 1.69-1.70 &. The equilibrium bond lengths
in the anions, calculated by the DV-X, method by the
present authors, are R(B—F) = 1.44 & and R(AI-F) =
1.69 &, in good agreement with the above values. There
are no published data on the geometric structure of the
radicals BF, and AlF,, so that their equilibrium bond lengths
were optimised by the DV-X, method assuming that they have
a tetrahedral structure. The potential curves have minima
in both cases, corresponding to the bond lengths R(B—-F) =
1.44 & and R(Al-F) = 1.69 A. Thus the calculated bond
lengths for the tetrahedral configurations of the radicals and
anions practically coincide. ‘[he existence of minima on the

potential curves of the radicals naturally does not mean that
they are energetically stable with respect to monomolecular
To resolve the question of the stability of

decomposition.
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the radicals, it is necessary to carry out additional calcula-
tions of the total potential surfaces by non-empirical methods
with allowance for correlation energy. These calculations
cannot be carried out at present, because of the extremely
large expenditure of machine time required. Although the
present calculations do not make it possible to reach any
conclusion about the stability of the radicals MFy , ;, they
can be used to investigate the reasons for the destabilisation
of these radicals. ’

The removal of an electron from a non-bonding MO of an
anion should not in principle lead to destabilisation of the
resulting radical if the composition of all the other MO
remains unchanged. Since in the case being considered
there is appreciable destabilisation of the radicals, it is
natural to expect that this is the result of changes in the
composition of the bonding MO as a result of electronic
relaxation. The nature of the changes in the valence MO
can be investigated using the data in Table 1, which gives
the composition of these MO for both radicals and anions,
for the equilibrium values of the bond lengths.

Table 1. Characteristics of the molecular orbitals of BF,,
BF,, AlF,, and AlF}; the Mulliken populations of the
bonding MO (q), the charges on the atoms (Q), and the
overlap populations [Q(M—F)] for BF,, BF,, AlF,, and AlF,
(in fractions of e).

BF. = AIF -
Parameter ) BFs Parameter ) AlFe
B |z | B | s NERENE:
gty |0.22]5.78]0.26| 574 | ¢(sta 0.37 |5.63 | 0.48 | 5.52
q (3ty) 1.03 ) 4.97 | 1.44 4.89 q (419 0,63 | 5,37 | 0.72 5,28
q (4ay) 0.39 | 1.6 | 0.40 1,60 q (Say) 0,36 | 1.64 | 0.36 1,64
Qr —0,23 ~—0.40 Qe ©—0.28 —0.45
Qs -+0.91 +0.61 Qa1 +1.13 -+0.78
Q(B—F) | -+0.47 +0.58 Q (Al—F) +0.51 ~+0.62
QF—F) | —0'5 Zo%07 QF-F Zolot Zoot

It can be seen that the removal of an electron from the
HOMO of the anion leads to a decrease in the contribution of
the AO of the central atom to the bonding MO by ~0.3 e,
and this explains the low stability of the radicals, compared
with the corresponding anions. The reasons why ionisa-
tion from a non-bonding purely ligand HOMO of the anion
leads to this rearrangement of electron density in the
resulting radical can be understood on the basis of model
representations of superhalogens in which the framework of
fluorine atoms in the superhalogens has a high collective
electronegativity. Thus if the process of ionisation of the
anion is arbitrarily divided into two stages corresponding to
the removal of an electron from the HOMO without change
in the composition of any of the MO and the subsequent
relaxation of the MO, then the loss of an electron by the
framework of fluorine atoms in the first stage of the ionisa-
tion is partly compensated by the transfer of ~0.3 electron
from the central atom.

A similar decrease in the energetic stability of the radicals
compared with the corresponding anions should also be
observed in all other systems of the type MFy ., and MF{C +1-

2. Superhalogens Containing Transition Metals
In transition metal compounds of the type MX;., the filling

of antibonding HOMO generally does not lead to distortion of
the geometry of highly symmetrical configurations, so that
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the behaviour of the EA of these systems may show a num-
ber of characteristic features.?*~® The dependence of the
EA on the electronic structure of transition metal hexa-
fluorides can be considered in more detail. It is appro-
priate to begin the examination with the hexafluorides of the
5d-metals, since the characteristic features of the electronic
structure are revealed most clearly in this case. Table 2
gives the IP from the valence MO. It can be seen that on
going from Hf to Hg there is a change from the filling of a
non-bonding purely ligand HOMO of the 1t1g type (Hf, Ta)
to the filling of an antibonding MO of the dt,g type, anti-
bonding with respect to the central atom—ligand interaction
(W~Au) and then to the filling of the next antibonding MO
of the Geg type (Hg).

Table 2. Valence ionisation potentials (eV) of the negative
ions of the hexafluorides of metals of the third transition
series.®®

Mo | Spint| HIFy | TaF, | WF, | ReF, { OsF, | ItF, | PtF, AuFy HgFy
B, — = =] =] =] <1 - - - 4.5
bty 1 — | = |22f35|47(59] 6.1 6.8 7.6
nl = =] == ]2 |45] 58 7.2
1, 175|173t 16|74] 72 6.9 7.3
n |68 6.9!67|686]|6.6]| 6.7 7.0
%, v (73l 713f77)relrr] 19| 75 7.3 8,0
h | 6.8 73 12|74 | 7| 74 7.3
24, 1 |8ofl7sl7s5|78fso}79| 7.7 7.4 7.8
| 7.2 73|73 |12]71] 72 7.5
8t,, 1 | 83}8o0ls81]|ss]sr]|ses| 85 8.2 9.0
n |75 791 79]79]80] 81 8.5
8a,, 1 | 83l80]|81]|84)87]|86]| 85 8.2 9.0
n | 8.2 8.7|87}88|89]| 90 9.5
3, 1 |99 |104]105]11.3])12.4]12.2] 12.4 | 134 16.3
n | 9.3 0.0} 10.2 | 10.2 | 10.9 | 12.0 15.7
Se 1 |10.3|10.6]|11.0]14.5}12.5]|12.2] 125 13.6 17.2
£ |99 10.6 { 10.7 [10°9 | 11.4 | 12.1 170

*The letters 1 and h denote transitions into the low-spin
and high-spin final states of MF; respectively.

The data in Table 2 reveal the following characteristic
features of the change in the IP from the valence MO in the
series being considered. Firstly, it is irregular : the IP
decreases sharply on going from TaFy to WF;, after which it
increases regularly from WFy to AuFg, and decreases again
on going to HgFs. Secondly, the IP of the "ligand" 1t, —
8a,, MO remain practically unchanged. Thirdly, the IP from
the bonding 3t,, and 5eg MO increase almost regularly,
although the change in their energies on going along the
series is smaller than the change in the energies of the
5d AO %% of the corresponding central atoms.

The reason for this behaviour of the IP can be understood
by analysing the composition and symmetry of the MO. For
Hf and Ta hexafluorides, the HOMO is a non-bonding ligand
orbital, and the EA of these compounds is high as a con-
sequence of the delocalisation of the additional electron over
the six strongly electronegative F atoms, in accordance with
the above ideas on the superhalogens containing sp-elements.
The EA of these two hexafluorides are close to the EA of the
most electronegative superhalogens among compounds of the
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sp-elements: AsF; and SbF;. On going to WF;, the EA
decreases, due to the filling by electrons of a HOMO of
antibonding type; the energy gap between the nearest

4t, and 1t,,, MO is ~4 eV. Since the 4t, MO is antibonding,
it might have been expected that its subséquent filling would
lead to a decrease in the EA in the series being considered.
Instead of this, however, there is a regular increase in the
EA,® which reaches ~7 eV for AuFg, and the gap between

the 4t,  and 1119 MO practically disappears.

The composition of the 4t,, MO can be analysed in more
detail. The nature of this orbital changes in the hexa-
fluoride series®® from appreciably antibonding (WF3) to non-
bonding (AuFj3). With decrease in the antibonding, its
energy decreases, approaching the energy of the non-bond-
ing MO of the ligands (1t;g, 9t,y, 2t,,), and the EA for AuF,
is close to the EA for TaF;, in which the additional electron
occupies a 1t,, MO which is purely ligand from symmetry.

On going from AuF; to HgFs, the next 6eg MO is filled,
accompanied by a decrease in EA, due chiefly to the exten-
sive splitting of the 6e;—4t,, orbitals under the influence of
the ligand field, since the 6eg MO is essentially a ligand
orbital. Thus the contribution of the 5d AO to the 6e , MO
is ~25%, and practically coincides with the contribution’of the
5d AO to the 4t,q MO of the AuFg anion.®® At the same
time, an increase in the Hg—F overlap population is observed
for HgFg, compared with AuFg.

It is of interest to relate the change in the EA in the series
of hexafluorides Hf—Hg to the energy of the atomic 5d
levels. On going along this series, the energy of the 5d AO
decreases,’’:%2 leading to stabilisation of the 3t,g and Seg MO,
and these MO are transformed to an increasing extent into
non-bonding 5d AO. In other words, the 5d electrons tend
to be localised close to the central atom M, leading to a
decrease in the population of the 5d AO in the higher orbitals
4t,, and 6e, and to the approach of the 4t,, MO to the ligand
MO~ This conclusion is confirmed by the decrease in the
overlap population from WF; to AuF; and by its increase on
going to HgFg, since in this case the 5d electrons, for sym-
metry reasons, are forced to partly occupy the antibonding
6eg MO.

The principal features of the electronic structure are the
same for the hexafluorides of the 4d metals and the hexa-
fluorides of the 5d metals, but some differences are also
observed. Firstly, the block of valence MO of the ligand
type for the hexafluorides of the 4d metals on the whole lie
slightly higher (by 0.3—0.5 eV) than those for the 5d metals.
This agrees with available experimental data on the IP of the
compounds MoF and WF,*® which differ by ~0.3 eV. More-
over, the HOMO of the t,, type for MoFj lies 1.3 eV closer
to the block of valence Mg than in the case of WFg, as a
result of which the EA for MoFg is ~1 eV higher. The cal-
culated differences between the IP of the 4t29- and 1t,, levels
for WF; and the IP of the 3tzg and 1t,; levels for MoF agree
with the difference between the energies of the first optical
transitions for the compounds MoFg and WFg [Av,;(WFg) —
Av,(MoFg) = 1.33 eV %°]. The lower energy of the upper
t2g MO in MoFg compared with WF is related to the lower
degree of antibonding character of this MO, and this in turn
is due to the higher energy of the 4d AO of the Mo atom.®%%2

With further filling of the HOMO of the t,g type, the degree
of antibonding character of this MO in the 4d hexafluorides
is again lower than in the 5d hexafluorides, leading to its
more rapid approach to the block of ligand MO. Moreover,
for AgF;, where the 3tzg HOMO is fully occupied, the energy
of this MO is lower than the energies of the purely ligand
1t;g and 1ty MO. For AuF;,*® this inversion of the levels
is not observed. The sequence order of the MO in AgFg
does not agree with the traditional picture of the energy

|
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sequence for MO of different character (see above): e(bond-
ing) > e(non-bonding) > e(antibonding). This contradiction
is eliminated, however, in a more detailed analysis of the
nodal structure of the valence MO, represented schematically
in Fig.2. It can be seen that the 3t, MO is an antibonding
MO of the 7-type with respect to the central atom—ligand
interaction, and a bonding MO of the o-type with respect to
the ligand—ligand interaction; the 1t;, MO is ¢-antibonding
and purely ligand from symmetry; and 7t,; and 1t,, MO are
orbitals of the m-type, and the first contains a small con-
tribution from the central atom, whereas the second is a
purely ligand antibonding MO.

On going from MoFjg to AgFg, the contribution of the M
atom to the 3t,, MO decreases sharply, and in AgF; the
entire block of 3t2g—1t2u MO can be regarded as purely
ligand, and the central atom—ligand interaction can be
neglected.’? In this case, from the ligand—ligand inter-
actions and in accordance with classical ideas, the following
sequence of MO energies can be expected: 3tzg (bonding MO
of the o-type) > Tty (antibonding, n-type) > 1t, (anti-
bonding, m-type) > 1t,, (antibonding, o-type). This MO
sequence is in fact observed for AgF; and CdF;, that is
the electronic structure of the hexafluorides at the end of
the 4d metal series is determined by purely ligand inter-
actions.

The principal characteristic features of the change in the
EA and IP in the series of 3d metal hexafluorides are on the
whole the same as in the series of 4d and 5d metal hexa-
fluorides,®%2 although they are less clearly defined. In
particular, the antibonding HOMO of the 2t,_g type in CrFy
lies only 1.5 eV above the block of purely ligand MO,
whereas the corresponding values for the 3t,; and 41’29 MO
in MoFy and WFg are 3.8 eV and 5.1 eV respectively. ~On
further filling of the 2t2g MO in the anions of the 3d element

Figure 2.
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hexafluorides, its energy rapidly approaches the energies
of the ligand MO, and inversion with respect to the 1,5, MO
takes place at FeFg, whereas the corresponding inversion of
the 3tq and ltlg MO is observed only at the end of the 4d

series, for AgF;. This behaviour of the 2t,, MO is related
to its lower antibonding character, compared with the 3t2g MO
for the 4d element hexafluorides, resulting from the higher
energies of the 3d AO of the atoms in the first transition
series. A decrease in the antibonding character of the
HOMO of the t,g type with increase in the energy of the

atomic d-orbitals was also observed on going from the hexa-
fluorides of the 5d elements to the hexafluorides of the 4d
elements, although to a smaller extent than on going from
the hexafluorides of the 4d elements to the hexafluorides of
the 3d elements. In this connection. it should be noted that
small changes in the energies of the atomic d-orbitals lead
to fairly large changes in the energies of HOMO of the t,
type. The small contribution of the central atom to the
HOMO of the hexafluorides of the 3d elements leads to high
values (6—7 eV) of the EA for the entire series (with the
exception of CrF;, whose EA is also fairly high, 5.0-5.5 eV).

The above detailed analysis of the relationship between EA
and electronic structure shows that the hexafluorides of the
d-elements differ significantly from the fluorides of the
sp-elements; practically all transition metal hexafluorides
(with the possible exception of WFg) can be regarded as
superhalogens. At the same time, the dependence of the
value of the EA on the electronic structure in each specific
case is fairly complex. Nevertheless, it can be stated that
among the hexafluorides of the 4d and 5d metals, the highest
EA will be shown by those in which the HOMO is almost com-
pletely filled (that is NbF,, TaF;, AgFs, and AuFg). The

hexafluorides of the 3d metals almost all have high EA.**

g

Schematic representation of the highest valence

MO of transition metal hexafluorides.%




526

As noted above, in the estimation of EAaq for systems in
which the additional electron enters an antibonding MO it
is necessary to investigate the dependence of the first IPyqpt
of the anion on the M—F bond length. To investigate this
relationship, the electronic structure of the anions CrFg and
AgF; has been calculated.®® The distances R(Cr—F) =
1.753 and 1.85 & and R(Ag~F) = 1.85 & and 1.98 & were
used in the calculations. The calculations showed that the
change in the IP from the HOMO of CrF; does not exceed
0.5 eV, and that from the HOMO of the anion AgF; does not
exceed 0.15 eV. It may therefore be expected that for other
transition metal hexafluorides, small changes in the inter-
atomic distances will not lead to changes in the EA value
exceeding (.5 eV. The influence of R(M—F) on the EA
value is a maximum for the atoms of group VI, since the
HOMO of their hexafluorides has the most antibonding
character with respect to the central atom—ligand inter-
action, and decreases in the same sense as the decrease in
the antibonding towards the end of the period.

Tetra-anions MX,, where X = F, O, and CI, are also
encountered in salts. It is therefore of interest to study
the dependence of the EA of these anions on the charac-
teristic features of their electronic structure. The tetra-
oxyanions can be considered as an example. The orbital
energies of the tetraoxyanions of the 4d metals are given in
Table 3. The following characteristic features of the
change in the IP from the valence MO can be observed on
going along the series. Firstly, the change is irregular:
the IP value decreases on going from TcO), to RuO,, then
increases from RuOj to AgO;, and decreases again on going
to CdO,. Secondly, the IP of the block of "ligand" 1t,,
8t,, and 7a; MO remain practically unchanged on going
along the series, like the IP of the 6t, and 6a, orbitals,
formed predominantly by the 2s orbitals of the O atom.
Thirdly, the IP of the bonding 7t; and 2e MO increase
regularly along the series.

Table 3. One-electron energies (eV) of the valence MO of
4d-metal tetraoxyanions.®"

fo H - | -
85 T 3 3 § ) 3 E
-1 ~ = ~

8 = ‘. ~ [\ 1 - 1= 3 ' -
2] § 8] % g IEREE
Spin @ ' B a=f @ ] -3 B -3 B a=p L3 B
B | -] = =] == =1=1=1]=1=1 34| -
3 | — | — | — | 34| — | 38| — | 41 35| 4.4 4.4 4.3
1ty | 5.6 48] 4.9 4.8] 4.5| 51| 42| 48| 4.2] 47| 45| 43
8, | 58| 54| 55| 55| 52| 57| 5.0 55| 51 54| 5.5/ 5.0
7a, | 6,2| 58] 6.2| 6.0 58/ 6.0 56| 58] 55| 5.8 6.3| 5.5
7y | 8.3] 80| 87| 9.0( 88| 9.3| 9.2|10,2|10.1 | 12,4 | 156 | 15.3
2 | 83| 79! 85| 9.0| 87|10.0| 9.3(10.7]10.5 | 13.6 | 17.8 | 17.8
6fy |20.9]20,3]|20.5)|20.4(20.420.7]19.9]204|20.120.5)20.620.1
Bay | 24.1 ) 20.5{20.6 | 20.6 | 20,2 | 20.7 | 20.0 | 20,5 | 20.1 | 20,57 21.0 | 20.6

Overall, the characteristic features of the change in the
valence IP in the series of oxyanions are approximately the
same as in the hexafluoride series. A difference is that in
the tetraoxyanions, a HOMO of the e type is filled first, and
the filling of the antibonding MO of symmetry t, begins from
CdO,. Moreover, the actual EA values for the tetra-oxides
and their abrupt changes on going to the filling of anti-
bonding MO of the e and t, types are appreciably smaller
than for the hexafluorides. The changes in the upper
valence IP on going along the series of 3d metal tetraoxy-
anions are similar to the changes in the upper valence IP
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in the series of 4d metals. As in the case of the hexa-
fluorides of the 3d and 4d metals, however, the actual EA
values for the tetra-oxides of the 3d metals are greater, and
the abrupt changes on going to the filling of the antibonding
MO are smaller, than in the case of the tetra-oxides of the

4d metals. On the whole, the EA values for the tetra-oxides
are greater (3.5—5.0 eV), and practically all transition metal
oxyanions, with the possible exceptmn of RuQ,, can be
classified as superhalogens.

A similar analysis of the dependence of the EA on electronic
structure can be carried out for pentafluorides MF;, tetra-
fluorides MF,, trifluorides and trioxides MXj;, difluorides and
dioxides MX,, ete. High EA are shown not only by super-
halogens of the type MXj. 4, where k is the maximum formal
valence of the metal and X is a monovalent ligand, but also
by systems of the type MX), if the antibonding HOMO of the
corresponding anion is completely or almost completely filled.

3. The Search for Systems with the Maximum Possible Elec-
tron Affinity

Theoretical studies of superhalogens and various experi-
mental estimates show that chemical compounds may have very
high EA, exceeding the EA of halogen atoms. Two questions
naturally arise: what is the maximum EA that superhalogens
can have, and among which systems should they be sought?
According to the above ideas, these systems should contain
as ligands the maximum possible number of fluorine atoms,
since the energy of the HOMO of the anions of these systems
would approach the energy of the HOMO of neutral fluorides,
as a consequence of the delocalisation of the additional elec—
tron over a large number of ligands. Thus the value of the
first IP of neutral fluorides can be regarded as the upper
limit of the maximum possible EA values. According to
available experimental data, the first IP in the fluoride
series SFy, WF,, SiFg, CF,,% etc. are 15~17 eV, so that the
value 17 eV can be taken as the upper limit of EA values
for chemical compounds.

Various ways of searching for systems with maximum EA
may be noted. One way is to increase the number of ligands
in mononuclear systems of the type MF;. ,,- However, with
increase in the number of ligands, beginning from a certain
value of k, the effects of destabilisation of the HOMO of the
ion MF} , , as a result of inter-ligand repulsion may pre-
dominate over the stabilising effects of delocalisation, so that
further increase in the EA will not take place, as for example
in the chlorides of the sp-elements examined above. Another
possible way to increase the number of ligands is by changing
to polynuclear superhalogens, of the type Al F,, Sb,F;,,
or in general MpXp +1. In these systems, inter-ligand
repulsion does not increase with increase in the number of
ligands, and as a result of the maximum delocalisation of the
electron, the EA of these systems may approach the maxi-
mum possible value. These ideas are of course qualitative,
and indicate only the trends in the change in the EA, and
to obtain quantitative estimates it is necessary to carry out
calculations for each specific case.

To follow the trend in the change in the EA with increase
in the number of ligands, it is possible to use the results of
calculations by the DV-X, method of the electronic struc-
ture of the anions MnFj; and TcF; (mononuclear anions of
the type MFy +1) and Al,F7, P,Fpj, As,Fi;, and V,Fq;
(dinuclear anions of the type Mzek +1).7%%7 The geometric
structure of the dinuclear anions is shown in Fig.3.

In the series of mononuclear anions ScF,—VF;—MnFg, the
EA increases sharply on going from ScF, (4.8 eV) to VF,
(6.7 eV), and then remains unchanged on going from MnF,
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(6.7 eV). On going from NbF; (6.8 eV) to TcF, (5.8 eV),
it even decreases. This indicates that the optimum combi-
nation of stabilising and destabilising factors to achieve the
highest EA values in mononuclear complexes is obtained in
the six-coordinate fluorides. Further increase in the num-
ber of ligands does not lead to an increase in the EA,
because of the increase in the strength of the inter-ligand
repulsion. Calculations by the DV-X method indicate that
the maximum EA in mononuclear complexes (TaF; and AuFy)
is 7-8 ev.%

X/é( "XE
X X X
OM - M S5
X X

X X

Geometric structure of dinuclear superhalogens.

Figure 3.

On going from the mononuclear to the corresponding
dinuclear complexes, the EA increases systematically by
1-2eV. Thus for example the EA values for AlF, and ALF,
are 6.1 eV and 7.5 eV, for PFy and P,F,; 6.7 eV and 8.6 eV,
for AsFg and As,Fy; 7.2 eV and 8.6 eV, and for VF; and V,F,,
6.7 eV and 8.0 eV respectively.®® Thus the maximum EA for
dinuclear systems is apparently 9-10 eV. In particular,
these EA values may be shown by the systems Ta,F,, and
Au,F,;. Thus the change from mononuclear to polynuclear
superhalogens is a promising way of searching for systems
with-the maximum possible EA values. Polynuclear super-
halogens whose EA are more than twice the EA of halogen
atoms should rather be called hyperhalogens. They may
be used to obtain new classes of salt with non-traditional
cations. Stable salts with Ar* cations may possibly be
obtained using complex polynuclear hyperhalogens.

Table 4. Theoretical estimates of the EA of various super-
halogens, obtained by the DV-Xy method*.*"
Radical EA, eV Radical EA, eV Radical EA, eV
BeF, 4.1 (4.5) PdF, 6.1 TeF, 5.8
MgPs 312(3.8) AE 6.4 ALF, 75
B 6.2(6.2) CdF, 48 Py, 8.6
Al 8.1 (6.2) AsF, 7.2 Af“ 8.6
SiFs 6.4 (6.3) SbF, 7.0 vF, 8.0
PF 6.8 (6.6) HIF, 8.8 MoO, 6.2
Tik, 7.5 TaF, 814 TcO, 45
VF, 6.7 BeCly 4.5(4.2) RuO, 31
CrF, 5.0 BCI, 4.9 (4.5) PhO, 38
MoF, 5.9 MeCly 4.5(4.5) PdO, 87
FeF, 7.0 AICI, 5'8(5.0) g0, 44
CoF, 6.8 SiCly 49312 cdo, 34
NiFy 69 PCl, 4.3@3.7) &, 6.1
CuF, 64 sCls 3.4 MnO, 5.0
ZrF, 5.8 SeCl, 43 FeO, 37
2, 74 TeCly 3’5 Co0, 5.2
NbE, 8'8 SbCle 5.8 NiO, 57
TeF, 43 AsCl, 54 Cu0, i
RuFy 512 VF, 38 Zn0; 3.9
RbFy 81 Mok, 6.7 HeF, 5.8

*The values in brackets were calculated in a two-exponent
Clementi basis set with the addition of polarisation functions
of the central atom.
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Finally, Tables 4—6 summarise available theoretical and
experimental estimates of the EA of superhalogens.

Table 5. Theoretical and experimental estimates of the
EA (eV) of various superhalogens.

: Calculation by the
. Calculation by the .
ompound Experimental estimate x | DV-X, method;
Compou P DV-Xq method ¢ HF (DE) basis set
BO, 3.64-0.2 [40) — 4.6(3,6) [56)
AlQ, 4.%0 [40] - 3.7(3,4) [56]
NO, 3,681-0.20166]; 3.774:0.25[41] —_ 4.0 (3.6) [56]
PO, 4.9[99] —_ 5.3 (4,4) [56]
ClO, 5, 8[67{, 6.2 [100& 6,998 6.9 (6,3) ]56]
s 0.30 [41]; 0 75 [86}] 0, 5[101] 0.7(102)} 0.3(0.6) [23]
SeFq 3.010\2[ 2.9 {10 ] 2.1(3,0)[73)
TeF 3.344-0.2176) 2.6 {10 1.2(2.2) [73]
MoF’ 5,14(76]; 3.64-0,2[103]; 4.5—4. 8[101] 3.2[92]
5,364-0.06 {4104]; 4.5{405}; 5.77 [406]
WF, 3,544-0.10 [40); 4.9[105], 3.7 [107]; | 4.5—5.1[101] 3.5[90]
5.1-£0,5176); 3. 36 [108); 3.5[26}
ReF, 4,6[26) 5.3—6.3[104] 4.8190]
OSF 5.9[26] 6.2~7.3{101 6.0[90]
IrF, 4.34(67]; 5.440.5 [76] 7.0[26] 7.0—8.3{t01 7.2{90]
PtF’ 5.1—-7.8[10 9], 8,226 7.9—9.1[101] 7.4 [90]
AuF — 8.4—10.1 [101] 8.1190]
UF, 4.94-0‘5[“0], 5. 0[111] 3 6[79], 5.0[101} —
4,3[112]; 5 4.854-0.
5. ch:() 25 1113]

Note. Numbers in square brackets denote references
(Ed. of Translation).

Table 6. Experimental estimates of the EA of various super-

halogens.
Radical EA,eV Refs. Radical EA, eV Refs.
MnF, 5,274-0,20 [141] CrO; 3.7 [114]
FeFy 4.2540,20 {111} MoOF, 4.0+0.4 [103]
PiF, 21 [109] UFg 3.5 [113]
MnF, 5.22 (109] U,F, 4.240.5 [115]
FeF, 5.404-0,20 [111] U,F1o 4.540.4 [115]
PtF, 5.1130.36 {109 UFun 6.13-0.7 {115]
PiF, 6.5 [109 UyFae 7.940.8 [115]

4. Characteristic Physicochemical Properties of Superhalogens

Molecules with high EA show a whole series of fundamen-
tally important distinguishing properties. Thus the high EA
of SeClg and TeClg makes possible the existence of the anions
SeClZ” and TeCl2”, which are unusual from the traditional
chemical viewpoint.

A high EA makes it possible to obtain fundamentally new
salts with unusual cations, such as O;[PtFg]”, XeF#[PtF,]™,
Xe,F11[AuFgl™, ete.!™*2 The molecules O,, XeFs, and Xe,.
.F1; have high IP, so that to obtain salts with their cations
it is necessary to use superhalogens with anomalously high
EA, such as, for example, PtF;, AuFg, etc. Thus super-
halogens open up extensive possibilities for the synthesis
of new non-traditional salts with both organic and inorganic
cations.

Another unusual property of systems containing super-
halogen groups is related to the high IP of the anions of
superhalogens. Compounds in the gas phase in most cases
dissociate homolytically, to give a pair of neutral fragments.
This rule may not extend to molecules containing super-
halogens, however. Thus the values of the IP of the alkali
metals are 3.9—5.4 eV, and the EA of superhalogens may
exceed these values. In these cases, heterolytic dissocia-
For example, the salt Cs—AIlF,

tion may be more favourable.
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dissociates to Cs* and AlF;, and not to Cs and AlF,. This
heterolytic dissociation makes it possible to obtain a low-
temperature molecular plasma by simple heating, and this in
turn ensures increased conductivity of the vapours of these
salts. The gas-phase mixtures of NaAlCl, and KAICl, with
AlC1;—Al,Clg 1% have electrical conductivity values which are
fairly high for gases, amounting to 107*1—107% Q"* cm™? in the
temperature range 500—900 K. The partial pressure of ions
in the gas reaches 107% atm at a partial pressure of NaAlCl, of
0.1 atm. )

Superhalogens are widely used to modify the electronic
characteristics of one-dimensional and two-dimensional
organic compounds to obtain materials with metallic conduc-
tivity, and also organic superconductors.!*~2¢ All organic
superconductors obtained up to the present contain super-
halogens anions as counter-ions. It is suggested that the
geometric structure of the anion is important for the conver-
sion of quasi-one-dimensional organic systems to the super-
conducting state.!® Thus for the synthesis of new organic
superconductors with a higher critical temperature T, it is
necessary to have a wide range of superhalogens with
different geometric structures.t

On the other hand, the class of counter-ions suitable for
obtaining organic superconductors can be extended con-
siderably using the cations of superalkalies, since the quasi-
one-dimensijonal stacks of organic conjugated molecules
forming the starting material have not only donor but also
acceptor properties. The synthesis of organic systems
using superalkali cations as counter-ions would extend con-
siderably the range of organic semiconductors, metals, and
superconductors, and would also be extremely interesting
for theoretical chemistry.

IV. ELECTRONIC STRUCTURE OF SUPERALKALIES

After the detection of the large class of molecular systems
having high EA (superhalogens) there arose the question,
which is important for extending the concept of electro-
negativity and electropositivity, of the lowest possible IP
values of neutral molecules and radicals, that is the EA of
the corresponding singly charged cations. Among the
elements of the periodic system, the lowest first IP are
shown by alkali metal atoms, so that systems whose first IP
are lower than those for alkali metal atoms are naturally
called superalkalies.

From the ideas presented in section II, it follows that to
achieve a low first IP of a neutral system of the type MLy .,
it is necessary that the HOMO be antibonding with respect
to the central atom—ligand interaction, and, in addition,
that the ligands have low upper IP. In this case, on
formation of the compound MLy ,,, the electrons of the L
atoms will enter an antibonding MO, and the energy of their
bond in the MLy +; molecule will be lower than in the isolated
L atom. It should therefore be promising to look for "super-
alkalies" in the class of systems ML, ,,, where L are alkali
metal atoms.

To verify this suggestion, the DV-X, method was used!?-118
to calculate the electronic structure of a number of radicals of
this type. Table 7 gives the results of the calculation of the
first IP of radicals MLy +,, and also available experimental
estimates. The IP of the radicals were calculated for the

tIn view of the importance of the tetrahedral structure of
the counter-ion for increasing T, (for example ClOy 18y, the
anions of transition metal tetra-oxides can be recommended as
counter-ions for the production of new superconductors.
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equilibrium geometry of the corresponding cations, that is the
values of the first IP of the radicals MLy 4+, given in Table 7
are equal to EAyp¢ for the cations ML,*C +,+ Clementi's double-
exponent (DE) basis set was used in the calculations.1*?11® It
was shown for the typical superalkalies CINa, and PNa, that
expansion-of the DE basis set by including polarisation (3d)
and diffuse (3s, 3p) functions of the central atom, and also
polarisation (3p) functions of the ligand atoms, leads to only
slight changes (~0.1 eV) in the first IP and the composition
of the HOMO.

Table 7. First ionisation potentials (eV) of superalkali
radicals.
Radical Experiment ?ﬁ?‘;‘f’ﬁ?ﬁls)

. 4,154-0.20 [119] ¥3

2 . . .
FNa, . 3.7
ECs, — 2.6
CiCs, - 2,3
OLi, 4,54-4-0,20[120] 3.4*
ONa, 3, A5 (121] 3.5
o 390000 ot =

2, ' - -
OK,' 376270.04 [121} —
SLi, — 3.2
SNa, — 3.3
NLi, - 3.6
NNz, — 3.7
PLi, — 3.0
PNa;, —_ 3.2
NH;' 4,6[125] 41

4,734-0,06 {126}

*Non-empirical calculation with allowance for correlation
energy (MP2/6-311*) 122 gives the value 3.37 eV,
**See Ref.123 and references therein up to 1984; non-
empirical calculation with allowance for correlation energy!?*
(SDFI) gives the values IP,q = 4.41 eV and IPgept = 4.43 ¢V,
Note. Numbers in square brackets denote references

(Ed. of Translation).

The coefficients of the LCAO expansion of the valence MO
in the DE basis set for the radicals FLi,, OLis;, and NLi, are
given in Ref.118. The MO have a similar structure for other
radicals of corresponding types. According to Ref.118, the
doubly occupied MO consist chiefly of the AO of the central
atom, whereas the highest half-filled MO consist chiefly of
the AO of the ligands. For these radicals, the HOMO are
antibonding with respect to the central atom—ligand inter-
action, and according to traditional views of the structure of
MO its energy should be higher than the energies of the AO
of both the central atom and the ligands. In fact, in all
cases the IP of the radicals (see Table 7) are lower than the
IP of the alkali metal atoms, which lie in the range 3.9-5.4 eV
for Cs—Li. Thus the MLy +, cations being considered must
be regarded as superalkalies, since the first IP of the
corresponding radicals are lower than the first 1P of alkali
metal atoms.

The above radicals were chosen so that it would be possible
to follow the change in the IP with change in the ligand L and
the central atom along a sub-group, and also with increase in
the number of ligands. The replacement of Li by Na leads to
small changes in the IP, and no regular trends could be
established from the results of the calculations. The
replacement of Na by Cs in the series FNa,—FCs, and CINa,— i
CICs,, however, leads to a significant decrease in the IP.
When a ligand is replaced by a heavier ligand from the same
sub-group, a decrease in the EA of the corresponding cation
should apparently be expected. The replacement of the



Russian Chemical Reviews, 56 (6), 1987

central atom by a heavier atom from the same sub-group will
also lead to a decrease in the EA, although the relative
changes are small. With increase in the number of ligands
in series of the type FLif—OLif—NLi}, the EA on the whole
decreases, although the decrease is small. For the EA of
the cation to be small, it is not necessary that the IP of the
ligands be low. If the antibonding of the HOMO is strong,
the energy of the binding of an electron in the neutral
system MLy , ; may be low, in spite of a high EA for the
cation L°.

Another type of molecular radical MLy +, with low values of
the first IP may be provided by Rydberg radicals, in which
the additional (relative to the corresponding cation) electron
enters a Rydberg AO of the central atom. In this case,
since the Rydberg AO of the M atom are fairly high, the IP
from these AO should be low. An example of these systems
may be provided by ammonium radicals NR,, where R is an
organic group. For the simplest system NH,, detailed ab
initio calculations have been carried out with variation of the
geometry of the cation NH: and the radical NH, separately,
and with allowance for the correlation energy by the con-
figuration interaction method with the addition of Rydberg
orbitals to the basis set.!?” These calculations showed that
the HOMO in NH, consist chiefly of the Rydberg AO of the
N atom, and the value of IPyq for the NH, radical (or EA,4
for the NH{ cation) is 4.3 eV. This value shows good agree-
ment with the experimental estimates 4.6 * 0.2 eV 2% and
4.73 + 0.06 eV.'?® Other radicals NR, for which R has
electron-donor properties should have even lower IP, and
all these radicals can apparently be classified as alkalies or
superalkalies.

Both superalkalies and Rydberg radicals are stable with
respect to monomolecular dissociation,*®7*2® although the
dissociation energy is relatively low. At the same time the
corresponding cations are extremely stable with respect to
monomolecular dissociation. Thus the dissociation energy of
ONa? - ONa, + Na* is 87 kcal mole™*,*?? and that of NH{ +
NH, + H* is 217 kcal mole™*.12*

The low EA of "superalkali” cations indicates the possibility
of synthesising new classes of salt in which the anions are
molecular systems with low EA. The first salts of this type,
LiO$NO™ and LijO*NOj3, have already been synthesised, and
X-ray diffraction has confirmed that they contain Li;O*
cations.?’”?° Superalkali cations can form salts in cases
where the formation of the corresponding salts with alkali
metal atoms may be energetically unfavourable either because
of the relatively high IP of the metal atom or because of steric
hindrance. Salts consisting of superalkali cations and
superhalogen anions can apparently have very low heterolytic
dissociation energies, and this is of interest from the view-
point of the physics of low-temperature molecular plasma.

In recent years, ab initio calculations have revealed a new
class of so-called hyperlithium compounds OLi,, OLis, CLis,
CLig, etc.}?®7132 in which the formal valence of the central
atom is greater than the maximum classical valence.
According to the calculations, the first IP of these com-
pounds are relatively low, and these systems can also appar-
ently be regarded as superalkalies. The question of the
existence and energetics of hyperlithium compounds requires
further theoretical and experimental studies, however.

_.._000___

The rapid extension of the possibilities provided by
computing techniques suggest that in the near future it will
be possible to calculate the electro. affinity and ionisation
potentials of chemical compounds of increasing complexity.
Nevertheless, qualitative models which would make it possible
to estimate these quantities without laborious calculations
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are of considerable interest. The analysis carried out in
the present review has shown the existence of two important
classes of chemical compound: with anemalously high EA
(superhalogens) and with anomalously low first IP (super-
alkalies). Both classes of compound are of considerable
interest for theoretical chemistry, since they extend the
traditional concepts of the electronegativity and electro-
positivity of chemical groups.. At the same time these com-
pounds are important for practical purposes, for example
for the synthesis of new chemical compounds and in the
planned search for new dopants to increase the electrical
conductivity of polymers, and also new counter-ions for the
production of organic superconductors.

It is hoped that the above discussion of the electronic
structure of superhalogens and superalkalies will attract
the attention of experimental workers and find further
theoretical development.
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