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Abstract. The results of quantum-chemical calculations of elec-
tronic structures of complexes of non-transition elements are
surveyed. Their X-ray emission and X-ray photoelectron spectra
are analysed. General principles of the electronic structure of these
complexes are established. It is shown that the effective partic-
ipation of partially or completely occupied valence np™ orbitals of
the central atom A of AL, complexes in the formation of
delocalised MOs, the negligibly small contribution of vacant And
orbitals to the bonds with ligands, the valence inertness or rather
low contribution of occupied Ans> orbitals (except for 25> AO) to
the valence MOs, and the initiation of multiple bonds (in the
electronic structure of complexes) due to covalent or hypervalent
n-interactions involving only 2p (but not 3p, 4p, etc.) atomic
orbitals are the most significant factors influencing the electronic
structure of non-transition element compounds. The concept of
d orbitals and hypervalent bonds is critisised. The bibliography
includes 130 references.

1. Introduction

The essence of the problem of the electronic structure of non-
transition element compounds is quite simple. The main task is to
find out what valence orbitals of central atoms (A) in the
complexes ALy (k= 1) of non-transition elements participate in
the formation of bonds with ligands (L) described by delocalised
molecular orbitals (MO).

In ionic compounds of alkali and alkaline earth metals, the
leading part is played by the ns' and ns®> orbitals; in other
complexes of these metals, the contributions of the np orbitals
should also be taken into account (especially in complexes formed
by A!). The physicochemical nature of the majority of com-
pounds of Group I and II metal is too specific, and its analysis is
beyond the scope of our review.

The electronic structures of complexes of Group III and IV
non-transition elements can be described fairly adequately in
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terms of the Ans and Anp orbitals and usually correspond to the
traditional concept of sp™-hybridisation of the basis AOs, espe-
cially in the case of boron and carbon complexes. The electronic
structures of complexes of aluminium, silicon and their analogues
with coordination numbers above 4 are more complicated.

The problem of describing the electronic structures of com-
plexes of Group V- VIII non-transition elements is even more
complicated, because the ground states of atoms of these elements
contain one or more electron pairs localised in the valence ns and
np AOs (in this case, the total number of valence electrons in an
atom is greater than the number of valence orbitals, which is equal
to four). At this point, the problem branches. The structures of the
valence shells of the simpler molecules such as HF, HCI, H»O,
H>S, NHj; or PH3, in which the chemical bonds are mostly formed
by unpaired Anp-electrons, are relatively simple; problems arise in
determining the contributions of the occupied Ans? orbitals to the
valence MOs and in solving the problem of hybridisation of the
basis ns and np orbitals of the central atom.

The problem of describing an electronic structure is the most
complicated in the case of higher compounds of Group V- VIII
non-transition elements. The term ‘higher compounds’ is used in
relation to molecular systems in which the oxidation state of a
non-transition element A exceeds the number of unpaired np-
electrons in the ground state of the atom, while the number of the
unpaired Anp-electrons alone is insufficient to ensure that all the
A—L bonds in the complex AL are two-electron two-centre
interactions. The term ‘higher compounds’ cannot be regarded
as appropriate, and its use can be justified only in striving for short
presentation. According to this terminology, not only compounds
of elements in the maximum oxidation states (C1’ ", S°*, erc.) are
referred to as higher compounds, but also those in which the A
atom is in a lower oxidation state (for example, complexes of
formally trivalent chlorine CIO}~ or tetravalent sulfur, SO37).

Undoubtedly, the key role in the formation of bonds with
ligands in the higher complexes of non-transition elements
belongs to the valence np” orbitals of the central atom. Therefore,
the main point in studying the electronic structures of these
compounds is to elucidate the degree to which the vacant nd
orbitals and ns? orbitals occupied in the ground state of the central
atom participate in the delocalised valence MO.

The problem of the description of electronic structures of
complexes of non-transition elements has a long-standing history.
Three stages, not separated from one another (in time or in the
essence of the problems solved), can be distinguished, namely,
empirical, semiempirical and non-empirical periods. The name of
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the last stage is conventional; this stage combines theoretical ab
initio calculations of the electronic structures of non-transition
element complexes carried out by the SCF and MO LCAO
methods, by the methods of scattered waves and by X,-discrete
variation; experimental studies of these complexes by X-ray
emission and X-ray photoelectron spectroscopy; coordinated
studies of electronic structures using both X-ray spectroscopy
and the MO theory and general theoretical approaches to the
problem.

I1. Empirical concepts

In our review, attention is concentrated on the electronic struc-
tures of higher compounds of Group V- VIII non-transition
elements. A considerable part is occupied by the discussion of
the nature of, and the reasons for the differences between, the
electronic structures of complexes formed by elements of the
Second Period and by elements of the Third and higher Periods.

To describe the electronic structures of higher compounds of
Group V- VIII non-transition elements of the Third and subse-
quent Periods, two alternative concepts were developed as early as
the 1950s. According to one of them (the concept of d orbitals), it
is assumed that both the ns? and np™ orbitals of the central atom A
occupied in the ground state and its vacant nd orbitals are involved
in the binding with ligands.!-> The bonds between the atom A and
the ligand were described by multi-centre MOs formed according to
the requirements of group theory with efficient participation of the
ns, np and nd orbitals of atom A (strictly specified for each type of
molecular symmetry) and the corresponding group orbitals of the
ligands. This concept was based on the idea of sp " d” hybridisation
of valence orbitals of the central atom and made it possible to pass
from the canonical delocalised MOs to equivalent localised MOs,
i.e. to describe the electronic structure of an AL complex by a
certain set of two-electron two-centre covalent A—-L o- and
n-bonds. A fairly important role has been allocated to the allowance
for the symmetry of the complex. The vacant nd orbitals of the
central atom able to participate in the o- or m-interactions with the
ligand orbitals were strictly specified in conformity with the
symmetry point group. The concept of d orbitals (sometimes
referred to as the theory of complete hybridisation) has been
presented clearly and systematically in monographs.3#

The second concept is the concept of hypervalent bonds. It is
based on the idea of three-centre four-electron interactions
proposed by Pimentel and Rundle3~7 and assumes that the
bonds of atom A with ligands are mostly formed through the
valence np™ orbitals of the central atom. The ns>-electrons are
used only in some cases, whereas the vacant nd orbitals remain
valence-inactive and do not participate in the A—L bonds. The
electronic structure of an AL, complex is described as a set of two-
electron two-centre covalent A—L bonds involving the unpaired
electrons of the A atom and three-centre four-electron (hyper-
valent) L1y— A — L) bonds involving the paired np>-electrons or,
more rarely, the ns>-electrons of the A atom.?®? In the case of com-
plexes with central atoms in the highest oxidation states (SFe, PFs,
etc.), the Ans? orbitals are assumed to participate necessarily in the
valence MOs. The concept of hypervalent bonds (or the theory of
three-electron bonds), the history of its development and its
numerous consequences have been considered in monographs.?4 10

In the 1950s and 1960s, the concept of d orbitals occupied a
leading position in the theory of electronic structure of com-
pounds AL of non-transition elements. This can be explained
retrospectively as follows. In those years, theoretical studies were
mainly concerned with complexes of transition metals. Their
electronic structures have been modelled using the crystal field
theory, the ligand field theory and the MO theory including
various versions of calculation procedures. The theory of the
electronic structures of compounds of non-transition elements has
remained the Cinderella of quantum chemistry and has been
‘fascinated’ by the successes in the rapidly progressing theory of
electronic structure of transition metal complexes. Researchers

believed that the electronic structure of AL, cannot present
anything conceptually new, interesting or significant compared
to that of complexes ML, of transition metals M; the electronic
structures of the latter have usually been described using all the
valence AOs [ns, (n—1)d, np] with allowance for the symmetry
requirements. Therefore, views on the electronic structures of ALy
have largely resulted from the groundless transfer of the general
ideas of the theory of the electronic structure of MLy to coordi-
nation compounds of non-transition elements and from the wide
use of the statement that the principles of the electronic structure
of two types of complexes — AL, and ML, — are close and even
identical. Moreover, the concept of d orbitals has been supported
by many experimenters, who have searched and seemingly ‘found’
evidence supporting participation of the And orbitals in the
electronic structures of AL, and in the A—L bonds.

However, at that time, some arguments in favour of the
concept of hypervalent bonds were found. Syrkin and Linnet '~ 13
noted that d AO make fairly low contributions to the electronic
structures of non-transition element complexes. They stressed that
the characteristics of those vacant d orbitals of non-transition
element atoms that should be included in the basis set of atom A
cannot be theoretically estimated with a sufficient ac-curacy.
Furthermore, since the And orbitals in AL, can be delocalised
near the ligands, the problem of d AOs is generally less significant
than it had seemed initially. The requirement that the number of
hybrid orbitals of the central atom in an AL, complex should
coincide with the number of two-centre bonds and the a priori
judgment of the multiplicity of the A —L bonds cast special doubt
upon the concept of d orbitals. Therefore, the setback of these
ideas observed in the last few years is surprising.'#

In the 1960s, it was believed that the problem in question could
be solved by systematic quantum-chemical calculation of the
electronic structures of non-transition element complexes. Both
concepts are ‘one bone and one flesh’ in MO theory. Within the
framework of these concepts, the electronic structures of ALy
complexes can be described using both delocalised MOs and
localised two- and three-centre MOs. Therefore, since the middle
1960s, quantum-chemical calculations have been used systemati-
cally to model the electronic structures of various AL complexes
in various approximations of the MO theory.

I11. Semiempirical calculations of molecular
orbitals

The greatest number of calculations for AL, complexes have been
carried out by semiempirical MO LCAO methods. Owing to
computational difficulties only few ab initio calculations for
complex multi-electron and multi-centre AL; compounds, based
on the Hartree — Fock — Roothaan (SCF MO LCAO) method with
fairly complete and balanced atomic basis sets, were performed at
that time.

The MO LCAO calculations have provided extensive infor-
mation; these results have been presented fully and comprehen-
sively and in a clear and systematic form in the review by Dyatkina
and Klimenko.'> ¥

The review begins with comments on the calculations of
spatial and energy characteristics of vacant nd orbitals of isolated
atoms and atoms in a ligand field. These calculations did not give
an answer to the direct question, whether the nd AOs can
participate in bonds, but indicated that the spatial characteristics
of d orbitals (unlike those of s and p AOs) can vary over wide
limits, from very diffuse to contracted orbitals, depending on the
valence state of the atom. The calculations for excited states of
atoms also have not clarified the situation, although they have
provided useful information on the energies of excitation from the

T We advise those who are interested in the problem of vacant AO, to read
this brilliant review, which was published in 1973 and marks the com-
pletion of a stage in the development of the quantum-chemical views about
electronic structure of non-transition element compounds.
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ground states of atoms to their valence states in which the nd
orbitals are occupied by electrons and on the orbital energies of
these electrons.'®

Based on the results of semiempirical MO LCAO calculations
for various AL, complexes, the authors of the review made some
conclusions that seemed the most reliable and significant at that
time. These conclusions can be outlined as follows.

The populations of d AOs are substantial but not more than
0.5—1 electron. According to the theory of localised bonds, the
populations of d orbitals are postulated to be large integer values,
and thus the contributions of these orbitals are overestimated
twice or even more. The contributions of d orbitals are greater in
compounds with high valences of the central atom (such as SO»,
SO?[, SFe) and increase with an increase in its formal valence. In
addition, the contributions of d AOs increase with the decrease in
the degree of ionicity of bonds (in oxygen compounds they are
greater than in fluorine compounds, the number of ligands being
the same). No considerable donor-acceptor Lp, - Ad, interac-
tions can be detected even in those cases where these interactions
are allowed from the symmetry viewpoint. The allowance for d
orbitals influences the calculated properties of molecules in differ-
ent ways. For example, it should be noted that the calculation of
dipole moments and inversion barriers requires that d orbitals be
necessarily included in the basis set of AOs even for elements of the
Second Period (although in this case, the contributions of d AOs
are lower than those for atoms of the Third Period elements).
However, the MO energies are less sensitive to the expansion of
the basis set due to d AOs. Therefore, it would be hasty to judge
the role of d AOs based only on the analysis of one or several
molecular properties, the more so as an increase in the influence of
d AO on a particular characteristic is not always proportional to
the increase in the electron population of d AO. It is necessary to
analyse a variety of properties that respond in different ways to the
inclusion of d orbitals in the atomic basis set. The results of
calculations do not identify any correlations between the contri-
butions of d AOs to the MOs and electronic characteristics of the
atom and, hence, they do not make it possible to discuss the
variation of the nd AO populations as a function of the position of
the non-transition element in the Periodic Table.

In addition to the MO LCAO semiempirical calculations, the
maximum overlap method has also been used to study the role of
d orbitals and the extent to which they participate in the hybrid
orbitals of tetrahedral oxo-anions. The tetrahedral hybrid orbitals

® = oys T Brp + xas

were calculated with allowance for the contributions of both ds
and g, components. The s/p™d" electronic configurations of the
central atoms were estimated from the relations /:m:n =
o?: f%: 2. The results of the calculations showed that the relative
d-contribution to the electron population of atom A varies over
wide limits (from 0.02 for BrO; to 0.3 and 0.4 for ClO; and
AsO37), but it is always several times smaller than the d-contri-
bution to the electron population of central atoms M in analogous
tetrahedral oxo-anions formed by transition metals (for example,
VO;~, CrO3~, MnOy).

In other studies,!® 2! the problem of vacant d orbitals of non-
transition element atoms has been discussed in terms of the results
of semiempirical calculations of valence electron density distribu-
tion in two- and multi-atomic fluorides, chlorides, oxides and
complexes of the AXx_, Y, type with coordination numbers of 3,
4 and 6. The calculations were carried out by the MO method in
the zero differential overlap (ZDO) approximation. It was found
that d orbitals play an insignificant role in the formation of
chemical bonds between central atoms and ligands. In particular,
it was shown that the fact that the energies of dissociation of the Si,
P, S and Cl monofluorides are larger than those of the C, N, O and
F monofluorides is not associated with the role of d orbitals of the
atoms of Third Period non-transition elements but is due to the
specificity of their s and p AO, i.e. to specific spatial and energy
characteristics of A3s and A3p orbitals.

The statistical theory of Thomas—Fermi atoms?? has also
been invoked to the solution of the problem of vacant 34 orbitals
of the atoms of non-transition elements of the Third Period. It was
shown that these atoms, unlike those of elements of the Second
Period, have no states occupied by electrons and characterised by
the orbital quantum number / = 2; the states with / = 2 can be
occupied only in the case of cations. The electron populations of
the states with / = 2 is determined by the degree of ionisation of
the atom; both lower and upper limits to the degree of ionisation
exist. Depending on its effective positive charge, the same central
atom can have, or not have, occupied 3d states. A particular
degree of ionisation of the atom is necessary but insufficient for
the 3d AO to be occupied, because the extent of this occupation is
also determined by the nature of the donor of valence electrons.
Thus the population of the 3d AO of chlorine in CIF; is close to
zero (0.05 a.u.), despite the considerable degree of formal ionisa-
tion of the chlorine atom (gc; = +1.18 a.u.), which is favourable
for the population of its 3d AO. Apparently, this is due to the low
electron-donating ability of fluorine atoms (gr = +0.09 a.u.).

In recent years, semiempirical calculations have been seldom
used to solve the problem of vacant d orbitals; sometimes, the
results of these calculations are compared with the photoelectron
spectroscopy data for the corresponding complexes.?24 The
results of the latter indicate that d orbitals contribute significantly
to the valence electron structures of higher sulfur fluorides, silicon
oxo-complexes, etc.

Nevertheless, the conclusion that the problem of d orbitals
cannot be solved adequately within the framework of the semi-
empirical approach is beyond any doubt.'® The semiempirical MO
LCAO calculations exaggerate the role of d orbitals and give a
wrong picture of the electron density distribution; they are of little
use for the description of the qualitative variation of d-contribu-
tions in various series of molecules, do not prove in any way the
real participation of the And AOs in the A—L bonds and give so
great a scatter of the calculated values of d-populations that
attempts to extract unambiguous information from them are
hopeless. These calculations confuse rather than clarify the prob-
lem of outer d orbitals.

In the early 70s, it seemed that the final solution of the nd AO
problem would become possible as a result of systematic non-
empirical calculations for a great number of complexes; general-
isation of experimental values for a broad range of molecular
properties; thorough analysis of the regularities in the variation of
these properties and establishing correlations between the molec-
ular properties and calculated characteristics of the contributions
of d orbitals to the valence molecular orbitals in the electronic
structures of complexes. However, the first studies along these
lines have already shown that counting on the non-empirical
approach to the estimation of the role of d AOs in the valence
electronic structures of complexes of non-transition elements also
has no prospects.

IV. Non-empirical MO calculations and X-ray
spectra of complexes

The need to determine reliably the populations of the outer
(vacant) atomic orbitals in an explicit form and their contributions
to various molecular properties imposes stringent requirements
upon the MO method used for the calculations. The non-empirical
SCF MO LCAO method and X,-methods meet these require-
ments best of all. However, even fairly legitimate calculations
carried out for AL complexes in terms of these methods have not
resulted in the solution of the nd AO problem.

The following approach is normally used to solve the nd-AO
problem in terms of ab initio and X,-methods. The participation
of And orbitals in o(ds-5,ps) or T(dr-p=) bonds with ligands is set
depending on whether or not the inclusion of the nds and nd,
orbitals into the atomic basis set results in the calculated energies
of single-electron MO approaching the corresponding experimen-
tal values and/or in a decrease in the total energy of the molecular
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system. The electron population of the And orbitals in the complex
is estimated from the same viewpoint.

Unfortunately, no unambiguous conclusions have been
drawn from the results of calculations for complexes of non-
transition elements accumulated over the past two decades.

The results of some of the ab initio SCF MO LCAO and SCF
SW X,-calculations attest to an appreciable electron population
of the And orbitals in the complexes studied,!>25-2% whereas
according to other calculations, this population is equal to
zero.30-32 In addition, the results published for the same com-
pounds are sometimes at variance with one another. For example,
the population of the atomic And orbitals in SF¢ has been found 2°
to be 1.2e~, whereas according to another study,’? the electron
structure of SF¢ is hypervalent and is described without partic-
ipation of the 3d orbitals of the central atom. X,-calculations for
SF¢ has led Condliy and Johnson3! to the conclusion that the S3d
orbitals remain virtually unoccupied.

In a typical case, the inclusion of nd AOs into the atomic basis
set leads to a slight decrease in the energy of those MOs which can
contain nd AOs [for example, ex(c) and 124(m) MO in an octahedral
complex]. However, this decrease in the MO energies does not
occur for all nd exponents, and, besides, the energies of the rest of
the single-electron MOs can increase when the nd AOs are taken
into account. Therefore, despite the fact that allowance for the
And orbitals is believed to result (according to the variational
principle) in a decrease in the total energy of the molecule, this is
due to the change in the energies of the Coulomb and exchange
interelectron interactions rather than to stabilisation of single-
electron energy levels.? This paradoxical result is reproduced in
the ab initio and SCF SW X,-calculations for SF¢, SeFg, TeF¢ and
PFs complexes and for the isoelectronic series PO ™, SO3~, ClO; .

The results of SCF DV X,-calculations 338 of the electron
structures of many halides and halo-anions of non-transition
elements AL]™ (p = 0-3) including SFs, SFsCl, SFsO~, etc. in
the basis of numerical Hartree— Fock functions indicate that the
chemical bonds and many properties of ALY complexes (reac-
tivity, geometrical structure, stability and its dependence on the
charge for series of isoelectronic complexes) are due to the
formation of multi-centre MOs. The latter consist of all the
valence s and p orbitals of the central atom and the ligands,
which are transformed in terms of the corresponding irreducible
representations for the symmetry groups of the complexes under
study.?*~3% Most of the calculations do not confirm the partic-
ipation of the vacant And orbitals in the bonds with ligands. In
particular, when the electronic structure of SF¢ has been calcu-
lated in the s,p basis, good agreement between the calculated
single-electron energy levels and the experimental ionisation
potentials has been observed.?* 37 The addition of the S3d orbitals
to the Hartree — Fock basis did not change the order of the levels
and did not result in significant improvement of the calculated
single-electron MO energies with respect to the experimental
values for the d exponent varied over a fairly broad range.
However, it should be noted that in the case of TeFs, good
agreement between the calculated and experimental MO ionisa-
tion potentials is observed when the calculation is carried out with
the s, p, d basis set of the central atom;3’ thus, a more adequate
description of the sequence of MO energies in TeFs is achieved
when the atomic basis is supplemented by the TeS5d orbitals. Based
on the results obtained by DVM X,-calculations of the molecular
orbitals of the SFsO~ anion, isoelectronic to SF¢, the increase in
the multiplicity of the S—O bond has been explained by the fact
that all the valence AOs of oxygen participate in binding with the
AOs of sulfur to a greater degree than those of fluorine, without
assuming the occurrence of the S3d,—O2p, interactions.?® Per-
haps, the higher multiplicity of the bonds in the SO3~ tetraoxo-
anion is also not associated with the S3d,—O2p, interaction.

In the non-empirical calculations, the agreement between the
calculated and experimental geometric parameters of a complex
(type of the polyhedron, bond lengths, bond angles) are often used
as a criterion for elucidating the role of nd AOs. In this case, one

must take care whether the addition of nd functions of the central
atom to the atomic basis set improves the geometry (i.e. the
agreement with experiment). Again, some ab initio results imply
that And orbitals exert only insignificant influence on the opti-
mum geometrical parameters of sulfur halides and show their low
electron population.® Conversely, some other calculations attest
that d functions need to be taken into account in order to describe
adequately the geometric structures of molecules of this type and,
in these cases, the populations of And orbitals are found to be
high.40~43 However, in this case, too, some interesting peculiar-
ities have been found. Firstly, the large population of nd AOs has
a substantial influence on the energies of Coulomb and steric
repulsions and does not lead to enhancement of the d.—px
interaction. Moreover, in addition to the d-contribution, the
second-order Jahn-Teller effect, caused by the presence of low-
lying excited states with appropriate symmetries, can also be a
crucial factor influencing the geometric (and electronic) struc-
tures.*! Secondly, the addition of d functions results in almost
identical effects for complexes of elements of the Third Period
(SF4, SOF,, SO5F»)*? and of the Second Period (NO;, NO3,
NO73, NO, efc.). ** In both cases the addition of 3d orbitals to the
basis set improves the geometry and reduces the total energy of the
molecule, which correlates well with the population of d AOs. The
higher the formal valence of the central atom, S or N, the larger the
effect of stabilisation due to d AOs. Similarly, non-empirical
calculations for homonuclear polyhedral molecules P4, Ass, Pg
and Asg using a pseudopotential and a two-exponent basis set
indicate that the expansion of the basis set due to vacant nd AOs
makes it possible to explain the fact that the P4 and Asg4 clusters are
more stable than the 2P, and 2As, systems, respectively.** It was
noted ** that the crucial factor determining the higher stability of
P4 with respect to 2P; is the increase in the electron population of
d AOs from 0.06 to 0.10. However, very close values have been
found #° not only for the As, and Asy4 clusters but also for N, and
Ny, although the hypothetical N4 molecule is known to possess
much higher energy than 2No.

Here we encounter a quite typical situation, which has been
analysed in detail in the review by Bochvar e al.*® Up to now,
while we discussed the problem of d orbitals, we proceeded from
the assumption of real atomic d orbitals in the sense in which the
valence s and p orbitals in a molecule are real. Then we assumed
that non-zero electron populations of d AOs can serve as an actual
criterion and a measure for their participation in the A—L bonds.
Note in this connection that Coulson#’ has suggested that two
cases should be distinguished: (1) the contribution of d AOs is
large (about 0.5—1 electron or more), then one can speak of their
real participation in bonds; (2) the contribution of d AOs is small,
then they act as polarising functions, and the discussion of their
populations makes no particular sense. The second case represents
a different aspect of the problem of d orbitals, based on the fact
that the radial parts of d functions obtained in MO calculations by
minimising the total energy of the molecule (with allowance for
the variation of the AO exponents) differ markedly from the radial
parts of d orbitals of isolated atoms (they are more contracted)
and approach the radial parts of the corresponding valence s and p
AOs; for example, 3d — 3s,3p.4%4° This strong contraction is
observed in all cases and is independent of the d-population and of
the effective charge on the atom in a molecule. These altered d
orbitals are no longer related directly to vacant valence orbitals of
the atom. Now they have a different meaning: they should be
regarded as certain corrections in ab initio calculations that take
into account polarisation of valence s and p AOs upon the
formation of bonds and make the total molecular wave function
more precise. Mulliken has suggested that the populations of these
outer dor AOs should be regarded as the populations of those
valence o,n AOs, which they polarise.*°

If we assume that the role of d orbitals reduces to corrections
for calculations, then we should find out what the relative
significance of these corrections is in the calculations of the
electronic structures of compounds of Second and Third Period
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elements. The inclusion of 3d functions into the central atom basis
sets in the calculations for compounds of elements of the Second
Period is always accompanied 'S by their strong compaction
(3d - 2s,2p), non-zero electron populations, and by a decrease
in the total energy of the molecular system.!>-4 Thus, in the case
of ab initio calculations for compounds of elements of the Second
Period, the atoms of which have no valence d orbitals at all, the 3d
functions also act as effective corrections. Using numerous nitro-
gen and phosphorus compounds as examples, Bochvar et al.#
demonstrated convincingly that the role of d-type corrections in
the calculations for compounds of Second and Third Period
elements is approximately the same; in these two cases, d-pop-
ulations are close and the effects of d AOs on various molecular
properties are quite comparable in magnitude. For quantum-
chemical reasons, the participation of d orbitals in the electronic
structures of compounds of Second Period elements has never
been considered to be necessary; therefore, the second (‘correc-
tion’) aspect of the allowance for d orbitals seems to be more and
more preferable. It can be assumed that in ab initio calculations for
compounds of Third Period elements, the role of d-type orbitals is
to counterbalance the defects caused by an inadequate sp basis
set.>!

Expansion of a basis set increases the number of variational
parameters; consequently, the test function becomes more flexible
and, hence, the total energy of a molecular system always
decreases (owing to the variational principle). Basis set expansion
is typical of quantum-chemical calculations. The expansion of the
basis set in terms of the Roothaan method makes it possible to
obtain (within the specified accuracy) the wave functions corre-
sponding to the Hartree — Fock limit. However, the total energy of
a molecular system is less sensitive to the basis set expansion than
other electronic characteristics and, therefore, it cannot be a
reliable criterion for establishing the Hartree—Fock limit in
calculations by the Roothaan method (the virial theorem and the
Gelman — Feynman theorem are used as additional criteria).>? In
addition, the stability of a molecular system cannot be fully
explained in the Hartree— Fock terms; for this purpose, the
correlation energy and core effects should also be taken into
account.>3- 3

It is clear from the above that it is impossible to determine
correctly the populations of d AOs and, hence, to solve the
problem of vacant d orbitals in terms of merely quantum-chemical
Hartree— Fock — Roothaan (HFR) calculations (even the most
accurate) with a multi-exponential expanded and balanced basis
set, without allowance for configuration interactions (CI) (which
is typical of most of ab initio calculations). Apparently, only in
terms of the multi-configuration approximation for a self-consis-
tent field (MC SCF), will an adequate estimation of d-contribu-
tions to various properties of the systems under consideration be
possible. (All the above is also true for the little-studied problem of
occupied Ans? orbitals.) Within the scope of the MO LCAO
method, the problem of outer d AOs is additionally complicated
because, as noted above, the term d AO is used with two meanings,
and there is no clear criterion to distinguish between the ‘real d
AOs’ and ‘polarising d functions’.!> It should also be borne in
mind that the question of outer d AOs arises only in the MO
LCAO approximation, which is most extensively used now but is
not the only one existing.

Since the early 70s, ultrasoft X-ray spectroscopy has been used
actively in studies dealing with the problem of vacant d orbitals.
X-Ray emission spectra provide vital information on the elec-
tronic structures of complexes; relative energies of all valence MOs
and the contributions of the majority of atomic orbitals to them
can be found in this way. According to the dipole selection rules,
those MOs that contain contributions of the 3s and 3d orbitals of
atoms of the element under investigation (3s—2p and 3d-2p
transitions) can be manifested in the L-spectra of elements of the
Third Period (Cl, S, P, Si, etc.).>>~57 The complete sets of X-ray
fluorescence spectra for a large number of chlorine and sulfur
compounds have been studied most extensively in this

respect.>® 93 In the opinions of the researchers cited, these spectra
unambiguously indicate that 3d orbitals of chlorine and sulfur
atoms do contribute to chemical bonds. These and other similar
data on ultrasoft X-ray spectroscopy covering a wide range of
non-transition element compounds are believed to be indisputable
experimental evidence for effective participation of A3d-electrons
in chemical bonds.

However, another viewpoint also exists. Analysis of X-ray
emission L-spectra of sulfur and chlorine compounds ®* permits
one to distinguish several reasons for the complicated and incon-
sistent structure of emission CIL- and SL-spectra. One of them is
decomposition of a substance during recording of the spectrum
with both the primary excitation of the spectra by electrons and
the secondary excitation by photons. Experimental (emission CIL-
spectra of ClOy) and theoretical (SCF SW X,-calculations of
ClOy) data confirm that a large fraction of the intensity of the
low-energy band in the X-ray emission L-spectrum is due to
products of decomposition of ClOz.% It should also be taken
into account that under the conditions of recording X-ray
emission spectra, interaction of a compound studied with the
copper anode surface is possible. Finally, one more reason lies in
the fact that in the assignment of spectral bands, the super-
imposition of short-wave radiation with higher-order reflection
on the recorded spectrum (for instance, the sixth order reflection
of L, ,- and Lg-lines of copper) is not monitored (and, hence, is
not taken into account).

The theory of X-ray emission spectra is largely based on the
single-electron orbital model. The X-ray lines in a multi-electron
system are assumed to be due to a transition between two states
having particular electron configurations and described by the
Hartree— Fock method. In the one-particle approximation (in the
approximation of ‘frozen’ orbitals) in which the relaxation effects
are ignored, the Hartree — Fock orbitals of the ground state of the
molecular system under study are used in calculations of excited
states. The results of SCF ab initio calculations of the fine
structures of X-ray emission spectra for SOz, CS,, SCO and Cl,
molecules have been reported,® and it has been found that the
orbital model has only limited utility for the interpretation of the
spectra due to the presence of significant correlation effects. In the
CKgp-spectra of CS, and SCO, high-intensity transitions from the
lower antibonding molecular orbitals (which are vacant in the
ground state) have been detected. To explain the presence of
short-wave satellites, the X-ray re-emission mechanism (inelastic
non-shifted scattering) has been invoked. Previously, high-inten-
sity short-wave satellites have been found in K- and L-spectra of
boron, carbon and sulfur and interpreted as re-emission transi-
tions from excited levels. 61- 6769

Thus, the data of ultrasoft X-ray spectroscopy cannot be
regarded as indisputable evidence for the participation of d orbi-
tals of the central atoms in the chemical bonds in complexes of
non-transition elements, since experimental results often disagree
with one another and their traditional interpretation is incorrect
and unambiguous. It is significant that stricter investigations
carried out more recently have a different character. The energies
and intensities of the X-ray L-emission of the central atom for
PO}~ and ClO; have been measured experimentally and calcu-
lated theoretically by the SCF SW X, method.”® The inclusion of
A3d orbitals in the basis set improves the agreement between the
calculated and measured intensities of lines and energies of X-ray
spectral transitions (the transition energies were calculated using
the transition state approximation) but has almost no influence on
the orbital energies of the PO;~ and ClO4 ground states. This
implies that A3d orbitals participate only slightly in their elec-
tronic structures. A study of the electronic structure of POCIs
carried out by X-ray and X-ray photoelectron spectroscopy and
by SCF MO LCAO, MINDO/3 and SCF SW X, ab initio
calculations 7! has shown that the contribution of d orbitals of
the phosphorus and chlorine atoms to the occupied valence
molecular orbitals of POCl; is relatively small.
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The results of studies on the effect of the chemical shifts of the
emission X-ray lines for compounds of non-transition elements do
not lead to unambiguous conclusions on the role of d orbitals
either. The chemical shifts of the emission K, - and Kpg,-lines of
xenon in the X-ray spectra of XeF», XeF4, LisXeOq, NaHXeO4
and NasXeOg with respect to similar xenon lines in a hydro-
quinone clathrate have been measured.’”? These chemical shifts
were compared with the Mdssbauer isomer shifts of xenon for the
same compounds.!?® The results were interpreted in terms of the
model of valence electron configuration of a free effective ion. X-
Ray transition energies and the electron density on the nucleus in
this ion were calculated by the Dirac— Slater method. The ques-
tion of whether the Xe5d orbitals participate in the bonds with
ligands remained open; however, the workers’? pointed to the
possibility of this participation in the electronic structures of high-
valence oxygen compounds of xenon. Analogous results have
been obtained somewhat earlier for a number of iodine com-
pounds.”3- 74

Based on the most general statements of the MO theory and
the perturbation theory, Shustorovich has justified theoretically
the fact that And orbitals do not make a significant contribution to
the valence MOs of complexes of non-transition elements.33-7-76
An indispensable condition for effective electron interaction
between the valence orbitals of the central atom and the ligands
is proximity of their orbital energies. In the second order of
perturbation theory (for non-degenerate levels), the energy of
stabilisation for a bonding MO

¢ = Caxa + CLyL,

(where C is a variational parameter) is determined by the formula

2
BaL

AEaL~ —————,
lora — ot |

(M

where s and oy are the Coulomb integrals characterising ‘self-
consistent’ energies of x4 and yr, orbitals (in those approximations
of the MO theory in which an effective single-electron Hamilto-
nian is used), faL is the resonance integral determining the energy
of interaction between the x4 and xr AOs and proportional to the
overlap integral Sar. In the atoms of Group IV-VIII non-
transition elements, the energies of nd orbitals are 10—15 eV
higher and the energies of ns orbitals are 10—20 eV lower than
those of np orbitals. This indicates that the contributions of ns, np
and nd orbitals of atom A to the bonds with ligands are necessarily
inequivalent. In typical cases, the energies of the valence orbitals
of ligands are somewhat lower than the energies of the Amp
orbitals. Therefore, the vacant And orbitals prove to be too high-
lying for them to interact efficiently with the occupied valence
orbitals of ligands. For the same reason, the occupied Ans?
orbitals are not always able to participate in the bonds with
ligands: their energy is often too low compared to those of the
valence orbitals of the ligands. Generally, the high ns—np and
np—nd separation energies for atom A attest to a crucial role of the
Anp orbitals in the formation of the electronic structure of ALx
complexes and to much smaller contributions of the Ans? and,
especially, And orbitals to the valence MOs. Characteristic
properties of coordination compounds of non-transition elements
can be calculated without using the nd orbitals of the central atom,
which act as polarisation corrections for the orbital basis set.2%- 77~
80 As a whole, the general theoretical ideas prove unambiguously
that the vacant And orbitals make no significant contribution to
the valence MOs in the electronic structures of non-transition
element complexes; the role of the occupied Ans? orbitals is less
clear.

While researchers discuss the problem of d orbitals (more
precisely, when a large contribution of d AOs to the electronic
structure of a complex is stated a priori), they often refer to the
symmetry criteria and stress that for any point group of symmetry
of an AL, complex, there are always some orbitals among the And
AOQOs that belong to the same irreducible representations as the

valence orbitals of the ligands. Therefore, ¢ or m interaction of the
And orbitals with the ligand orbitals is always possible to one or
another extent.

Later, this thesis has been made more precise in the following
way:8! the d AOs make a real contribution to the electronic
structures of complexes in the case where these orbitals, being
included in the basis set, form, in conformity with the symmetry
properties, new bonding MOs upon interaction with the AOs of
the ligands (for example, e orbitals in MX4 or #55 and e, in MXe);
otherwise, they should be regarded as polarising corrections.
However, firstly, non-empirical calculations show that d AOs are
by no means always involved in bonds, even when it is possible
from the symmetry viewpoint. Secondly, the results of a compa-
rative study of the influence of d functions in various calculation
versions ¥ imply 82 that d orbitals with appropriate symmetry are
not more important than the rest of d AOs. Besides, in calculating
the electronic structure of the excited state of a molecule, the
criterion of symmetry is less significant for the selection of d AOs
than the optimisation of an additional diffuse d AO needed to
describe MO of the Rydberg type. Finally, what is the most
essential, the allowance for d AOs is not necessary for the
construction of the appropriate number of MOs in the electronic
structure of an AL, complex of a certain symmetry. For example,
when only one ns and three np orbitals of the central atom are
available, one can construct, resorting to the AOs of ligands, six
equivalent MOs corresponding to the canonical orbitals (aig, f1u,
e;) of an octahedral complex; having only three np orbitals of the
central atom at disposal, one can construct four equivalent MOs
corresponding to the canonical orbitals (a;, 72) of a tetrahedral
complex.3 In the former case, the e, MO is a non-bonding ligand
orbital, while in the latter case, this refers to the a; MO.

Thus, since the results of nonempirical calculations of the
electronic structures of non-transition element complexes are
ambiguous and the interpretation of the ultrasoft X-ray spectro-
scopy data is by no means irreproachable, it is still an urgent task
to describe the general principles of the electronic structures of
non-transition element complexes and to answer the basic theo-
retical question: what valence orbitals of central atoms do
participate in the formation of delocalised MOs?

V. X-Ray photoelectron spectra of compounds of
non-transition elements

The most significant studies accomplished in recent years reveal
the inconsistency of the concept of d orbitals. However, the
existing theory of the electronic structure of non-transition
element complexes is still contradictory in some aspects and
lacks inherent unity. Besides, there exists not only the problem of
vacant nd AOs, but also the problem of occupied ns? AOs, and the
latter has been quite little investigated until recently. Further
development of the theory requires precise experimental studies
on the electronic structures of these compounds.

Below we discuss the results of systematic studies of typical
complexes of non-transition elements carried out by photo- and
X-ray photoelectron spectroscopy, which are now the basic
physical methods used to study occupied electron levels in free
molecules and crystals.®3~8 In appropriate points of the discus-
sion, we present data from X-ray emission and MOdssbauer
spectroscopy, Auger electron spectroscopy and spectroscopy of
internal conversion electrons. We include only those experimental
results that have been obtained repeatably by various authors and
virtually agree with one another, i.e. results that can be regarded as
final. The discussion material covers compounds of Group IVA —
VIIIA elements. The discussion is based in many respects on our
own studies in which the parameters of the X-ray photoelectron

1 Using d functions of the central atom, appropriate from the symmetry
viewpoint; with a basis set of the central atom incorporating d functions
not corresponding to the criterion of symmetry; taking into account the
full set of d functions in a balanced basis set.



Principles of the electronic structure of complexes of non-transition elements

287

spectra (XPS) of the valence band and inner levels of the central
atoms were interpreted for the first time independently of the
results of theoretical calculations on the electronic structures of
the corresponding complexes. The analysis of line intensities was
performed using photoionisation cross-sections and included
systematic comparison of relative intensities. In the analysis of
the energy positions of the lines, we used the energies of the
valence orbitals and the core levels of the corresponding free
atoms. As a result of these studies, X-ray electron criteria have
been established that make it possible to estimate the degree of
participation of vacant nd and occupied ns? orbitals of the central
atom in the molecular orbitals of the A—L bonds.

1. Vacant And orbitals

To determine the degree to which nd orbitals of the central atom A
participate in the valence MOs of non-transition element com-
plexes from the parameters of their X-ray photoelectron spectra,
two approaches have been used: analysis of the relative intensities
of the XPS valence lines and of the energies of the inner levels of
the A atom in these complexes.8> 8¢

At present, there are only a few reviews devoted to the analysis
of the XPS of non-transition element compounds.®>87 In the
majority of cases, the analysis of XPS and the interpretation of the
electronic structure of complexes based on it are carried out
resorting to the results of the corresponding non-empirical calcu-
lations. Most of these coordinated investigations seem to support
the view on the considerable contribution of And orbitals to the
electronic structure of complexes. This relates, first of all, to the
most studied series of isoelectronic tetraoxo-anions,3%87-88 Cl1O; ,
SO3~, PO;™ and even to xenon fluorides.3% %

However, apparently, the conclusions about the large contri-
butions of d AOs based on the analysis of XPS are not quite
correct. This is indicated not only by the fact that the results of
some SCF calculations are in excellent agreement with XPS even
without allowance for d AOs.

In fact, the valence XPS of tetrahedral oxo-anions ClOy,
SO~ and PO}~ and many other oxo-anions?$%87-°1-92 contain
identical numbers of bands and are quite similar to one another in
the positions of bands and in their relative intensities. A typical
example is provided by the X-ray photoelectron spectrum of the
ClOy, which is shown in Fig. 1 a. In this spectrum, the two upper
bands corresponding to the 1¢z; and 37 MOs with the same
electron population (6e~) are close in energy and have almost
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Figure 1. Valence band X-ray photoelectron spectra of tetrahedral
tetraoxo-anions ClOy (a), AOY~ (b), MO}~ (¢).
For numbers - V1, see the text.

identical intensities. This means that these MOs consist of only
2pr orbitals of the oxygen atoms, and there is scarcely any
significant contribution of the And orbitals to the 3z, MO (the
contribution of And AOs to the 1#; MO is forbidden from the
symmetry viewpoint). Otherwise, the relative intensities of the two
bands under consideration would have been markedly dissimilar
owing to the different photoionisation cross-section of the nd
levels of the atom A and the 2p levels of the oxygen atoms.

Analysis of the intensities of the two next bands corresponding
to the le(4e~) and 2#, (6e ) molecular orbitals does not permit
one to distinguish unambiguously between the absence or the
presence of a contribution from the And orbitals to these valence
MOs, because this contribution is, in principle, allowed from the
symmetry viewpoint for both le and 2, MOs composed of the
Cl3p and O2p orbitals. However, the high intensity of these bands
suggests that the And orbitals do not make any significant
contribution with low ionisation cross-sections to them. In
addition, the le and 2#; MOs lie lower in energy than the 17, and
31, molecular orbitals and, therefore, a contribution of the fairly
high-lying And orbitals to the le and 2¢; MOs is even less likely
than their contribution to the 1¢;- and 31, MO, which contain no
And AOs.

Further evidence for the absence of a contribution of the And
orbitals to the valence MOs of the AOj'~ oxo-anion is the fact that
the structure of the upper energy bands in the valence XPS of
tetrahedral oxo-complexes of transition metals MO}~ is abso-
lutely different. The latter are isostructural and isoelectronic with
AQ}'™ 8587.91.92 The electronic structures of the M —L bonds in
the oxo-complexes are described with allowance for the valence
ns*> and (n— 1)d orbitals of the central atoms M (Fig. 15,¢).

Similar conclusions can be drawn from the results of X-ray
photoelectron studies of some other complexes of non-transition
elements.?3~97 A specific place in this series of studies is occupied
by the study of Siegbahn,®” who carried out a detailed analysis of
the intensities of lines in the valence photoelectron spectra of SFg
recorded with various types of ionising radiation (He-I, He-II) and
concluded that the spectral parameters would have been different
if the 3d orbitals of the sulfur atoms had played a significant role.

Thus, the intensities of XPS valence bands indicate that there is
no Ands r < Lnps  donor-acceptor interactions involving vacant
And orbitals in the electronic structures of non-transition element
complexes. This was shown, for example, in the studies of SO~
(without S3d, « O2p,) or SF¢ (without S3ds « F2ps), although
from the viewpoint of the d orbital concept, the XPS studies should
have revealed the participation of the nd orbitals of the central atom
in the formation of delocalised valence MOs of the complexes.

Another X-ray electron confirmation of the fact that vacant
And orbitals do not participate in the A—L bonds is the character
of dependence of the energies of inner levels of the central atom A
on its oxidation state (formal valence) in the complexes.

Based on the results of a systematic study of the X-ray
photoelectron spectra of the inner levels of central atoms in
many complexes of non-transition elements, it has been shown 8¢
for the first time that the variation of the energy and of the
chemical shift of some inner level of atom A in a series of
compounds formed by this element follow a linear dependence
on its formal valence. For series including numerous compounds
of a non-transition element, starting from the Third Period, for
example, NaCl—NaClO4 (Cl2p3,2), KBr—NaBrO4 (Br3ds)), KI—-
KIOy4 (I4ds)2), CdS—Na»SO4 (S2p3)2), CdSe—Na,SeOy4 (Sedds)»),
CdTe—HeTeOg (Tedds)», Te3ds)), no substantial deviations from
linearity for the correlations: ‘energy of an inner level of A —the
oxidation number of A’ have been found (Fig. 2). When the
chemical shifts were calculated from the experimental Ey values,
the binding energy of the inner level of the central atom in its
compound with the lowest oxidation state is taken as the zero
point. The results obtained for all the systems studied are alike: the
binding energy and the chemical shift of the inner level of atom A
increase linearly with increase in its oxidation number. Moreover,
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Figure 2. Chemical shifts for inner levels of atoms A as functions of their
oxidation numbers.
a: Nlsi2 (1); C12p3p2 (2); Xe3dsy (3); b: S2p3j> (1); Te3dsyz; Tedds)» (3)

this ‘linear effect” does not depend on the type of the inner level of
the atom A (for example, Te3ds/, and Tedds),, Fig. 2).

This linearity was explained 8¢ as resulting from the low
contribution of vacant And orbitals to the valence MOs of A—L
bonds. Indeed, participation of vacant nd orbitals of the atom A in
bonds with ligands (for example, with the 2p AO of oxygen in oxo-
complexes) is possible only through a donor-acceptor mechanism
with transfer of the valence electron charge from the occupied
orbitals of ligands to the vacant nd orbitals of the atom A
(And < Lnp, 0:2), and this should have led to a relative increase
in the electron charge on the atom A, to the corresponding de-
crease in the binding energy of its inner level, and to a deviation
from the linear dependence described above up to its disappearance.
This is why the ‘linear effect” implies that the virtual nd orbitals of
the central atom almost do not participate in the bonds with ligands
in compounds of phosphorus, arsenic, antimony, sulfur, selenium,
tellurium, chlorine, bromine, and iodine, i.e. of typical non-tran-
sitional element of the Third Period and subsequent Periods. This
conclusion is also strongly supported by the following facts. Firstly,
the linear correlation between the binding energy and the chemical
shift of the inner energy level of anion A holds for those compounds
of a non-transition element, the electronic structures of which are
known to contain no contribution of the And orbitals (NasS, CdS,
S, see Fig. 2) and is extended in the same form to its compounds
with high oxidation states (Na>SOs3, Na>SO,) in which the concept
of d orbitals suggests effective participation of And orbitals in the
A —L bonds. Secondly, a similar linear dependence is also observed
for nitrides and nitrogen oxo-complexes as well as for xenon

fluorides (see Fig. 2) %% in which the absence of any contribution
of nd orbitals of the central atom to the bonds with ligands is
beyond any doubt. Thirdly, in the series of coordination com-
pounds of transition metals in which all the valence orbitals of the
central atom including M(n—1)d AOs can participate in M—L
bonds, the dependences of the inner level energies of the atom M on
its oxidation state are complicated and non-linear; in this case, there
is no linear correlation (or any other correlation, up to the ‘star
sky’), owing to the differences in the relative roles of the covalent
M-L, donor-acceptor M « L and dative M — L bonds in each
particular ML, compound.

2. Occupied Ans? orbitals with n > 3

The problem of participation of Ans> AOs in A—L bonds in non-
transition element complexes can be solved by studying their
valence X-ray photoelectron spectra. For this purpose, one should
find out whether the band of the quasiatomic Ans? level is retained
in the spectrum or is missing due to the involvement of the Ans?
orbitals in valence delocalised MOs of the complex.

Fig. 1 shows the typical valence X-ray photoelectron spectra
for tetraoxo-complexes of non-transition elements AO}~ and
transition metals MO}~ obtained for A = CI, Br, I, S, Se, Te,
As and M = V, Cr, Mn, Mo, W, Re. 87-91.92 The traditional
interpretation 87-°! of the valence XPS of an AO}~ or MO}~
complex (i.e. the assignment of the bands to particular MO of the
complex) is based on the results of semiempirical and non-
empirical quantum-chemical calculations for the electronic struc-
tures of tetrahedral oxo-anions. In the spectrum of AOj ™ (see
Fig. 1b), high-energy bands 7 and /I were assigned to the atomic
0252 levels (the 1a; and 1£, MO), bands /11 and IV were attributed
to the 2a;, 2, and le molecular orbitals of the A—O o-bonds
formed upon interaction of the valence Ans, Anp, And, and O2p
orbitals; finally, bands ¥ and VI were assigned to the non-bonding
O2p levels (the 3z, and 1e MOs, poorly resolved in energy). This
assignment provokes serious objections for a number of reasons.??

Firstly, the valence spectra of isoelectronic and isostructural
(T, AOJ~ and MO}~ tetraoxo-anions are absolutely different,
and this is natural, because the valence electronic configurations
of the central atoms A and M are different. However, within the
region of O2s? levels, one should expect (from the viewpoint of the
above interpretation) that the forms and energies of the X-ray
photoelectron bands would be fairly similar if not completely
alike. However, there is no similarity (Tables 1 and 2). The O2s-
lines in the spectra of MO}~ are highly symmetrical (the asym-
metry index is close to unity) and have virtually identical energies
irrespective of the nature of the central atom. This means that in
the MO}~ tetrahedral anions, the O2s? levels and the correspond-
ing la; and 12, MOs are very close in energy (the splitting energy A
= 1-2¢V), which is in full agreement with the results of ab initio
calculations 190 for the electronic structure of MO} ™. According
to these calculations, the O2s>-electrons are quasiatomic and are
not involved in the formation of bonds with the central atom. At
the same time, in the spectra of AO}~, the two bands with higher

Table 1. Valence bands in the spectra of tetraoxo-anions of nontransition elements/ eV.

A0y~ Ey, of line 1 Ey of line 17 Widths of lines A=0.05 Levels of A— o-bonds; O2p, levels
(Ans?, 2ay) (022, la; + 11) I and I7 at the basis
2t le RIS 14 line width
at the basis

ClOy 36.0 28.6 18.0 0.6 18.3 15.2 10.5 8.6 13.8

SO;~ 32.0 27.6 14.2 0.6 16.9 13.7 10.3 7.2 14.8

PO;~ 30.5 27.1 13.4 0.5 16.0 12.0 7.2 9.1 15.9

SeO;~ 30.8 27.2 12.8 0.7 17.8 12.9 9.1 - -

AsO;~ 31.0 27.1 12.0 0.6 16.7 13.1 10.1 10.1 12.0

104 29.8 26.5 14.4 0.5 17.6 12.0 8.7 8.7 14.4

Note. 7, I] are lines in Fig. 1; A4 the ratio of intensities of lines 7 and /1.
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Table 2. Valence bands in the spectra of transition metal tetraoxo-anions. —¢ eV a —¢ eV b
30—
m— 2 .
MO} 02s? levels (1a; + 1£2) Levels of M — O o-bonds; 5L 5L 4p° —_
complex O2p, levels 452 =——N
10 | 3pt—0 _ 10 3T
I 11 111 v I 11 ~ o P N oy
15 < 5 L ~—2p
CrO;~ 25.3 11.0 39 1.16 14.1-6.1 8.0
MoOj;~ 25.2 10.8 3.2 1.00 14.4-6.0 8.4 20 | 357 20 +
WO;~ 25.2 10.6 32 1.00 13.8-6.6 7.2 55 ’s
a B - 2 - 252
ReOy 25.4 8.0 3.6 1.04 13.4-5.8 7.6 I2s -
Note. The following designations are used: 1 is the energy of a line /eV; I1 is 30 ¢ 30 -
the line width at the basis /eV; III is the width at the half-height /eV; IV is S o C o
r

the asymmetry index.

energies, which are assigned traditionally to the quasiatomic O2s?
levels, have much more complex shapes. In conformity with the
generally accepted views, the splitting energies for the 1a; and 11,
MOs calculated from the XPS parameters are relatively large
(A =5-6¢V; in the case of ClIO;, A = 7.4 ¢V) and this is at
variance with the low energy of splitting of the O2s? levels in
MOy

Secondly, if bands 7 and /7 (see Fig. 1b) were actually due to
the O2s? levels in conformity with the generally accepted inter-
pretation, the ratio of their intensities would be 1:3, since the
ionisation cross-sections for the 1a; (2¢~) and 1z, (6e~) O2s?
levels are virtually identical (because their energies are close) and
the ratio of their intensities is determined only by their electron
populations, i.e. it is 1:3. However, in all valence XPS of the
AO}'~ complexes without exception, the ratio of the intensities of
lines 7and /7is markedly larger and ranges from 0.5 to 0.7 (instead
of the expected 0.33).

Thirdly, the energies of the O2s? levels in the MO}~ complexes
are close to those of the O2s? level in the free oxygen atom (the
vertical line at 28.5 eV in Fig. 1). If band Iin the spectrum of AO}" ™~
is attributed to the O2s? level, it is impossible to explain its
substantial stabilisation, taking into account the negative effective
charge on the oxygen atoms in AOj~ (as well as in MQO}'"). The
situation can hardly be saved by referring to the stabilisation by
the crystal field of the positively charged cations (K) in the crystal
structure of K,,,AQy4 (in this case, this stabilisation would be also
manifested in K,,MOy).

The detailed analysis of the intensities and energies of the two
bands with the highest energies (7 and /1) in valence XPS of AO}'~
shows 92 that the former band corresponds to the quasiatomic ns?
level of the central atom A, which is not involved in the valence
delocalised MOs and hardly participates in the bonds of the atom
A with ligands; the latter band, like the corresponding band in the
spectra of transition metal tetraoxo-anions, is due to the quasia-
tomic 2s? levels of the oxygen atoms (2a; and 172 MOs). This
interpretation (see Fig. la) eliminates simultaneously all the
contradictions mentioned above and makes it possible to under-
stand the characteristic features of the X-ray photoelectron
spectra and the essential difference between these spectra of
isostructural and isoelectronic tetraoxo-anions of non-transition
elements and transition metals.

In fact, since the electronegativity of oxygen is higher than that
of the central atom in the AO}'~ complex (as well as in other oxo-
complexes of non-transition elements and transition metals), a
positive effective charge appears on the central atom and a
negative charge appears on oxygen (it is also necessary to take
into account the negative charges of the AO}'~ and MO}~ anions
themselves). This results in stabilisation of quasiatomic Ans?
orbitals with respect to those in the free atom A and in destabili-
sation (to a markedly lesser degree) of the quasiatomic O2s? levels
with respect to those in free oxygen atoms (Fig. 3a). This is why the
highest-energy (~35 eV) band I in the valence XPS of AO}~
cannot belong to the O2s? levels but represents the quasiatomic ns?
orbital of the central atom A, which is markedly stabilised (by 7—

Figure 3. Changes in the energy of quasiatomic orbitals upon the
formation of oxo-complexes of a non-transition element (¢) and a
transition metal (b).

10 eV) with respect to the ns? orbitals of the free atom A. The same
energy of stabilisation (up to 10 e¢V) of both the core and
quasiatomic valence orbitals of the central atom A upon the
formation of higher complexes has been pointed out by Sieg-
bahn,?3-84.97 based on the analysis of the parameters of numerous
X-ray photoelectron spectra.

The energy separating bands 7 and /7 in the valence spectrum
of AO}'~, which has earlier been regarded as the energy of splitting
of the 1a; and 1£, O2s? levels, is actually the difference between the
energies of the quasiatomic Ans® orbital and the O2s? levels and
can vary over wide limits depending on the individual nature of the
atom A (on the energy of the ns? orbitals in the free atom A) and
on its formal valence.

Now we make an important comment. Whereas in the oxo-
complexes of non-transition elements AO}'~, the quasiatomic ns?
orbital possesses the greatest binding energy in the valence band,
in the case of fluorides AF}'~, it is the F2s? levels that are
characterised by the greatest binding energy in the valence band.
This is due to the fact that the energy of the 252 orbital of F is much
greater (37.8 eV) than that of the 2s® orbital of O (28.5 eV);
therefore, the quasiatomic Ans? orbital, which is highly stabilised
in the electronic structure of the fluorides AF}'~, cannot ‘outrun’
in energy the F2s? levels, which are somewhat destabilised. There-
fore, in the valence XPS of both MF]'~ and AF}’", the lines with
the highest energies correspond to the F2s? levels.

The valence ns? orbitals of the central atom in the electronic
structure of MO}~ (unlike those in AO} ™) are incorporated in the
valence MOs (their energies being markedly higher than those of
the O2s states) and thus participate efficiently in the M — L bonds.
Therefore, the quasiatomic 2s? levels of oxygen have the greatest
binding energies (Fig. 3b) in the valence band and, hence, the
valence XPS of a MO}~ complex does not and cannot contain a
band similar to band 7 in the spectrum of AO}" .

The degree of ionicity of bonds and consequently the effective
negative charge on the ligands in MO}'~ are higher than those in
isoelectronic AOJ~ complexes, since the electronegativities of
atoms M are markedly lower than those of A. Therefore, one
can expect that the O2s-line in the valence XPS of MO}~ should
be destabilised (with respect to 28.5 eV) to a greater extent than
that in the case of AOj ™. Experimental studies (Fig. 1) have
completely confirmed this assumption.

The ratio of intensities of lines 7 and /7 (see Fig. 15) in the
valence spectrum (if the former is assigned to the Ans? state)
should not be equal to 0.33, but should vary, as is actually
observed in experiments, depending on the nature of the central
atom A (Cl, Br, 1, S, Se, P, or As), on the corresponding changes in
the ionisation cross-sections 1% of the valence ns? levels of these
atoms and on the integral intensity of band 7, if the ionisation
cross-section of the O2s? level and the integral intensity of band I/
corresponding to it are constant.
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The energies of the ns? orbitals of the central atoms A in the
series ClO; —BrOg —107, ClO; —SO3~—PO3~, etc. depend on
the electron populations (effective charges) of atoms A; the latter,
in turn, are determined by the chemical individuality of the
particular atom A, i.e. by the energy of ns> AOs in the free atom
and by the orbital electronegativity. The energy of an ns> AO is
also influenced by the total electrostatic charge of the complex, by
the difference between the orbital electronegativities of the central
atom and the ligands and by some other factors. In addition,
according to the interpretation being developed, the energies of
the O2s? levels vary in the same series. In particular, in the series
ClO; —~SO}™ —PO;™ and BrOj —SeO3™ —AsOj~, the energy of
stabilisation of the Ans? level increases with respect to the ns?
energy in the free atom A; this corresponds to a decrease in the
total charge on atoms A in these series due to the decrease in the ns
and np orbital ionisation potentials of A. The destabilisation of the
quasiatomic O2s? and O2p? levels in relation to their energies in a
free oxygen atom increases in the same series; this is due to the
increase in the valence electron density on the oxygen atoms in
AOj'". Similar regularities caused by the same reasons are observed
in the series ClO; —BrOy —10; and in analogous series of tetraoxo-
anions of sulfur, selenium, phosphorus, arsenic, efc.

This new interpretation of valence XPS of oxo-complexes of
non-transition elements is versatile and covers not only AOj~
tetraoxo-anions but also the rest of known oxo-complexes with
different numbers of coordinated oxygen atoms, with another
symmetry, etc. In this case, additional arguments supporting this
interpretation appear.

Firstly, the quasiatomic nature of Ans> AOs is confirmed by
the fact that the intensity of a particular line in valence XPS of
compounds of the same non-transition element is almost the same;
this is also true for those compounds in which the Ans? orbitals are
known not to participate in A—L bonds, for example in the
ClO; —ClO3 -ClO; —CIO™ -ClI series. If an Ans®> orbital did
participate in A — L bonds, the intensity of the Ans?-line (normalised
with respect to a certain core level) would not remain constant
irrespective of the structure of the oxo-complexes, owing to differ-
ent degrees of mixing of Ans? and O2p orbitals in the valence MOs.

Secondly, as the number of coordinated oxygen atoms in an
oxo-complex decreases, the ratio of the intensities of Ans?>- and
O2s2-lines in its valence spectrum increases proportionately. This
type of behaviour is characteristic only of quasiatomic electron
levels.

Thirdly, if the line with the highest binding energy in valence
X-ray photoelectron spectra of oxo-anions and other complexes
of a non-transition element actually corresponds to a quasiatomic
Ans? state, then the energy of this level, like that of any inner level,
should increase linearly following an increase in the oxidation
state of the atom A. Besides, the ‘sensitivity’ of the binding energy
of a quasiatomic Ans? level to the number of ligands with a higher
electronegativity (oxygen atoms in this particular case) coordi-
nated to it should be higher than that of other inner levels of the
atom A with the same symmetry. In other words, it should be
expected that the rate of increase in the ns level binding energy will
be higher than those for (n — 1)s, (n — 2)s, etc. levels in the series
of compounds with increasing oxidation state of the central atom,
because the ns level is the most outer level among those consid-
ered. In the valence XPS of chromium, sulfur, selenium, and
arsenic compounds with various oxidation states, the binding
energies for ns? levels of atoms A have been determined. This is
illustrated by Fig. 4, which shows, as an example, the dependence of
the chemical shift of the CI3s? level on the oxidation state of
chlorine. Moreover, this Figure contains analogous relationships
for the chemical shifts of the K(1s) and L(2s) levels of chlorine based
on the data of Siegbahn.34 It can be seen that the binding energy of
the Cl3s? level actually increases linearly with an increase in the
oxidation number of chlorine atoms, the rate of its growth being
much greater than those for the energies of core levels.

The fact that the energies of the valence ns? levels of central
atoms A behave in the same way as the core 152 and 2s2 levels (as
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Figure 4. Dependence of the chemical shifts of Clns?> levels on the
oxidation number of the chlorine atom.
(1) Cl3s, (2) Clls, (3) Cl2s.

regards a nearly linear variation of their energies as functions of
the formal valence of the atom A) seems very important for the
solution of the problem of participation of Ans? orbitals in the
formation of the electronic structure of a non-transition element
complex. According to the generally accepted views, only valence-
inactive quasiatomic electron levels behave in this manner.

Thus, the analysis of the parameters (energies and line inten-
sities) of valence band X-ray photoelectron spectra of oxo-com-
plexes of non-transition elements of the Third and subsequent
Periods (especially, comparison of these parameters with those for
oxo-complexes of transition metals) leads to the following con-
clusion: the occupied ns® orbitals of the central atom in AO}' ™,
unlike those in MO~ are involved in bonds with ligands to only a
small extent. The Ans-electrons remain quasiatomic and are
markedly stabilised compared to the corresponding electrons in
free atoms.

Further X-ray-electron evidence for the valence inactivity of the
occupied Ans? orbitals is the linear dependence of the inner level
energy of the central atom on its formal valence, which has been
considered above.3¢ In fact, the occupied ns? orbitals of the central
atom A could participate in two-centre two-electron (covalent)
bonds with ligands by the dative mechanism, Ans*> — Lap (2:0) due
to the vacant valence orbitals of the ligands or by forming three-
centre four-electron (hypervalent) L(jynp < Ans®> — Loyp bonds
due to the valence orbitals of the ligands with unpaired electrons. In
both cases, this would be accompanied by the transfer of electronic
charge from the central atom to the ligands, a decrease in the
electronic charge on atom A, a corresponding increase in the binding
energy of its inner level and by the disturbance of the linearity
discussed above. This is due to the fact that, since the penetration
ability of the ns orbitals in atom A is higher than that of the np
orbitals, their participation in the bonds with ligands should
‘uncover’ the nucleus of the atom A to a greater extent and, in
conformity with the effect of internal shielding, this should stabilise
more efficiently the core levels of the atom A. The linear variation
mentioned above of the binding energy of the Xe3ds)> level in the
series of xenon fluorides is spectacular in this respect. It is almost
obvious that not only the Xe5d AOs do not participate in the the
electronic structure of xenon fluoride, but the occupied Xe5s?
orbitals [cy(XeF2, Do, symmetry), aio(XeFs, Ds; symmetry),
a1g(XeFe, O, symmetry)] also remain quasiatomic % and refer to
fully symmetrical irreducible representations; the hypervalent bonds
F—Xe—F involve only the valence 5p orbitals of the xenon atom.

In general, the ‘linear effect’ indicates that the vacant And and
occupied Ans? orbitals of the central atom A do not make any
significant contribution to the A—L bonds and that these bonds
are formed via consecutive involvement of valence orbitals of the
atom A of only one type, namely, the np AOs. The linear increase
in the energy of the inner level is due to the variation in the
quantitative characteristics of the participation of np-electrons in
the bonds with ligands following the change in the oxidation state of
the central atom A. In the electronic structures of AL, complexes,
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the And orbitals remain virtual, while the occupied Ans? orbitals
prove, as a rule, to be valence-inactive and remain quasiatomic.

Thus, taking into account the differences in the shielding
effects, in the penetration ability, in single-electron energies, and
in the electronegativities of valence ns, np, and nd orbitals of the
atom A, one can conclude that if the And and (or) Ans? orbitals
did really participate in the A —L bonds, the linear dependence of
binding energy (Ep) of the inner level of the atom A on its
oxidation state would be necessarily violated. Experimental
evidence for the fact that the dependence of Ey of the inner levels
always deviates from linearity when Ans? orbitals are effectively
involved in the valence MOs will be presented below. Analogous
facts concerning And orbitals have not yet been found, but SCF
MO LCAO ab initio calculations of the electronic structures of the
ClO;, SO, and PO;~ oxo-anions 2 indicate that when the A3d
functions are included in the atomic basis set, the effective charge
on the central atom A sharply decreases compared to that
obtained for a purely sp basis set (for example, from +2,4 to
+0.8 for Clin ClOy ). Therefore, the electron density on the atom
A increases, and this should markedly diminish the binding energy
of its inner levels, i.e. should result in abnormal values of FEy,
deviating from the linear dependence.

The present concept of small contribution of the valence Ans?
orbitals to the MOs of A—L bonds has also been supported in
other experimental and theoretical studies, which are yet few in
number. The results of HFR non-empirical calculations 2% 88 show
that in the electronic structures of ClO;, SO3~, PO;~ and ClO3
oxo-complexes, the A3s? orbitals make the major contribution to
the lowest valence MO (thus, it is not a pure O2s? level) rather than
to those MOs, which are located above the O2s? energy levels and
are responsible for the A—L bonds. In the X-ray emission SL-
spectra of sulfur compounds, the parameters of the high-intensity
long-wavelength band reflecting the transition from the lowest
valence MO of the complex imply that this MO is mostly S3s?
rather than O2s2. The data of Md&ssbauer spectroscopy are more
difficult to interpret. The results of examination of the Mdssbauer
spectra (and the chemical shifts therein) of numerous compounds
of antimony, tellurium, iodine, xenon do not permit unambiguous
conclusions to be made on the participation of valence Ans®
orbitals in the A —L bonds.!0?

The views about a minor role of valence Ans?> AO in the bonds
with ligands are applicable to many compounds of non-transition
elements of the Third and subsequent Periods but certainly, not to
all of them.

Let us first consider complexes of non-transition elements of
the second halves of the rows, i.e. Group V— VIl elements: P, S, Cl,
Ar (the so called late p-elements), and their analogues. Exper-
imental results and general theoretical considerations based on the
ns and np orbital energies and on the energies of (np—ns)-
separation for free atoms A ' make it possible to draw the
following significant conclusion: the valence activity of A3s?,
Ads?, and, especially, A6s? orbitals is low (the inert pair effect 1°).
For atoms of Group VII and VI non-transition elements, both the
energies of (np—ns)-separation (~10—15 eV) and the isonisation
potentials of ns and np orbitals are high; this rules out the donor
capacity of these atoms and thus predetermines the valence
inactivity of their ns® orbitals. In the case of the phosphorus
atom and its analogues (Group V), the energies of (np—ns)-
separation are no longer large (3—7 eV), but the ns- and np-orbital
ionisation potentials are still high. The latter factor proves to be
the crucial factor that restricts the participation of the Ans?
orbitals in bonds with ligands.

The valence 5s? orbitals of antimony, tellurium, iodine and
xenon atoms participate most likely in bonds with ligands. The
(np—ns)-separation energies in their subgroups are the lowest.!?
First of all, precise studies are needed for the electronic structures
of their complexes with large coordination numbers such as
[Sb(OH)()]_, TCF(,, H()TCO(), IF7, Hle(,, Xngi, [HzXCO()]Z_,
etc. Some data on this topic have been already reported. Both the
internal conversion electron spectra and XPS of Ag¢TeOs

attest 193 to the direct participation of the TeSs?-electrons in the
formation of bonds (whereas in TeO», the bonds are formed only
through the S5p-electrons of Te). The valence XPS of Age¢TeOs
contains no TeSs?line, which is present in the XPS of TeO,.
However, in the interpretation of the valence XPS of complexes of
the AgeTeOg type, there is a risk of taking the absence of the Ans?-
band as direct evidence for the participation of the Ans? orbital in
the bonds with ligands, whereas this AO can be destabilised (due
to changes in the valence electron density distribution or in the
internal shielding) and thus, it can be masked by normal valence
MOs having close energies, even though it remains a non-valence
quasiatomic orbital.

Nevertheless, the actual participation of Ans? orbitals in the
valence MOs forming the A—L bonds in some complexes seems
more likely. In this case, the formation of dative (2:0) Ans> > L
bonds or three-centre four-electron L) < Ans®> — L) hyperva-
lent bonds is possible. In any case, the effective participation of
valence Ans? orbitals in binding with ligands seems to be feasible
only when a number of conditions are fulfilled. The main
conditions are sufficient electron-donating capacity of the central
atom A (which can be increased, for example, by the formation of
primary A—L bonds involving the valence Anp-electrons) and
large electron-accepting capacity of the ligands, up to the presence
in their valence structures of vacant orbitals with low energies
capable of participating in dative two-electron Ans> — L inter-
actions. It is evident that high oxidation numbers and high
coordination numbers of atom A are favourable for the involve-
ment of its Ans? orbitals in the valence MOs.

In the case of complexes of early non-transition elements (Na,
Mg, Al, Si, and their analogues), the traditional statement that
their valence Ans' and Ans®> orbitals are completely (in the
majority of cases) involved in covalent bonds with ligands is
beyond any doubt. These atoms are characterised by fairly low
energies of the (np —ns)-separation '° and by relatively low excita-
tion energies of valence states'®

3. Occupied A2s? orbitals

A special position in the theory of the electronic structure of
complexes of non-transition elements is occupied by elements of
the Second Period. This is due to the specific spatial and energy
characteristics of the valence 2s and 2p orbitals of their atoms.
‘The valence behaviour’ of the 2s2 orbitals of atoms of the Second
Period elements requires special investigation. To solve the prob-
lem of the contribution of the occupied valence 2s? orbitals of
atoms of these elements to delocalised MOs, the X-ray photo-
electron spectra of the inner atomic levels and the valence bands of
nitrogen compounds with various formal valences of the nitrogen
atom have been studied. Based on the results obtained, conditions
of effective participation of the valence 25> orbitals of the central
atoms in bonds with ligands have been identified.!% 195 The
energies of the N1s and N2s levels in nitrogen compounds needed
for further discussion are listed in Table 3.

Study of the effects of chemical shift of the inner 1s level in
X-ray photoelectron spectra of nitrogen compounds demon-
strates, first of all, that, in a number of its compounds, the
dependence of the binding energy of the N1s level on the nitrogen
oxidation state is nearly linear (Fig. 5). When the oxidation
number of nitrogen increases by unity, the binding energy of the
Nls level increases by ~1 eV, as has also been noticed in other
studies.!00~ 198 The fact that this dependence is linear implies that
in these compounds, the valence 252 orbitals of nitrogen atoms
barely participate in the bonds with ligands (in the formation of
delocalised MOs) and that the N2s’-electrons remain quasia-
tomic.? The chemical bonds in nitrates, nitrites, cyanides, thio-
cyanates and nitrides are mainly formed from the valence 2p-
electrons of the nitrogen atoms, the 2s?-electrons being inactive.

At the same time, for some lower compounds of nitrogen
(NHJ, N>H2*, NH;0H "), the plots for Eni, deviate markedly
from linearity (see Fig. 5). These deviations exceed the error in the
determination of the Nls-energy by a factor of ten. In particular,
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Table 3. Energies of inner Nls levels and valence N2s levels in nitrogen
compounds.

Compound Oxidation Energy/ eV
number of nitrogen
Nls N2s

(NHy4)2SO4 -3 401.6 (see®)
NH4H>PO4 -3 401.6 "
NH4CI -3 401.2 "
NH4F -3 401.5 "
NH; (see?) -3 401.4 "
NH3 (coordi- -3 399.9 -
nated)
[Rh(NH3)6]Cl3 -3 398.6 -
NHj; (solid)? -3 398.3 -
AIN -3 397.3 22.8
SizNy -3 397.4 22.8
Si,N-O -3 397.2 22.6
KSCN -3 397.7 26.3
NaSCN -3 397.6 26.0
Ki[Fe(CN)s) -3 397.6 26.0
N2H4 HzSO4 -2 401.6 (see b)
NH,OH HCl —1 401.7 "
[NH3;OH]CI -1 402.1 "
NaN3

Ny, N (terminal) —1 398.8 29.5

Ny (bridging) +1 403.1 (see®)
NaNO, +3 403.2 -
KNO» +3 403.2 32.6
NO;5 (outer-sphere)? +3 403.2 -
NO; (inner-sphere)? +3 403.2 -
KNO; +5 403.3 -
NaNOs3 +5 407.2 35.4
LiNO; +5 407.0 35.5
NOj (outer-sphere)? +5 406.6 -
NOj3 (inner-sphere)? +5 407.3 -

4 The Nls-level energies were taken from Refs 106 and 107 and scaled to
the binding energy of the Cls-level, equal to 284.5 eV. ® The N2s-level
energy was not measured.

the average energy of the Nls level in the ammonium cation
(401.5 eV) is much greater than that in solid ammonia (398.3 eV)
or in other compounds of nitrogen with the same (— 3) oxidation
number. The energy of the N1s level in NHj3 is determined by the
effective charge on the nitrogen atom, which appears owing to the

Enis/ eV
405 :
0 Nj (bridg-
ing) NO;
N>H
[ 3
naif o,
NH;OH *,
400 + NH3 [
(coordinate(ﬂ: N (terminal)
NH;3
(solid) FAIN, SCN—, CN—
395 1 1 1 Il Il Il
-5 -3 —1 +1 +3 +5
Oxidation number of N
Figure 5. Energy of the Nls level as a function of the oxidation number

of the nitrogen atom.

non-zero degree of ionicity of the three covalent (1:1) N-H
bonds involving the unpaired 2p-electrons of the nitrogen atom
and the ls-electrons of the hydrogen atoms. The formation of an
NH tetrahedral cation via protonation of an NH; molecule is
possible only when the fourth N—H bond is formed by a dative
mechanism (2:0), due to the transfer of electron density from the
quasiatomic 2s? orbital of the nitrogen atom to the vacant ls
orbital of H*. Thus, the valence electron density on the nitrogen
atom decreases, and its effective charge becomes positive; as a
result, the inner N1s level (in NHJ) is stabilised. This fact can be
detected experimentally: on passing from solid ammonia
(398.3 eV) to the ammonium cation (401.5 eV), the binding
energy of the N1s level increases by 3.2 eV.

It is this participation of the 2s3-electrons of nitrogen in the
formation of the N—H bonds in NH} that accounts for the fact
that the Enis value for the NHJ ion is abnormally high, taking
into account the clear-cut decrease in the binding energy of the
Nls level following the decrease in the oxidation number of
nitrogen (from nitrates and nitrites to NHj, nitrides, cyanides
and thiocyanates), and does not fit the linear dependence. It is
obvious that the same fact leads to the abnormally large chemical
shifts and to the deviations from the linear dependence of the N1s
binding energy on the oxidation state of nitrogen in the case of
hydrazinium (N2H§+) and hydroxylammonium (NH3OH *) com-
pounds and for the central bridging nitrogen atom in the azide
anion Nj. The deviation from linearity can be different in each
particular case, since it depends on the type and the number of
ligands bound to nitrogen, on the nature of partners of the
nitrogen-containing complex in a crystal, ezc.

Certainly, in solid ammonia, too, some participation of the
2s2-electrons of the nitrogen atom in the formation of hydrogen
bonds cannot be ruled out completely; therefore, the binding
energy of the Nls level in solid NH3 exceeds somewhat the
corresponding value for nitrides, thiocyanates and cyanides. The
coordination of NH3 molecules to transition metal atoms M, i.e.
the formation of dative M « NHj3 (2: 0) -bonds through the 2s2-
electrons of nitrogen atoms and vacant orbitals of M atoms in
ammine complexes, stabilises the inner Nls levels in these com-
plexes with respect to those in free NH3 molecules (or in the
molecules, weakly associated in the solid state). Therefore, the
binding energy of the Nls level in ammine complexes is greater
than that in solid NHs; it increases as the M « NH3 bonds
strengthens, approaching the value characteristic of the ammo-
nium cation.

The dissimilar roles of the N2s-electrons in the structures of
N>Hs—N,H?, NoH{ and NH2OH ~[NH30H]* can be explained
by analogy with the NH3—NH pair.

The deviations from linearity of the dependence of the Enis
binding energy on the oxidation state of the nitrogen atom for
some of its compounds not only indicate that the valence 2s°
orbitals of nitrogen atoms participate in delocalised MOs.
Besides, it can serve as additional evidence for the fact that the
linearity itself in the change of the energy of the inner level of the
central atom actually shows the absence of a significant contribu-
tion of the valence ns®> AOs of atoms of non-transition elements to
the chemical bonds in the corresponding complexes °> and the
participation of only valence np-electrons of the central atom in
the bonds with ligands. The involvement in the A—L bonds of
orbitals with a different symmetry (ns) and with a qualitatively
different spatial distribution results in sharp deviations from
linearity; this is actually observed for the Enis binding energy in
the series of nitrogen-containing compounds.

The second X-ray photoelectron criterion for the participation
(or non-participation) of the 2s>-electrons of the central atom in
the A—L bondsis the presence or the absence of the N2s-line in the
valence XPS of nitrogen compounds and the appropriate shifting
effects. In fact, the XPS of those compounds, the Ans-electrons of
which knowingly participate in A —L bonds, contain no Ans-lines
in the valence band (compounds of Na, Mg, etc.). Fig. 6 shows the
valence band of the X-ray photoelectron spectra of typical nitro-
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Figure 6. Valence band X-ray photoelectron spectra of nitrogen com-
pounds.

(1) LiNO3, (2) KNO», (3) NaSCN, (4) K3[Fe(CN)g), (5) AIN, (6) Si3Na,
(7) SixN-0, (8) NH4F, (9) LiF, (10) NH4Cl, (/1) KCI, (/2) NH4Br,
(13) KBr.

gen-containing compounds: nitrates, nitrites, ammonium cations
and some others. Of course, the N2s-line is present in the spectra
of all those compounds of nitrogen in which its valence 2s>-
electrons do not participate in bonds with ligands and remain
quasiatomic (the binding energies of the Nls level in these
compounds depend linearly on the oxidation state of nitrogen,
see Fig. 5). In this case, the line due to the N2s level shifts regularly
to lower energies as the electronegativity of the atoms bound to
nitrogen decreases, i.e. from NO3, NO; to SizsN4 and AIN. In the
NO3 anion, the N2s level is observed at 35.4 eV, the intensity of
this line in the appropriately normalised spectra of particular
nitrates (LiNO3s, KNO3, NH4NO3) being constant to within the
error of determination. For these compounds, the ratio of the
integrated intensities of the lines due to the N2sand O2s levels also
remains constant. In the NO; anion, the N2s-level energy
diminishes to 32.8 eV, and the ratio of the intensities of N2s- and
O2s-lines increases; this is caused by the increase in the nitrogen-
to-oxygen stoichiometric ratio on passing from NO3 (1:3) to

NO; (1:2). In the spectra of silicon and aluminium nitrides and
silicon oxynitride, the N2s level shifts to lower binding energies to
an even greater degree approaching the ionisation potential of the
2s orbital in the free nitrogen atom.

The main effect that is found in analysis of the valence X-ray
photoelectron spectra of nitrogen-containing compounds is that
the N2s-line is not observed in the spectra of ammonium com-
pounds (see Fig. 6). This fact indicates unambiguously that the
2s2-electrons of the nitrogen atom are completely involved in the
formation of the N—H bonds in the NHJ cation. The effective
participation of the nitrogen 2s orbitals in the valence MOs of this
cation is supported by one more fact. The valence X-ray photo-
electron spectra of NH4Cl, NH4Br and KCI, KBr, in which the
positions of the Cl3s- and Br4s-lines remain constant, possess the
following significant feature. If the spectra of NH4Cl and KCl are
normalised with respect to the Cl3s-line, and the spectra of NH4Br
and KBr are normalised with respect to the Brds-line, it can be
seen that the integrated intensities of the most outer bands in the
spectra of ammonium compounds are markedly higher (by
~30% —40%) than those for potassium compounds. This could
be possible only in the case where the intensities of the outer bands
in the spectra of NH4Cl and NH4Br contain some contribution
from the molecular orbitals forming the N—H bonds and formed
with participation of not only the N2p- and Hls-electrons with
small ionisation cross-sections (91.1 and 2.7 barns, respectively),
but also the N2s?-electrons with much larger ionisation cross-
sections (1179 barns).1%?

It is evident that the same reasons (the 2s>-electrons of the
nitrogen atom participate in the bonds in NHJ and do not
noticeably contribute to the bonds in NO3, NO,, CN—, N, and
NH3) account for the difference in the forms of KVV-Auger lines
of nitrogen (Fig. 7). (It should be borne in mind that here we speak
about the coordinated CN ~ anion, the electron structure of which
differs appreciably from that of the ‘free’ anion; regarding the N»
molecule, we speak mainly about the virtually non-bonding 2oy,
MO consisting mostly of the N2s AO.). The valence bands in the
KVV-Auger spectra of NO3, NO, , CN—, N, and NHj3 contain two
complex lines and are quite similar to one another. However, the
spectrum of NHJ contains only one line.''© Probably, these differ-
ences in the KVV-Auger spectra of nitrogen are due to the fact that
its 2s2 orbitals participate in the bonds with ligands in NH; and are
quasiatomicin NO3, NO;, CN—, N> and NHj3. This analogy in the
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Figure 7. KVV-Auger spectra of nitrogen.
(1) NHs, (2) K4[Fe(CN)o)l, (3) N2, (4) NaNO,, (5) KNOs, (6) NH4Cl,
NH4Br.
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shapes of the valence X-ray photoelectron and Auger spectra of the
nitrogen compounds in question is a significant argument in favour
of the ideas about the electronic structures of nitrogen-containing
complexes developed in this review.

We can see that the X-ray photoelectron spectra of the inner
Nls-electrons (the linearity in the variation of the Enis value or
disturbance of the linearity) and of the valence electrons (the
presence or the absence of the N2s-line and shifting effects) and
the KVV-Auger spectra (the presence of one or two complex
bands) all indicate that the 25> orbitals of nitrogen either partic-
ipate efficiently in the valence MOs, or, conversely, remain
quasiatomic in the electronic structure of nitrogen compounds.
The valence XPS of those compounds for which the linear
dependence of the Enjs binding energy on the oxidation state of
nitrogen holds, exhibit a line for the N2s-electrons, and the KVV-
Auger spectra of these compounds contain an additional band.
The same spectra of those compounds for which the Exy, values
deviate markedly from the linear dependence do not exhibit the
spectral bands mentioned above. The valence 2s> orbitals of
nitrogen in the former type of compound are scarcely involved in
the A—L bonds and remain quasiatomic, whereas those in the
latter type of compound contribute considerably to the corre-
sponding delocalised MOs.

Thus, analysis of X-ray photoelectron spectra of complexes of
the Second Period elements carried out in relation to nitrogen
compounds (containing nitrogen in various oxidation states)
shows that the valence 2s?> orbitals of these atoms can both
participate efficiently in the bonds with ligands and remain
quasiatomic. This depends not only on the spatial and energy
parameters of the 25> AO but also on some ‘indirect’ parameters
such as the charge of the complex (NH) —~CH4—BHy), the
&2y — &5 energy difference of the central atom, etc.

However, it is possible that the 2s*> AOs always participate in
the formation of MOs in the complexes under consideration but
the extent of this participation can be very low; therefore, it may
not manifest itself in the physical properties of compounds, in
particular, in the parameters of the X-ray photoelectron spectra of
the valence band and inner levels. The scope of publications
devoted to the results of experimental and quantum-chemical
studies of the electronic structures of complexes of typical
elements is immense. Therefore, it is expedient to identify the
criteria for participation or non-participation of the A2s? orbitals
in the A—L bonds in a general form; it is clear that these criteria
will be approximate and will claim only to serve as more or less
general rules.

In the majority of compounds of early typical elements (Li, Be,
B, C) including diatomic homo- and heteronuclear molecules, the
A2s! and A2s? orbitals, together with the A2p™ orbitals, partic-
ipate efficiently in typical covalent bonds with ligands, irrespective
of the oxidation state of atom A, the nature of ligands L and the
geometry of the complex. Both the spatial and energy factors are
favourable for this participation. The main maxima of the radial
density of A2s orbitals are located at a larger distance from the
atomic nucleus than the maxima of A2p orbitals; the magnitudes
of the energy of A2s and A2p orbitals are relatively small and are
close to each other (the separation energies do not exceed 5—6eV);
the energies of excitation of valence states are also relatively low.

The electronic structures of compounds of late typical ele-
ments (N, O, F) including their diatomic molecules are much more
diverse. The spatial factors are again favourable for the A2s?
orbitals to be involved in the valence MOs of the A—L bonds.
However, the energy factor impedes the valence activity of the
A2s? AOs, since these AOs have very low energies; the fairly large
energies of the 2p—2s separation should be taken into account
(they amount to 15—20 ¢V, and only for nitrogen, this energy is as
low as 6 eV).

In the case of atoms of late typical elements with occupied 25>
orbitals, there exists, as a matter of fact, only one way for these
orbitals to participate in bonds with ligands, namely, the forma-
tion of dative A—L (2:0) bonds. In fact, the formation of hyper-

valent L(1) < A2s> > L) bonds is unlikely, due to the fairly low
energies of the A2s? orbitals of nitrogen, oxygen and fluorine.
Therefore, in this case, the criteria for participation of A2s> AOs in
the A—L bonds go beyond the spatial and energy characteristics
of A2s> AOs. For this participation, a number of conditions
should be fulfilled, which are determined by the individual nature
of the A and L atoms and their state in the molecule (the difference
between their electronegativities, the energies of their valence
orbitals, the electron populations of their AOs, ezc.) Animportant
condition for the involvement of A2s2 AO in the A—L bonds is, as
in the case of ns> AO with n > 3,°2 the presence of a vacant
acceptor orbital with a low energy in the valence structure of the
ligand. In this case, the formation of a dative A — L (2:0) bond
becomes possible even though the donor A2s? orbital itself has a
low energy. A significant role is played by the electron rearrange-
ments following the formation of the ‘primary’ A—L bonds
involving the valence orbitals of the atom A, which leads to
redistribution of the electron density in the complex. A new (with
respect to the free atoms) electron density distribution gives rise to
a change in the spatial and energy characteristics of the AO. These
changes can be taken into account, for example, by varying the
AO exponents. For A2s AOs, these changes can promote an
increase in the overlap with the valence orbitals of L and an
approach to them in energy, i.e. they enhance the interaction of
A2s AOs with the ligand orbitals; however, they can also act in the
opposite direction. One must bear in mind that relaxation effects
(changes in the length and energy) are more pronounced for the
A2s AOs, which possess high penetration abilities, than for the
A2p AOs. Therefore, the relaxation effects caused by the forma-
tion of the ‘primary’ A—L bonds can result in inverted lengths of
the 25 and 2p orbitals of the atom A (the 25 AO can become less
extended than the 2p AO) and in increased separation energies of
these AOs (i.e. substantial stabilisation of the 25> AO); conse-
quently, the contribution of the A2s?> AO to the delocalised MOs
of the complex would diminish.

Apparently, for A2s? orbitals to participate efficiently in the
A—L bonds, all (or most) of the above conditions need to be
satisfied; each of these conditions can be regarded as necessary but
not sufficient. Apparently, this accounts for the fact that in many
complexes of late Second Period elements, the A2s> orbitals
scarcely participate in the bonds and remain quasiatomic.

The A2s? orbitals in the electronic structures of the molecules
of hydrides FH, OH, and NHj3 are quasiatomic and, according to
the data of photoelectron spectra,!'!! they are stabilised by 2, 4 and
7 eV, respectively, in relation to their energies in the corresponding
free atoms. The role of A2s? orbitals in the valence structures of
the FHF and OH7 molecular cations is less obvious. The
electronic structures of CH4 and NH; must be discussed specially;
this is necessary to generalise the views about the electronic
structures of tetrahedral molecules and ions, CH4, CF4, NHJ,
BHj, BF;, NRj, etc.

An important feature of the electronic structure of the NH}
cation lies in the fact that the difference between the energies of its
valence molecular orbitals ¢; and ¢, is very small; according to the
XPS data, this difference does not exceed 1.5—2 eV, whereas the
generally accepted estimate of this value is ~ 10 eV (by analogy
with the isoelectronic CH4 molecule). It follows from the valence
XPS of the NH; cation (see Fig. 6) that both the a; and ¢, orbitals
are located within the same (outer) band including also F2p, CI3p
or Brdp levels. Whereas the structure of the valence band XPS of
NH4Cl and NH4Br, in which the ClI3s and Brds levels are
separated by 8 — 10 eV from the outer line, gives rise to the illusion
of alarge difference between the energies of the a; and 1 MO in the
NH; cation, the interpretation of the valence spectrum of NH4F
does not involve any ambiguity and, therefore, it is especially
representative. In this spectrum nothing is added to the outer (in
energy) band (the energy of the F2s level closest to it is higher by
25 eV); both (a1 + t») valence MOs of the NHJ cation are
obviously included in this band, and this leaves no doubt in the
fact that their energies are close to each other.
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The energies of the a; and 1, MOs of the NH4 " cation in the
halides lie in the range of 8 —12 eV and thus they are markedly
higher than the energies of the 2p (15 eV) and, especially, the
2s AO (20 eV) in the free nitrogen atom. Attention is drawn to the
fact that the system of 8 valence electrons is markedly destabilised
on passing from NHs (MO: 2a; — 11 eV, le — 16 eV and,
especially, N2s2: 1a; — 28 eV) to NHJ . Of course, one should bear
in mind that this is a transition from a free molecule to a molecular
cation in the crystal, but, nevertheless, the strong destabilisation
of the N2s?-electrons on passing from the quasiatomic state (NH3)
to a delocalised multi-centre MO (NHJ) deserves attention.

The minor difference between the energies of the a; and 1,
MOs in NHj is consistent with the relatively small difference
(3 eV) between the same MOs in CF4 and differs appreciably from
the corresponding value (9 e¢V) for the isoelectronic CH4 mole-
cule.''? Unlike the 2s2 orbitals of the central atom in NH; and
CF, participating efficiently in the valence MOs, the valence 2s%-
electrons of the C atom in the electronic structure of CHy are
apparently involved only partly in the bonds with ligands and
largely retain their quasiatomic character;? this predetermines the
higher energy of separation of the a; and 7> MOs in this case. This
means that even in the ‘classical case’ of the CH4 molecule with
sp3-hybridisation, the problem under consideration is not simple.
The C2s%-electron pair remains significantly unshared (i.e. the
a1 MO is non-bonding), and the C—H bonds are formed mainly
due to the C2p;—Hlsinteractions (owing to the occupation of the
bonding #» MO); hence, the C—H bonds are orbital-deficient
hypervalent bonds (6e ~) rather than normal covalent bonds (8¢ ™)
described by equivalent MOs in terms of the sp3-hybridisation of
AOs as in CF4. The above differences between the electron
structures of CH4 and CF4 are confirmed by the fact that on
passing from CH4 to CF4, the average (and total) MO bonding
energy increases. Undoubtedly, this relation would be the oppo-
site if the electron structures of CF4 and CH4 were identical
(covalent 8-electron bonds).!°

Thus, in tetrahedral AL4 molecules, the difference between the
energies of valence a; and 1, MOs is small in the case where the 2s2-
electrons of the central atom participate in A—L bonds; con-
versely, in the case of ‘valence inertness’ of the 2s> AOs this
difference proves to be fairly large. In turn, the effective inter-
action of the 2s> AO of the central atom with the valence orbitals
of ligands is largely determined by close energies of the interacting
orbitals of A and L (for example, the C2s and F2p. orbitals in CF4
are closer to each other than the C2sand H1s orbitalsin CHy). The
relationship between the energies of valence a; and >, MOs follows
a complex dependence on the difference between the orbital
electronegativities, on the distribution of valence electron density
in AL4 induced by the formation of the A —L bonds consisting of
the 2p-electrons of the central atom, on the initial and optimised
orbital energies of the A and L atoms depending on the effective
charges on them and on some other factors. A small difference
between the a; and /2 MO energies may appear in both neutral
molecules (CF4 but not CHy) and in cations (NH; ) and, probably,
in anions as well. It can be foreseen that in the BF, tetrahedral
anion, the valence a; and #» MOs are characterised by a low
separation energy. Indeed, the valence band XPS of BF; make it
possible to reliably determine this difference as being equal to
~2 eV (Fig. 8). To interpret the valence bands in the spectra of
LiBF4 and NaBF,, the valence band spectra of LiF and MgF; are
also presented. The value of 2 eV is also reproduced in the DVM
Xq-calculations for the electronic structure of BF, .!13

In the compounds of late Second Period elements, 252 orbitals
of the nitrogen atoms are virtually always involved in the bonds
with ligands. In this case, unlike the O and F atoms, the difference
between 2p and 2s orbital energies is relatively small and close to
the corresponding values for C and B. The valence activity of the
N2s? orbitals depends on many factors. It is promoted by low
oxidation state of nitrogen, low electronegativities of ligands, and
relatively low effective charge on the N atom. These conditions are
satisfied, for example, for NHI, N,H7, NzHé+ and NH;OH*
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Figure 8. Valence band X-ray photoelectron spectra of the BF, anion
(the Na2p and Mg2p levels are omitted for the sake of simplicity; the Lils
level lies beyond the energy range presented).

(1) LiBF4, (2) NaBF4, (3) LiF, (4) MgF-.

cations and their substituted derivatives like NRj as well as for
N3 and HN3. When some of the above conditions are not fulfilled,
(for example, for NO3, NO;3, etc.), the N2s orbitals remain
quasiatomic and markedly stabilised with respect to those in the
free nitrogen atom, if they are bound to ligands with a high
electronegativity. This stabilisation, observed when the unpaired
N2p-electrons are involved in the bonds with highly electroneg-
ative ligands, results from the decrease in the internal shielding of
the N2s? orbitals, which possess a higher penetration ability than
N2p AOs.

In some cases, this simple picture becomes more complicated.
For example, this is the case with NH3 and NO3 . In the former
case, the valence inactivity of the N2s? orbital is dictated by the
lack of vacancies in the valence structures of the ligands (H
atoms), while in the latter case, the degree of participation of the
N2s? orbital in the valence MOs is identical to the behaviour of the
C2sAO0 in the isoelectronic CO, molecule, which is also linear.

The very low energy of the F2s? orbital and the extremely large
difference between the 2p- and 2s-energies virtually preclude the
involvement of the F2s> AO in the bonds with ligands. These
energy limitations diminish somewhat in the case of oxygen atoms
and, therefore, participation of the O2s? orbital in bonds with
ligands seems to be seldom possible. The only well-studied
example illustrating this possibility is the [Ru,OCljg]*~ and
[0s,0Cl]*~ complexes incorporating linear triatomic
M< O =M groups that include (c + m) two-centre double
bonds and a tetravalent oxygen atom. This unusual electronic
structure can easily be understood by taking into account the
relaxation effects and the energetic modification of the valence
AOs in these complexes following the formation of the ‘primary’
o-bonds of the central oxygen atom with both ligands (here, a
unique role is played by the two metal atoms). The formation of
o-bonds (as well as the specific environment of the M atoms in
[M>OCl;0]*~) causes stabilisation of the vacant orbitals of the
acceptor atoms (M) and, simultaneously, destabilisation of the
two electron pairs in the valence orbitals of the donor (O); this
predetermines the subsequent formation of two dative O - M
n-bonds. On the whole, all the four valence orbitals of the oxygen
atom including the 2s> AO are involved completely in the
delocalised MOs of the complex. It is possible that the 25> AO of
oxygen is partially admixed with the 2ps AO in the electronic
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structures of oxo-complexes with multiple bonds like [Ti < O] and
[O=U<=0]

Quantum-chemical calculations for compounds of non-tran-
sition elements show !4 that as the A—L interatomic distance
increases, the contribution of the 252 AO to the MOs of the A—L
bonds diminishes (probably, due to the fact that on moving away
from the nucleus, the 2s-electron density decreases faster than the
2p-electron density). This has several consequences. For example,
in free diatomic molecules and ions, CO, CN—, NO* and some
others, the A2s> AOs are often incorporated in valence MOs;
when these diatomic groups are coordinated to M atoms in
transition metal complexes, the multiplicity of the two-centre
bonds decreases, because the electron density moves from valence
d. AO of the M atom to the antibonding n* MO of the diatomic
group; the interatomic distance in this group thus increases, and
the contribution of the A2s> AO to the valence MOs probably
diminishes. The same effects account for the change in the A2s>-
contribution and the energy inversion of the 17 and 3(5)c MOs in
diatomic species on passing from N, CO, CN— and NO™* with
short interatomic distances to O,, F»> and some other molecules
with longer bond lengths.

To solve the problem of valence 25> AOs in AL, complexes,
one should take into account that the geometry of these molecules
with bond angles of 104.5° need not be associated with a
tetrahedral distribution of the electron density. The results of
calculations carried out for H,O not including the 2s? orbital of
the oxygen atom lead to a geometry similar to the experimental
one, namely, the minimum total energy is achieved for a bond
angle of 101102 °, without any sp3-hybridisation but simply due
to interelectron repulsion.

To complete this section, we shall pay attention to the
diversity of the electronic structures of compounds of typical
elements, which defies simple systematisation (from the viewpoint
of participation of the A2s? orbitals in the bonds with ligands). All
the factors involved must be taken into account: the geometry of
the complex, the number of atoms in it, the spatial and energy
characteristics of A2s and A2p orbitals, the differences in the
electronic characteristics of atoms A and L, etc. A representative
example is the isoelectronic (16e~) series of linear triatomic
molecules and molecular ions: CO,—~FCN-NO3; ~OCN~ —
ONC™ —CN; —N3 —N;0. To interpret the differences between
the electronic structures of these species one should take into
account not only the above parameters but also some specific
features characterising the properties of atoms in these systems
(whether it is a central atom with a greater role of 2s2 orbitals or a
ligand with a smaller role of 2s> AOs), the total charge of the
complex and some others.

The effective participation of A2s AOs in the valence MOs in
compounds of the Second Period elements accounts for many
characteristic features of these compounds and determines the
pronounced difference between the typical elements and the rest of
non-transition elements, main manifestations of the Periodic Law
in the chemistry of Group A elements and the biogenic character
of C, N, O, etc.

VI. Principles of electronic structures of complexes
of non-transition elements

Numerous results of experimental and quantum-chemical studies
on complexes of non-transition elements make it possible to
formulate the general principles of their electronic structure.
Theoretical generalisations will always be revised, refined and
improved. Therefore, we note specially that it is the X-ray photo-
electron spectra (XPS) of compounds of non-transition elements
that act as the paramount physical basis of our review. The studies
of the intensities, energies and chemical shifts of lines in the inner-
level and valence band XPS for a great number of complexes of
non-transition elements with acido-ligands made it possible to
observe regular repetition of consistent effects. Based on these
effects, X-ray-electron criteria for the degree of participation and

the role of the valence orbitals of central atoms in the formation of
the bonds with ligands were established. By analysing all the
available XPS in the context of these criteria, the results of the
analysis being necessarily consistent with quantum-chemical
results and with the data obtained by other types of high-energy
spectroscopy, the main principles of electronic structure of non-
transition element complexes have been elucidated.!9410

The vacant nd orbitals of the central atom A scarcely partic-
ipate in the A—L bonds in the compounds under consideration,
including those containing elements in the highest oxidation
states, and remain virtual. Apparently, the And orbitals can
contribute to the structures of the electronically excited states of
complexes. It cannot be ruled out that in rare cases the And
orbitals also do contribute to the ground states of complexes; this
occurs when the ground state contains a considerable proportion
of excited configurations.

In the electronic structures of the majority of complexes of
atoms of all early (Group I-1V) non-transition elements of the
Second and subsequent Periods, the Ans orbitals occupied by one
or two electrons (n > 2) are involved in the valence MOs and
participate in the formation of the A — L covalent bonds, together
with the Anp orbitals. The electronic structures of these complexes
can be described in terms of multicentre delocalised (canonical)
MOs or by two-centre localised (equivalent) MOs that reflect the
valence electron density distribution near the two-centre bond
using the concept of hybridisation of the basis AOs. The usual
views on AO hybridisation can be preserved only for coordination
numbers of A atoms of no more than 4 and only for the sp™ type of
hybridisation; and even in this case, this should be done with a
certain caution (¢f. CH4 and CFy).

The occupied Ans? orbitals (n > 3) of the atoms of late (Group
V—VIII) non-transition elements of the Third and subsequent
Periods make a fairly small contribution to the valence MOs of
most of the complexes. In the case of ligands with high electro-
negativities, the valence Ans® orbitals remain quasiatomic and
markedly stabilised (with respect to those in the corresponding
free atoms A). The contributions of Ans? orbitals to delocalised
MOs are appreciable in some complexes with large coordination
numbers (for instance, TeSs? in AggTeOg).

The A—L bonds in most complexes of late non-transition
elements of the Third and subsequent Periods, unlike those in the
analogous compounds of transition metals, are formed with
participation of only valence np orbitals of central atoms (in
contrast to the traditional views stating that the ns, np and nd AOs
participate in bonds irrespective of their electron populations in
the free non-excited atoms A). Here, the concept of hybridisation
of the basis AOs is irrelevant. It is expedient to describe the
electronic structures of these acido-complexes in terms of MOs
containing no contribution of the And and Ans® orbitals and
consisting of only the Anp™ (and, in some rare circumstances,
Ans?) orbitals and in terms of covalent and hypervalent A—L
bonds. To describe these complexes within the framework of the
general MO LCAO theory, the hypervalent structure is the best
approximation. Generally, the chemistry of phosphorus, sulfur,
chlorine, argon and their analogs can be regarded as the chemistry
of compounds, the electronic structures of which are built mainly
from valence np™ orbitals of the central atom and hardly contain
any contribution of the Ans®> and And orbitals to the valence
delocalised MOs.

In the complexes of late elements of the Second Period (N, O,
F), the main and sometimes the only contribution to the MOs is
made by the valence A2p™ orbitals. In some complexes, the
occupied A2s? orbitals prove to be valence inactive and remain
quasiatomic, while in some other complexes, they participate
efficiently in the formation of delocalised MOs. The involvement
of the 2s%-electrons of central atoms (and sometimes, the ns>-
electrons with n > 3) in the bonds with ligands is possible only
when a number of conditions are satisfied; the most important
condition is the presence of a low-energy vacant orbital (i.e. a
strong acceptor AQO) in the valence structure of the ligand. The
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two-centre A—L bonds consisting of the A2p™-electrons are
formed both by the covalent (1:1) and the dative (2:0) mecha-
nisms, and those consisting of the A2s?-electrons are formed, as a
rule, by the dative mechanism.

In the electronic structures of complexes of the Second Period
elements, covalent and hypervalent nt-bonds are often formed, due
to the A2pr-electrons.'’>~117 The simultaneous participation of
A2s AO (together with A2p AO) in the A—L o-bonds leads to the
formation of high-multiplicity homo- and hetero-atomic two-
centre bonds (N=N, [C=N"], C=0, etc.). For n > 3, the possi-
bility of the formation of covalent and, especially, hypervalent m-
bonds upon the interaction of Anp, orbitals is sharply decreased;
therefore, the electronic structures of complexes of non-transition
elements of the Third and later Periods seldom contain multiple
two-centre bonds.3#

In conclusion, let us discuss the theoretical substantiation of
the principles formulated above. The primary attention will be
focused on two factors, viz. the energy and spatial factors. !4

The theoretical justification of the valence inactivity of vacant
nd and occupied ns? orbitals (n = 3) of the central atoms in the
electronic structure of complexes of non-transition elements of the
Third and subsequent Periods is based on the fact that the energy
difference between these AOs, on the one hand, and the valence
orbitals of the ligands, on the other hand, is great. The energies of
the vacant nd orbitals are too high and those of the occupied ns?
orbitals are too low compared to the energies of the valence
orbitals of the acido-ligands, which have higher electronegativities
than atom A (the energies of Anp orbitals are close to the energies
of o,m orbitals of the ligands). The large difference between the
orbital energies is reinforced by the fact that the And orbitals are
fairly diffuse and the Ans®> AOs are strongly contracted; this also
hampers their effective interaction with ligand orbitals (the length
of the Anp AO is the optimum in this respect). Hence, the
participation of vacant And and occupied Ans? orbitals in the
MOs of bonds with typical ligands is hampered by both the energy
and spatial factors.

The theoretical substantiation of the participation of the
occupied valence A2s? orbitals of the Second Period atoms in the
molecular orbitals of complexes with acido-ligands is mainly
based on the fact that their A2s AOs are more extended in space
than the A2p AOs (the main maxima of the radial density of the
A2s AOs are located farther from the nucleus than those of the
A2p orbitals). For the rest of the valence AOs with n > 3, the
situation is known to be the opposite, and this accounts for the
fact that A2s> AOs participate in A — L bonds far more efficiently
than any other ns AO. Thus, in this case, the crucial role belongs to
the spatial factor, which ensures a high value of the numerator (via
the overlap integral) in the expression for the energy of stabilisa-
tion of a bonding MO [see formula (1)]. It is owing to their specific
spatial characteristics that the 2s AOs of atoms A, unlike ns AOs
with n > 3, often participate efficiently in the formation of
delocalised MOs. The crucial role of the spatial factor,'?* which
ensures that the magnitudes of the overlap integral for the
interaction of the 2s orbitals of atom A with the valence orbitals
of ligands are larger than those for all the other ns orbitals, is
stressed by the fact that the contribution of the occupied A2s?
orbitals to the valence MOs diminishes with increase in the A—L
interatomic distances,!'# and also by the fact that the energy factor
exerts a restraining influence on the participation of occupied
A2s% AO in the A —L bonds (in fact, the 2s AO energies are much
smaller than the energies of valence orbitals of the ligands;
therefore, the denominator in the equation mentioned above is
always large). However, the energies of A2s (generally, Ans)
orbitals may come closer to those of the valence orbitals of
ligands, as a result of redistribution of the valence electron density
in the complex, caused by the formation of ‘primary’ A—L bonds
from the valence A2p (or Anp) orbitals, i.e. due to electron
rearrangements controlled by the differences in the atomic char-
acteristics of A and L. However, the same electron rearrangements

can also cause the opposite effect, namely, a decrease in the spatial
dimensions of ns AOs and in their energies, i.e. their energy
discrepancy with the valence orbitals of ligands can thus be
aggravated.

VII. Conclusion

To avoid unfavourable criticism of theorists engaged in the theory
of electronic structures of complexes of non-transition elements or
of those going to work in this field in the future, we should like to
emphasise that our review deals with the main principles of the
electronic structures of complexes of non-transition elements.

Certainly, the quantum nature of electrons gives rise to the
tendency for their delocalisation. Therefore within the framework
of the MO LCAO formalism, which is a part of the wave
mechanics of atoms and molecules, it is always possible and even
likely that non-zero contributions to the electron density in the
electronic structure of a molecular system are made by those states
which remain vacant in free unexcited atoms. This refers, in
particular, to the And orbitals in non-transition element com-
plexes. However, while describing the electronic structure of these
systems, one must not lose the sense of proportion required in any
situation (the speculations on the problem of d orbitals in many
papers, reviews and monographs in which too much attention is
paid to details, while the main meaning is lost, suffer from the lack
of this sense). The more so, because views on the atomic s, p and d
orbitals in a molecule are not rigorous. The angular momentum of
electrons is not conserved in molecules, and the classification of
states as s-, p-, and d-types loses its meaning. Only near the atomic
nucleus, is there a region where the influence of the molecular
environment is fairly minor compared to the nuclear field, so that
the concept of s, p and d orbitals is roughly retained. Therefore, by
the participation of And orbitals in the A —L bonds, we mean the
presence of occupied single-electron states that have the form of d
orbitals near the nucleus of the central atom A and are modified
away from the nucleus, in conformity with the influence of the
molecular environment. '8

It is precisely and solely in this sense that we proclaim the
general idea on the valence inactivity of And orbitals in the
electronic structure of non-transition element complexes and on
the valence activity of Ans? orbitals being markedly lower than is
usually assumed.

In this review we express our opinion: the role of And orbitals
in the majority of cases is negligibly small. These orbitals are so
unfavourable in energy and so diffuse that they are incapable of
any substantial interaction with the valence orbitals of the ligands.
In ab initio calculations, d orbitals are important as polarisation
functions but their population is much smaller than has been
assumed in the sp”’d"-hybridisation model.

Some recent publications devoted to the electronic structures
of non-transition element complexes present the results of theo-
retical studies of several complexes of this type carried out using
empirical methods,''12% density functional '>! and other high-
level quantum-chemical calculations.!?>~125 The results of these
studies are not inconsistent with the main (conceptual) conclu-
sions made in our review.

However, the foregoing refers to the ground states of com-
plexes. In the excited states, the participation of d AO in bonds and
their influence on the molecular properties can be markedly higher
than those in the ground state. However, up to now, no reliable
calculations on the excited states of complexes as applied to the
problem of d AOs have been reported. It has been shown 26 that
the participation of the d orbitals of the central atom in MOs can
result from the interaction of a non-excited configuration con-
taining no d-contribution with electron-excited configurations
having fairly occupied d orbitals.

In this connection, it seems necessary to consider briefly the
X-ray diffraction studies dealing with the electron density distri-
bution in crystals. Precision calculations based on these experi-
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ments provide reliable data, convenient for further processing, on
the differential and deformation electron densities, the ease of
dealing with these results has withstood the test of time better than
many complicated constructs and refined approaches. The theo-
retical interpretation of the results obtained recently along this
line point to the substantial electron population of And orbitals.
At present, there are only few results of this type, but they are
attracting considerable attention and require a clear and strict
explanation.

The direct proof for the population of the Si3d orbitals in the
SiO}~ anion is among the first examples of this sort.127-128 The
distribution of the differential (Ap) and total (observed exper-
imentally, p°) electron density in the crystal of y-Ni»SiO4 has been
studied quantitatively based on the set of measured structural
amplitudes;'?7 in this study, a substantial electron population of
the Si3d orbitals in the tetrahedral SiO}~ anion and their strong
compression were found (the experimental effective charge on the
Si atom amounts to +2.5). We believe that if the electron density
in the Si3d orbitals of y-Ni»SiOy4 is actually fairly high, this can
apparently be explained in the following way. A large contribution
to the real state of SiOF™ in the y-Ni>SiOy4 crystal is made, in
addition to the non-excited configuration of the free hypothetical
SiO}~ anion, by its electronically excited configurations, which
can contain a considerable proportion of the Si3d orbitals. The
large contribution of the electronically excited configurations can
be due to the ‘extreme’ environment of the SiO3~ anion in the
crystal of y-NixSiO4 consisting of several Ni atoms with high
positive charges (+1.3). It is significant that the electronic
structure of the SiOy4-group in the SiO» crystal rules out the
participation of the Si3d functions in the valence orbitals. This
has been found'?? in a study of photoionisation, X-ray emission
(SiKp, SiL, 3, OK,) and ultraviolet excitation of Si0,'? and in
SCF SW X,-calculations of the electronic structure of the SiOas-
group in SiO,. The environment of the SiO4-groups in crystalline
quartz has nothing in common with that in y-Ni»SiOy; in SiOa,
they can be isolated only as SiO4/>, which assumes that the SiO4-
group is surrounded by Si atoms with fairly small charges. There
are no indications of any substantial contribution of the Si3d
orbitals to the electronic structure of Na,SiOsz. It has been
noted 128 that on the cross-sections of deformation densities of
AIPO4 and CaSOy4 crystals, some peaks can be observed that
correspond to the partly occupied 3d orbitals of phosphorus and
sulfur atoms in the PO}~ and SO~ anions, isoelectronic with
Sio} ™.

One of the complications in solving the problem of And
orbitals lies in the multielectron character of the wave function
of the molecule. Therefore, it is necessary to distinguish between
the influence of And AOs on the properties of a molecular system
and manifestation of And AOs in a direct study of the electron
density or in calculations of the electronic structure of a molecule
by multiconfiguration methods of quantum chemistry.

Thus, there are grounds to believe that, under certain con-
ditions, appreciable electron population of And orbitals in non-
transition element complexes is quite possible and is largely
promoted, among other factors, by a great contribution of
electronically excited configurations to the wave function of a
complex. It can be assumed that substantial And-electron pop-
ulations are typical of many short-lived electronically excited
states of the complexes under discussion (the contribution of
electronically excited configurations to these states is great by
definition) as well as some (apparently, relatively rare) stable
states of complexes in which, due to certain reasons, the contri-
bution of electronically excited configurations is large.

So, both empirical concepts — the concept of d orbitals and
hypervalent bonds — although they seem attractive due to their
simplicity and apparent versatility, cannot serve any longer for the
strict description of the electronic structures of complexes of non-
transition elements; in principle, the latter concept is certainly a
better approximation. In both concepts, an important role,
although non-equivalent, in the formation of bonds with ligands

is attributed to the valence ns? orbitals of the central atom A, and
this point is their common flaw (recall that even in the concept of
hypervalent bonds, which is the best approximation for the
description of the electronic structures of the complexes in
question, the participation of valence ns’-electrons of central
atom A in binding with ligands is assumed for higher compounds
in which the oxidation state of A is maximum). The ideas about
hybridisation of valence orbitals of the central atom, including
isovalent hybridisation, (not increasing the valence), are applica-
ble only to complexes of elements of the Second Period. In this
case, they are fairly effective (with the exception of molecular
compounds of fluorine and oxygen), because the energy and
spatial characteristics of valence 2s and 2p orbitals give the best
fit to each other.#>104

The theory of the electronic structure of non-transition
element complexes has not yet been completed. Some of its points
require refinement and reasoned modification. There are also
blank spots in it, which account for the necessity for the formation
and development of conceptually new ideas: for example, in
connection with the electronic structure of so-called double
bonds: S—0O in H>SO4, P—0O in H3PO4, the multiplicity of which
is actually much less than two.*> Of course, the main point is the
problem of valence of central atoms and the adjoining problem of
the instability of PHs, SH4, SHe, etc. The existing views stating
that SO3;, H,SO4 and SFg contain hexavalent sulfur and P,Os,
H3PO4 and PFs contain pentavalent phosphorus seem to be no
more than a myth, which is simple and convenient for a non-
theorist chemist but, in many respects, delays the progress of the
theory.

The fact (more precisely, the paramount sign) that in the
majority of non-transition element complexes, only p AO of the
central atom participate in the ‘central atom-—ligand’ orbital
interactions accounts for the sharp differences between the
electronic structures of complexes of non-transition elements
and transition metal complexes. In the electronic structure of the
latter, both spatial and energy factors are often favourable for
efficient participation of all types of valence orbitals of the M
atom [ns, (n—1)d, np] in delocalised MOs, in conformity with the
symmetry of the complex. This, in turn, explains easily and simply,
why transition metal complexes are characterised by more diverse
bond multiplicities and also by greater valencies of central atoms
M than the corresponding non-transition element complexes, and
also why the former are generally more stable.

However, apparently, the electronic structure of transition
metal complexes is also far from this ideal scheme; this is indicated
by the results of recent investigations on the roles of various
valence orbitals in the chemical bonding in ML, complexes. Based
on the calculated'3° wave functions for Ni(CO)4 and Cr(NO)y, the
structure of the ‘central atom—ligand’ bonds has been analysed
within the framework of a new method, free from the artifacts of
the traditional analysis of electron populations. It was shown that
it is the 3d orbitals of atoms M (3d-Ni, 3d-Cr) that make the
predominant contribution (apart from the ligand orbitals) to the
covalent M — L interactions, whereas the contribution of 4s and 4p
AOs is negligibly small.

Although the above results are not general (only two com-
plexes were studied), the main conclusion can be regarded as the
beginning of a concept assuming a crucial role of valence (n—1)d
orbitals of atoms M in M — L bonds and, simultaneously, valence
inactivity (more precisely, low valence activity) of their ns and,
especially, np orbitals in the electronic structure of transition
metal complexes ML,. Together with the general conclusion
about the crucial role of valence np orbitals of central atoms A in
A—L bonds in complexes of non-transition elements and about
the valence inactivity of their ns and, especially, nd orbitals, this
can lead to a nontrivial and a very simple view on the most general
principles governing the electronic structure of the two ‘polar’
types of complex, ALx and MLy, namely: transition metal com-
plexes are mostly formed due to the valence d-electrons of central
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atoms, whereas complexes of non-transition elements are formed
from the valence p-electrons of central atoms.

The authors are grateful to I B Bersuker and B S Tsukerblat

for benevolent criticism and discussion and to V S Strykanov and
M I Raitsina for assistance during the investigation.
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