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Abstract. The state-of-the-art in boron chemistry, the character-
istic features of boron compounds and crystalline phases based on
them, the chemical bonds in these compounds and their electronic
structures are considered. The physical principles of X-ray spec-
troscopy and the results it provided on the chemical structures of
boron compounds and the nature of chemical bonds in them are
discussed. Data for X-ray photoelectron and ultraviolet photo-
electron spectroscopies for various elemental boron modifica-
tions, boron oxide phases, borides, nitrides, halides, derivatives of
boron hydrides and carboranes, as well as metalloboranes are
compared. The bibliography includes 247 references.

1. Introduction

The chemistry of elemental boron, its compounds and crystalline
phases based on them is currently a vast and quite complicated
scientific field at the boundary of inorganic and organoelement
chemistry. Boron compounds are successfully used in various
areas of materials science, in catalysis, inorganic and organic
synthesis, biochemistry, agriculture, medicine, etc. The funda-
mental and applied aspects of boron chemistry are covered in
sufficient detail in numerous papers, reviews and monographs and
in patent literature. The publication of a festschrift on boron
chemistry and special journal issues on the subject ! ~3 is evidence
of the great scientific and practical value of this field of science.
The study of bond nature in compounds by both theoretical
and experimental methods providing information about elec-
tronic structure is a task of current interest in modern chemistry.
The results of such studies allow explanation of physicochemical
properties of compounds and their reactivities and forecast ways
for their synthesis. In this review, we generalise the main data of
studies on the electronic structures and characteristics of chemical
bonds in boron compounds by X-ray emission and X-ray absorp-
tion spectroscopies (XES and XAS, respectively). Special atten-
tion is focused on the use of these methods in combination with
X-ray photoelectron spectroscopy (XPS) and ultraviolet photo-
electron spectroscopy (UPS). The role of quantum-chemical
calculations in interpreting the spectra is also considered. In
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order to systematise data from numerous publications, we first
discuss the state-of-the-art of boron chemistry and specific fea-
tures of chemical bonding and coordination in the most typical
classes of boron compounds and then briefly present the principles
and experimental fundamentals of XPS, UPS, XES and XAS. The
results of X-ray spectral studies are generalised for the main
classes of boron compounds; emphasis is made on those classes
that have been considered in lesser detail in previous reviews,
particularly, on boron hydride compounds. Finally, we discuss the
relationship between the discovered features of the electronic
structures of boron compounds and their physicochemical char-
acteristics.

II. Characteristics of boron compounds, their
structures and chemical bonds

A boron atom (z = 5) has the 1s?2s?2p! electronic configuration.
When boron or boron compounds form solid phases, the valence
electrons assume a more energetically favourable configuration,
viz., 1s22s'2p?, where the boron atom has four valence atomic
orbitals (AO) 2s, 2py, 2p,, 2p- and only three valence electrons.* 3
A specific feature of this configuration is that, owing to the small
covalent atomic radius of boron (0.80—1.01 A) and ionic radius of
B3+ [0.15 A and 0.25 A for coordination numbers (CN) 3 and 4,
respectively], the electrons of a boron atom and the AOs are
localised in the strong field of the nucleus with relatively weak
shielding [the first ionisation potential (/P) of a B atom equals
8.3eV].% This feature imparts unusual chemical properties to
boron, which allow this element with a simple electronic structure
to form a very complex system of compounds and crystalline
phases characterised by numerous types of chemical bonding. In
particular, it is noteworthy that a boron atom can form c-bonds
involving AOs in the sp? configuration, e.g., in such molecules as
BX; (where X is a halogen), BR3, efc. The vacant 2p.-AO
predetermines the strong electron-acceptor properties of boron,
which interacts with electron donors to give adducts and com-
plexes of the RsN:-BHj, BX5:-NHs, Me,O-BF;, [BF4]~, and
[BPhy]~ types. Multi-centred (mainly three-centred) bonds are
formed in cluster-type boron hydrides and their derivatives,
certain borides and elementary boron.>~> Such compounds refer
to electron-deficient systems. These compounds contain fewer
valence electrons than is required to form electron pairs between
neighbouring atoms that form chemical bonds. For example, a
diborane(6) molecule (B2Hg) contains 12 valence electrons (six

T Dedicated to the 100th anniversary of Academician Anatoly Vasil’evich
Nikolaev, the author of many classical works in borate chemistry.
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Figure 1. Trends in modern boron chemistry.
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pairs), which enable the formation of seven bonds: six B—H
bonds and one B— B bond. The electronic structures of this type of
molecule are described using the multi-centred two-electron bond
concept within the molecular orbital (MO) method. Study of the
electronic structures of numerous boron compounds of various
types by theoretical (quantum-chemical) and experimental meth-
ods is a topical problem.

Figure 1 shows schematically the directions of modern boron
chemistry. This is not a comprehensive scheme, but we will use it
to determine the order for presenting and discussing experimental
data. We will focus the most attention on certain reviews con-
cerning boron chemistry and on experimental methods.

The starting materials for the preparation of boron com-
pounds, boron-containing products and materials based on them
include oxide derivatives extracted from ores (boron oxide, boric
acid, borates, peroxyborates).* 7~ 1! The complexity of the crystal
structures of B,Os, various modifications of boric acid and
structures of borate and polyborate anions in solutions and in
crystalline phases has been noted.*!%-!'! Figure 2 shows the
structures of a number of oxide boron compounds and their
typical fragments. In oxygen compounds, the coordination num-
ber of a boron atom can be equal to three (sp>-hybridisation and
n-bonds) or four (sp3-hybridisation and only o-bonds). The
lamellar structure of orthoboric acid !° consists of triclinic cells,
each containing four B(OH)3; molecules, that are held by hydrogen
bonds (=B—O—H:--O—B=) to a considerable extent (their
lengths are 2.72 A if the boron coordination number is equal to
three). Each oxygen atom is involved in hydrogen bonds with two
hydrogen atoms. Studies of this system are of interest for revealing
the effect of hydrogen bonds on the electronic structures of the
constituent atoms. The structures of polyborate anions are more
complex:'% ! ions containing from 1 to 6 or 9 boron atoms, such
as [B5O7(OH)4]37, {B9014(0H)4[OB(OH)2]2}77, etc., can be
present in salts of these anions, both in solutions and in crystals.
A six-membered heterocycle boroxol is the main structural frag-
ment of polyborate anions; this can be part of monomeric,

B—O 1361 A
O—HO0.88A
0--H184A
O—H---0272A

Figure 2.
compounds.

(a) Glassy boric anhydride (B>03);® (b) orthoboric acid [B(OH)3];'° (¢)
lamellar structure of orthorhombic metaboric acid (HBO,);* %10 (d—g)

Fragments of structures of some oxygen-containing boron

structural fragments of borates lines in
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polymeric and ‘fused’ polycyclic structures containing oxygen
atoms with CN = 3.

Numerous publications deal with the preparation of pure
boron, study of its structure and properties and technological and
applied aspects of its usage (see, e.g., the reviews and mono-
graphs 4 >-8.10.12-14) " Flementary crystalline boron is an excep-
tionally ‘difficult’ subject. Studies of the structures of its
crystalline phases and the respective physical properties are
complicated by the fact that over ten polymorphic modifications
of boron are known.>!? The three most stable polymorphic
modifications of fused boron have been characterised reliably:
the a-rhombohedral (Bj2), a-tetragonal (Bsg) and p-rhombohe-
dral modifications (Bjos). Figure 3 shows fragments of certain
crystal structures of boron. The B-rhombohedral form is thermo-
dynamically most favourable.!% 1214 Amorphous boron phases
are also known; they are generally formed at relatively low
temperatures. Difficulties in the preparation of chemically pure
samples of individual boron phases are caused by its high melting
point (2450 K), its considerable chemical reactivity (i.e., high
probability of contamination by admixtures from the gaseous
environment and from the equipment) and the large number of
crystal modifications with slow phase transitions between them.
All these facts should be taken into consideration in studies and
interpretation of the data on boron properties. An icosahedron
with I symmetry is the structure-forming element of crystalline
boron phases, 12 boron atoms with coordination numbers 5
occupy its vertices (Bj2) (the coordination number is 6 in the
formation of bonds between the Bj» clusters), the B—B inter-
atomic distances are equal to 1.73-1.79 A (sec Fig. 3a).210
Owing to the electron deficiency and the relatively high ionisation
energy of boron atoms (8.298 €V 19), the B— B bond has substan-
tially covalent rather than metallic character.!® Polymorphic
modifications differ in the spatial arrangements of the Bi»

. a b
1.79A )
1.79A
173A é
. d

SN

Figure 3.
tions.4-5.8.10.12.14

Fragments of structures of elementary boron crystal modifica-

(a) Byz icosahedron; (b) basis layer of By» icosahedra in the structure of
a-rhombohedral boron; the numbers / and 2 indicate that the triangles are
located in different levels (1, upper, 2, lower); (¢, d) structural fragments of
B-rhombohedral boron based on a ‘giant icosahedron’ Bgs (to provide a
better picture, the B> icosahedron existing in the structure is drawn in
black circles).

icosahedra, the nature of bonds between them and the coordina-
tion numbers of boron atoms. Figure 3 b shows an example of the
mutual arrangement of the B, icosahedra in crystalline struc-
tures. Furthermore, this polyhedron or its fragments are incorpo-
rated in many boron compounds belonging to various types.
Amorphous boron can contain discrete groups containing from
2 to 6 bound By clusters together with structural units of about
100 atoms built of species involving more than 12 boron atoms
(with asize of ~ 15 A), as well as undeveloped icosahedra and sole
atoms in pores.!160-18 Syuch structure variations affect boron
properties, including electronic properties.

Borides, i.e., compounds and phases in which boron atoms are
bound with more electropositive elements (mainly with metals,
M), represent a vast class of compounds with diverse composi-
tions and structural types.* 3-8 10-12.19-22 Many of them have a set
of valuable physicochemical properties (including mechanical,
thermal, corrosion, electrophysical and magnetic properties); a
number of phases were found to be superconductors. The crystal-
chemical aspects of boride chemistry are generalised in a mono-
graph.?® The compositions and structure types of binary borides
M,,,B,, are greatly diverse (Fig. 4). The existence of about 200 such
borides were reported.'® Twenty-four boride compositions have
been studied reliably, viz., from M5B (the metal-rich boride range)
to MBjgo (the boron-rich boride range); however, six variants of
the following stoichiometric compositions, the M>B, MB, MBa,
MBy4, MBg and MBj; are the most abundant. Moreover, numer-
ous variable-composition phases and solid solutions are known.
There are at least six possible configurations of boron atoms in
boride structures !%-22 in which M —B, B—B and M —M bonds
are combined in different ways, while boron can be present as
single atoms or pairs of atoms, or form zigzag linear structures,
branched chains, planar one-dimensional and two-dimensional
hexagonal networks, and 3 D cluster fragments (see Fig. 4). In a
number of works,!%-20-23 binary borides were classified according
to the position of the metal in the Periodic table; however, no
correlation of boride compositions and structures with the posi-
tion of the metal could be revealed. For example, hexaborides
MBg are typical of both alkaline-earth metals and lanthanides and
actinides that are quite different from the former; however, these
borides have similar structures. Diborides MB» are formed by
metals of different groups, viz., Mg, Al, Gd, Zr, V, U, etc.*10.20
The nature of chemical bonding in borides is complex. Various
combinations of covalent, ionic and metallic bonds exist. Numer-
ous ternary and more complex borides and other compounds,
including boron-containing fullerenes and nanostructures, have
been obtained and studied.® 19-12.20.22.24 The results of quantum-
chemical studies on electronic structures and chemical bond
nature in borides were generalised by Ivanovskii and Shvei-
kin, 12.22

At least 2500 publications (apart from patents) dealt with
problems of chemistry and technology of boron nitride (BN), its
crystalline modifications and most important applied properties;
Refs 12 and 25-32 are the most interesting. Four crystal mod-
ifications of boron nitride are known: two graphite-like modifica-
tions, viz., hexagonal (hBN) and rhombohedral (rBN), and two
dense diamond-like ones, viz., cubic, or sphalerite-like (¢cBN) and
wurtzite-like (WBN), are present in the phase diagram.33-33 In
lamellar graphite-like modifications, the B and N atoms form
o-bonds with each other; moreover, n-bonding also occurs in the
layer planes due to interaction of vacant AOs of the boron atom
with the lone electron pair of the nitrogen atom. Bonding between
the layers in the hBN structure is also largely determined by the
van der Waals and electrostatic interactions of oppositely charged
boron and nitrogen atoms in layers located one above another (see
Fig. 4f). The bonding of the boron and nitrogen atoms with the
tetrahedral coordination in cBN occurs due to the interaction of
sp3-hybrid states. The electronic structure of boron nitride was
studied comprehensively; see, e.g., Refs 12 and 36—39.

The fundamentals of the chemistry of boron halides are
described in a number of reviews.!%-40-41 Covalent trihalides
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Figure 4. The main structural motives of certain metal borides and
hexagonal boron nitride (hBN).

(a) shapes of ideal boron atom bonding in metal-rich borides;!?-2%-22
(b) the AlB; crystal structure characteristic of many other diborides;!%-20
(¢) hexagonal layers of B and M atoms in MB, structures; (d) cubic
structure of metal hexaborides MBg containing octahedral clusters of
boron atoms;* %22 (¢) cuboctahedral By, clusters in the structures of
dodecaborides MB2;!° (f, g) lamellar structure of hBN and bonding of B
and N atoms in layers.* 10

BF3, BCls, BBr3 and BI; are the most typical. Their molecules are
characterised by planar trigonal structures with Ds;, symmetry;
sp?-hybridisation of the 2s-, 2py- and 2p,-AOs of the boron atom
occurs in these molecules, whereas the 2p.-AO remains
vacant.!%-40 Therefore, boron trihalides are strong Lewis acids
(electron acceptors) that form adducts of the type L-BF; with
Lewis bases (L) (see Refs 42 —44). Higher boron halides are also of
interest for scientists;*>4¢ these include, e.g., BoF4 and BsFs,
clusters such as BgClg and BgF» and the icosahedral closo-
BuF%E anion.

The chemistry of boron hydrides and their derivatives is
currently matter of intense development. Its fundamentals were
established in 1912 in the classical studies by Stock, which he
generalised in a monograph.4’ In 1920-1940s, boranes were
considered as some kind of ‘chemical exotics’, as their stoichio-
metry and the nature of chemical bonds in them could not be
rationalised in terms of the classical electronic valence theory. It is

of note that the chemistry of boranes and the principles of the
valence theory (Lewis’ octet theory of bonding electron pairs)
appeared almost simultaneously; however, the former turned out
to be an opposite of the latter. A rapid development of boron
hydride chemistry began in the 1950s. Of note are two types of
structures and compositions of the borane systems. The first one
includes the simplest systems, such as borane (BH3), BHs- L, the
tetrahydroborate anion (BHy) and its derivatives, e.g., dibor-
ane(6) (BoHg). The second type, which is extraordinarily abun-
dant, includes higher boron hydrides and their cluster derivatives,
e.g., BsHo and BjoH 14; substituted decaboranes BijoH2L2; closo-
borate anions Blng(} , BioH?; (of the B,H2™ type); carboranes
B, —»C:H,, including ortho-, meta- and para-carboranes(12)
(B10C2H12) and their anionic derivatives BoCoH|,; ‘sandwich’-
like complexes of transition metals with the composition [M!(n>-
BoCyH)2]7; metalloboranes and metallocarboranes, e.g.,
Sn'"BoC,H; skeletal isomers of the heteroatomic cluster
(C5H5)2C0£HB8C2H10; thia-nido-borane  clusters  BoSHj,
BoSH1,, BoSHi;-L; borane polymers, and many other com-
pounds.* 10-46-63 Figures 5 and 6 show schematically the main
bond types and examples of structures typical of borane systems.
The structures of such compounds (see Fig. 5) are mainly formed
with involvement of such bonds as B—H (two-centred terminal
o-bond), B—B (two-centred bond, e.g., in BsHg— BsHs),
B—H — B (three-centred bridging bond in BoHe and other bor-
anes), B—B—B (three-centred triangular bond, deltahedron in
clusters), BBB (three-centred central bond), M—H—-B—H
(three-centred bridging heteroatomic bond, e.g., in Zr[BHa4).

e

B=BH.

B

PN

B B B—B

It is impossible to describe borane clusters in terms of two-
centred bonds due to electron deficiency. The concept of a two-
electron three-centred bond in boranes was introduced by Lon-
guet-Higgins 4 and developed in the Lipscomb topological sys-
tem,®> 67 which resulted in the formulation of the Wade 2n + 2
rule for the calculation of ‘skeletal’ electrons that perform bond-
ing in a cluster polyhedron. If one knows the number of ‘skeletal’
electrons, it is possible to explain and predict the structures of
cluster systems in terms of the topology of polyhedra and to
systematise such systems.>¢-%8-70 These concepts serve as a base
for classifying cluster structures into closo, nido, arachno and
hypho types; they are also taken into consideration in the pre-
diction of ways for synthesising new compounds. Yet another,
exceptionally important feature of deltahedral borane clusters is
that many of them are three-dimensional aromatic systems. The
concept of three-dimensional aromaticity and even superaroma-
ticity was introduced by Hoffmann and Lipscomb back in 1962 7!
and was subsequently developed in a number of publica-
tions.*46.52,57.72=75 Such properties of borane clusters as deloc-
alisation of electrons over MOs,’® chemical stability and specific
reactivity 77 are related to aromaticity. Like benzenoid cyclic
aromatic systems, different types of three-dimensional borane
cluster structures are characterised by high exaltation values ¥ of
diamagnetic susceptibility 7°-78-7° and polarisability. The nature
of bonds formed by M atoms in metalloboranes is a matter of
discussion, as electron density can be distributed between a metal
and aromatic clusters in different ways.>% 3880 It is undoubtedly
interesting to use experimental methods that reveal electronic
structures in studies of the nature of bonds in boron hydrides.
Until now, the available reviews have covered this subject insuffi-
ciently.

1 Exaltation of diamagnetic atomic susceptibility is the increase in the
absolute diamagnetic susceptibility upon inclusion of the atom in an
aromatic system.
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Figure 5. Bond type characteristics of boranes and their deriva-

tives.4: 10.58,64—-67

(a) Formation of a B—H — B three-centre bridging bond and schematic
representation of the relative energies of three MOs; (b) same for central
BBB bonds; (¢) same for open B—B—B bonds; (d) types of bonds and
structure fragments, including the heteroatomic M —H — B —H bridging
bond and a triangular element of a BBB deltahedron; (e) structure of
diborane(6) molecule incorporating B—H bonds and a B—H — B bridging
bond; (f) structure of zirconium tetrahydroborate [Zr(BH4)4] molecule
with heteroatomic =Zr—H —B—H bridging bonds; (g, /) closed delta-
hedral clusters consisting of B and C atoms in ortho- and meta-carbor-
anes(12), respectively.

The chemistry of heterocyclic boron compounds is vast. These
compounds are characterised by heteroatomic structures contain-
ing mainly from 4 to 6 atoms in a ring, systems of fused boron
heterocycles and polymers.!%-8!1-87 However, no molecular cyclic
systems consisting exclusively of boron atoms (similar to cyclo-
hexane, benzene and naphthalene molecules) are known. Along
with B atoms, the rings can contain C, O, N, P, Si and S atoms in
various combinations. A scheme of MOs upon interaction of B
and N atoms in heterocycles is shown in Fig. 7.
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Ligands at the ring-forming atoms mainly include organic
substituents (alkyls, aryls) and halogens that also stabilise the
system. Certain five-membered heterocycles, e.g.,

R R R R
N N
=S =S
_B_ B " HE_ BH

are aromatic and form mononuclear and polynuclear mono- and
polymetallic ‘multi-decker’ ‘sandwich’-type complexes with tran-
sition metals (Fe, Co, Ni, Cr, Ru) in which planar B>SC,, B3C»
and other rings serve as bidentate ligands.6!-86-88

1 (CO)3

Mn
Y —B B
B B s
g O
Co B/S Co
-

B \B
M Y
S
CO ~
(CO)s B
Co
s—=g~

M = Fe, Co, Ni.

The nature of chemical bonding in cyclic structures, especially
in boron complexes, is rather complex. This involves vacant 2p.-
AOs of boron, which interact with lone electron pairs belonging to
the AOs of other atoms in rings (N, P, S, efc.) with partial
n-bonding.

By now, the chemistry of organoboron compounds has
evolved into an extensive field of science that studies the laws of
formation, reactivities, structures and properties of compounds
and systems containing =B —CR = bonds with consideration of
modern concepts on the electronic nature of bonds.34 889,90

To a certain extent, the data considered above reflect the
complex structure of boron compounds and the diversity of
chemical bond types therein. Therefore, the use of experimental
methods, such as X-ray emission spectroscopy, X-ray photo-
electron spectroscopy and UV photoelectron spectroscopy, com-
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Figure 6. Schematic structures of borane clusters and their derivatives. 10-46. 52, 54. 56,68

(a) Cluster-type closo-anions B,H2™ (n = 5—12); (b) a B;;H3; anion; (¢) a decaborane(14) (B1oH 4) molecule; (d) a molecule of the 6,9-BjoH 2L, adduct;
(e) interaction of the MOs of boron atoms in the [BoH 2] cluster with those of nitrogen atoms in BjoH12Py2; (f, g, /1) ortho-carborane(12) and its anionic
derivatives ByC,Hps, BoC,H3T, respectively: (i) SnBoCoH; metallocarborane; (j) ‘sandwich’ structure of tin bisdicarbollyl anionic complex: (k) structure
of the [Ni'"V(ByC,H1)2]° complex; (/) structure of the [(1,2-ByCoH1)Co™(BsCH 9)Co'(1,2-ByC,H11)]>~ complex.

3
/:—*\ bined with modern quantum-chemical methods for calculation of
. 2pn(B) /// T\ electronic structures, allows a deeper insight into the nature of
R\BLN/R 25p°6(B) _T_E.\ \\\ o) chemical bonds in boron compounds.
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The principles of the XPS, UPS, XES and XAS methods and their
experimental bases have been covered in numerous publications,
starting from the classical monographs by Blokhin®' and Sieg-

/
o \.H_/

Figure 7. Scheme of AO interaction and qualitative scheme of MOs for

the interaction of boron and nitrogen atoms in heterocycles with partial
n-bonding. 83

bahn et al.®?> These principles and the experimental techniques for
their implementation have subsequently been developed in detail
and used to study various compounds.*??3-103 [t should be noted
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that the majority of works on this subject have been carried out in
the 1970s and in the early 1980s, when these methods were being
implemented intensely. The basic theoretical principles of these
methods have not changed considerably since that time. Great
advances in the hardware implementation of these research
methods have been achieved in recent years due to the develop-
ment of synchrotron radiation (SR) sources.

1. The bases of X-ray photoelectron spectroscopy and UV
photoelectron spectroscopy
Let us start our consideration of the physical bases of X-ray
spectroscopy from the XPS and UPS methods, since these
methods are used to study the process of ‘preparation’ for a
secondary electron transition in an atom, namely, electron photo-
emission upon impact of ultraviolet (UV) or X-ray photons and
formation of a vacancy on one level of an atom or a molecule. The
probability of vacancy formation as a function of the excitation
irradiation energy is studied using X-ray absorption spectroscopy.
In turn, X-ray emission spectroscopy is used to study the decay of
such a vacancy; in particular, the latter can be located on an inner
atomic shell.

The XPS and UPS methods are based on the Einstein equation
for photoeffect:

hv=1IP + E,

where /v is the energy of a photon (excitation radiation) impacting
an atom; /P is the ionisation energy (potential) or the binding
energy (Ey) of a valence or an inner electron level of an atomic—
molecular system, which is coordinated with the calculated orbital
energy; E is the kinetic energy of a photoelectron, which can be
measured by an electron speed analyser. UPS employs ultraviolet
irradiation for the excitation, whereas XPS employs soft X-ray
irradiation. The most common UV sources include the He(I),
He(11) and Ne(T) resonance lines (21.2, 40.8 and 16.8 eV, respec-
tively), which allows the energies of outer electrons of atomic—
molecular systems to be determined.#? 4. 96-98 The sources used in
XPS mainly include the MgK,- (1253.6 eV) and AlK,-radiation
(1486.6 €V).42.93,96,97,99,100 - A photoelectron spectrum is the
dependence of the number of emitted photoelectrons per unit
time, i.e., the line intensity (/), on the ionisation potential (IP) or
binding energy (Ep) (the magnitudes of /P and E} are usually
expressed in eV). The measured values of 7P or E, make it possible
to reveal the order of energy levels in a molecule, their symmetry,
the bonding or antibonding character of separate MOs, and the
relative contributions of different AOs of adjacent atoms when a
MO is formed (these data are important for understanding
various physical and chemical properties of a compound). In
order to interpret UPS and XPS spectra of various compounds, it
was suggested (with a considerable degree of approximation) to
allocate three spectral regions, depending on the electron binding
energy.'9® The first region (E, ~ 0—15 eV) characterises struc-
tures formed with involvement of electrons from outer valence
MOs, which are mainly formed by incompletely filled electrons of
valence AOs. The second region (E, &~ 15—50 eV) covers the
structures formed by electrons of inner valence MOs (IVMOs).
Finally, the third region (Ep = 50 eV) contains lines reflecting the
positions of deep inner (core) AOs. At present, a concept is being
developed that IVMOs are considerably involved in chemical
bonding along with valence MOs.!9 X-Ray spectroscopy con-
firms some statements of this concept by shedding light on the very
complex actual electronic nature of chemical bonds. It should also
be noted that the UPS method is used to study valence shells,
whereas XPS is often used to study inner (atomic) shells, though it
is used rather extensively to study outer shells as well.

2. X-Ray emission and absorption spectroscopies and their
specific features

X-Ray emission and absorption methods provide information
about the energy, composition and symmetry of molecular

orbitals. The use of these methods for the study of chemical
bonds is covered in a number of monographs.4? 96,99, 101

Let us consider the physical principles of the XES and XAS
methods. X-Ray emission radiation appears to be due to tran-
sitions of electrons from outer occupied levels of a molecule to
inner atom-like levels that contain vacancies, which, in turn, are
formed due to interaction of the molecules with a beam of high-
energy electrons or upon irradiation by X-ray photons. X-Ray
absorption spectra reflect transitions of electrons from an inner
level to outer vacant levels of a molecule caused by incidence
X-ray radiation. The main distinctive feature of these processes is
that these are involved in both emission and absorption electron
transitions of an inner level; the electrons on this level contribute
only slightly to the chemical bond and have an almost atomic
character. On the other hand, outer MOs form a system of orbitals
common to the entire molecule. One can find the ionisation
potential of a valence MO (IP;) by determining the energy of an
X-ray photon, which is equal to the energy of electron transition
between two levels, viz., an outer valence level (i) and an inner level
(k), hv = E;x, and given the ionisation potential of the inner MO
(IPyr) (which is obtained by XPS):

IP;(MO) = IP, (AO) — Ei.

Experimental values of /P;(MO) are also provided by UPS.
Hence, using the above relationship as the base, one can compare
the X-ray and photoelectron spectra in a single energy scale of
ionisation potentials (this operation was called matching).”® Such
a combined use of XES, UPS and XPS allows much more precise
identification of specific spectral lines. However, X-ray emission
spectra of different elements of a chemical compound under study
can provide not only the values of MO energies but also data on
the contributions of separate AOs of these elements to these
values. X-Ray absorption spectra provide similar data about
vacant MOs. As noted above, XES and XAS spectra can be used
not only to study the energy spectrum of a molecule but also to
analyse the composition of molecular orbitals, namely, to deter-
mine the squares of the coefficients at the atomic wave functions
constituting an MO. To illustrate this, Fig. 8 shows a qualitative
scheme of X-ray transitions from two MOs, i and j, to inner Is-
levels of boron and carbon atoms (taken as examples) within a
polyatomic molecule. (It should be remembered that the short
notation of X-ray spectra includes the element symbol, the level to
which the electron transition occurs, and — for emission spectra —
a Greek letter indicating the particular transition. In the case of
absorption spectra, no Greek letter is specified.) As one can see
from Fig. 8, transitions from valence MOs i and j to the same inner
level, e.g., Bls, give X-ray BK,-spectral lines whose intensity ratio
is equal to the ratio of squares of the contributions of the 2p-AOs
of boron (I/1; = c,Zsz/ c/zmp). CK,-Spectral lines can be analysed in
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Figure 8. Scheme of X-ray transitions in the molecule and their identi-

fication. See the text for explanations.
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a similar way; furthermore, more valence and inner levels can be
taken as examples. A detailed analysis of this method for the
determination of energy positions of MOs and their compositions
is presented in a number of publications 4?9101 where its scope
and limitations are discussed. It should be noted that the
Ky-spectra of B, C, N, O and F atoms considered in this review
allow one to determine the contributions of 2p-AOs of these atoms
to MOs of chemical compounds; the Kg-spectra of P, S and Cl
atoms allow the determination of the contributions of 3p-AOs to
MOs, the L 3-spectra of these atoms provide the contributions of
3s- and 3d-AOs, and finally, the L,-, Lg-spectra of Fe, Co and Ni
atoms provide the contributions of the 3d-AOs.

The instruments and procedures used to obtain X-ray emis-
sion and absorption spectra have been described in detail in a
number of monographs.4?°1,95,.96.99,101,104 The gscheme of an
X-ray spectrometer is shown in Fig. 9. The X-ray emission
radiation of a compound under study, that can be either in a
solid or gaseous state, is excited by electrons or photons. The
induced radiation passes through a number of diaphragms and
falls on the dispersing element and, after reflection from the latter,
on the detector. Expansion of the X-ray radiation from the
compound into a spectrum by the dispersing element followed
by recording of the spectrum can give the dependence of the
radiation intensity on the wavelength or photon energy (in eV).
X-Ray absorption spectra are obtained as follows. A sample to be
studied is placed in the way of X-ray radiation and the attenu-
ation/absorption factor (defined as the logarithm of the ratio of
the beam intensity that has passed through the sample to the initial
beam intensity) is determined as a function of the energy of the
monochromatic exciting radiation. In the case of samples non-
transparent to soft X-ray irradiation, X-ray absorption spectra
are recorded in the electron yield mode (complete or partial yield,
or yield of Auger electrons as a function of energy discrimination
of detected electrons).'%* Synchrotron radiation, whose intensity
is many orders of magnitude higher than that from X-ray tubes, is
increasingly used at present to excite X-ray transitions in chemical
systems. 105107

Figure 9. Schematic diagram of an X-ray spectrometer.

(1) Electron gun or primary radiation (photon) source; (2) compound
under study; (3) sample holder (secondary anode); (4) system of apertures;
(5) dispersing element (analyser crystal or diffraction lattice); (6) detector.

The information provided by X-ray absorption spectra can
also be obtained from electron energy loss spectra (EELS).!%¢ The
essence of this spectral method is as follows: as a result of inelastic
collision of monochromatic electrons with molecules under study,
one of their inner electrons passes to one of the available vacant
levels, whereas the loss of the energy of the incidence electron is
equal to the energy of this transition. Having determined the
electron energy before the collision and that after the collision
using an energy analyser, one can plot the energy spectrum of
transitions from different inner molecular levels to vacant orbi-
tals.198-19 Inelastic scattering of hard X-ray irradiation (X-ray
Raman scattering) can be used in a similar way.

A specific feature of chemical bonding in many boron-
containing compounds is that it involves donor—acceptor inter-
actions. The formation of a donor—acceptor bond between two
molecules (e.g., NX3-BY3, where X, Y = H, Hal, Alk ezc.) occurs

P*(DA)
YE(A)
¥(D)

Figure 10. Scheme of donor—acceptor interaction in the two-level model
approximation. See the text for explanations.

due to the electron density transfer from the highest-energy
occupied orbital of the donor to the lowest-energy vacant orbital
of the acceptor (for more details, see Refs 110—112).

Donor —acceptor interaction in the two-level model approx-
imation is demonstrated in Fig. 10. A system under study contains
two valence-saturated molecules, viz., a donor (D) and an
acceptor (A). The highest occupied MO (HOMO) of the donor
contains a lone electron pair localised on the ‘d” atom (see Fig. 10).
The wave function of this orbital, ¥(D), consists of one wave
function of the ‘d’ atom, y(d). The lowest unoccupied MO
(LUMO) of the acceptor is localised on the ‘a’ atom. Its wave
function ¥Y*(A) (here and below, vacant orbitals are marked with
asterisks) also consists of one wave function of the ‘a” atom of the
acceptor molecule, i.e., Y*(a). It is sometimes called a lone hole
pair. Thus, the HOMO of the ‘D’ molecule and the LUMO of the
‘A’ molecule are similar to the AOs of the ‘d’ and ‘a’ atoms,
respectively. Interaction of the ‘D’ and ‘A’ molecules through the
‘d” and ‘a’ atoms results in an occupied bonding orbital with the
wave function ¥(DA) and a vacant antibonding orbital with the
wave function Y*(DA):

P(DA) = ¢g¥(D) + ca V" (A) = capp(d) + cayf™(a),
P*(DA) = ¢g7(D) — ;" (A) = ca¥p(d) — 9" (),

where cq, ca, ¢j and ¢ are expansion coefficients of the MOs over
the AOs. The degree of electron density transfer from the donor to
the acceptor, in both the main and excited states, depends on the
values of the squares of these coefficients.

Let us consider how the donor—acceptor interaction mani-
fests itself in X-ray spectra. The HOMO of the donor molecule
(lone electron pair) is described by the wave function of the highest
occupied AO of the donor atom. The expansion coefficient of the
AO in the MO is equal to unity (¢;; = 1). The donor molecule does
not have any other orbital with such a high contribution of this
AO. Naturally, inasmuch as 7 ~c42,- (see Fig. 8), the electron
transfer from the HOMO gives the most intense line in the X-ray
spectrum. In the two-level model approximation, the HOMO of
the new compound DA resulting from the formation of a
donor—acceptor bond is described by a wave function consisting
of two AOQs, viz., that of the ‘d” atom of the ‘D’ molecule and that
of the ‘a” atom of the ‘A’ molecule. Accordingly, the participation
coefficient of the AO of the ‘d’ atom of the donor molecule ‘B’
becomes less than unity. Hence, the relative intensity of the X-ray
line originating from the electron transfer from the MO of the DA
molecule to the inner level of the ‘d’ atom of the same molecule
also decreases. It is assumed that deeper MOs of both the donor
and acceptor do not change, that is, the bond formed between the
molecules does not introduce considerable disturbance, and their
electrons are not involved in the formation of the chemical bond.
As a result, the structure and intensity of the rest of the X-ray
spectrum change quite insignificantly. In such a case, filling of the
LUMO under consideration changes the intensities in the X-ray
absorption spectra of the acceptor molecule within the DA
adduct. It should be noted that the approach described above is
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rather approximate and that it is useful for illustration purposes
only.

IV. X-Ray spectroscopy and electronic structure of
boron compounds

Fundamental X-ray spectral studies of boron compounds were
carried mostly in the 1960 —1970s by a group of physicists from the
Leningrad University.!% The X-ray spectra recorded in the 1930
1940s when the ultra-mild X-ray spectroscopy was in its infancy
were limited by the low resolution of equipment and were only
descriptive (see the references in the monograph by Maisel
et al.?®).

1. Oxide systems
X-Ray studies have been conducted for only a few oxygen-
containing boron compounds. The majority of studies dealt with
the electronic structure of boric anhydride (B>O3). The following
spectra were recorded and discussed: emission BK,-spec-
tra,3%-93. 104113127 Q K _spectra !16: 117 and absorption BK-spec-
tra.39-104,115,122,123,128 132

Extensive application of synchrotron radiation as a source for
the excitation of X-ray fluorescence in studies of the electronic
structure of B,O; began in the 1990s.'2'-125 It was used in a
number of studies 122123, 128131 of X_ray absorption spectra of
boron. O’Brien et al.'?! and Muramatsu et al.'>>~12* studied the
BK,-emission spectra of boron (Fig. 11) using monochromatic
synchrotron radiation. It was found that changes in the energy (or
wavelength) of excitation radiation change both the energy
positions of single lines and their intensities, and hence the shape
of the entire spectrum. The behaviour of the highest-energy
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Figure 11. X-Ray absorption spectrum of boron (a) and X-ray BK,-emis-
sion spectra of boric anhydride B>Oj3 (b —¢) obtained at different synchro-
tron excitation energies (Ej,).'??

Epny = 214.8 (b), 203.1 (c), 196.8 (d), 193.0 eV (e).

structure (the region of ~190—-210 eV in the transition energy
scale) is characterised by the greatest differences. Having related
the energies of emission lines to the values of the energy maxima in
the X-ray absorption spectrum (see Fig. 11 @), one can say that
vacant orbitals (excited state) specifically manifest themselves in
the emission spectrum due to reemission transitions. Reemission
transitions have first been studied by Fomichev et al3® The
reemission process involves two steps, viz., transition of an
electron occurs in the first step, e.g., from an occupied K-shell to
a vacant orbital to form a line in the absorption spectrum and
reverse transition of the electron to the original level K occurs in
the second step, which results in a line in the emission spectrum.
Generally, these lines have the same energies if both spectra are
compared (see, e.g., Ref. 104). Studies of the behaviour dynamics
of reemission lines as a function of the exciting radiation energy
revealed the existence of some kind of resonance: if the excitation
energy coincides with the energy of electron transition from the
K-shell of the boron atom to a vacant orbital, the intensity of the
reemission line increases.!?3124 The theory of resonance excita-
tion was considered in a series of fundamental studies (see, e.g., the
monograph by Mazalov er al.°® and references cited therein). It
should be noted that a version of X-ray emission spectroscopy
which uses resonance excitation is called resonant inelastic X-ray
scattering (RIXS) in current literature.

A combined analysis of the K,-spectra of boron and oxygen
and the XPS spectrum of B»>Os in the valence band was carried
out.!33 All the spectra were reduced to a common energy scale
using XPS data. The structure of a particular cluster was consid-
ered. Based on X-ray spectra, conclusions on the contributions of
the 2p-AOs of oxygen and boron to different levels of the valence
band were drawn.

One of the first interpretations concerning boron X-ray
emission and absorption spectra was based on quantum-chemical
calculations in the CNDO approximation.!3* It was assumed that
the symmetry point group of the boron atom’s nearest environ-
ment in the planar network is Dsj,. The calculation was first
performed for the BO3™ cluster, i.e., only the first coordination
sphere was taken into account; after that, for better fit with
experimental X-ray emission and absorption spectra, the BO3B3
cluster was calculated, i.e., the second coordination sphere was
also taken into account. This is likely to be the only study where
X-ray emission and absorption spectral lines of boric anhydride,
B,0s3, are compared with the symmetry and energy parameters of
levels calculated by quantum-chemical methods. The Xo-DV
(discrete variation) approximation was used to simulate the
X-ray BK,-emission spectrum,'>* though Muramatsu er al.'??
reported only the overall spectrum shape but not the energies of
the spectrum-forming MOs calculated by the quantum-chemical
method. A more detailed approach was used by Kawai er al.'3>
who reported the energies of the MOs forming the theoretical
spectrum and their symmetries; in the case of boric anhydride
B,0s, they considered the B,O%™ cluster (point symmetry group
D»4) in which each boron atom is surrounded by three oxygen
atoms. However, Kawai er al.'*® only studied the X-ray OK,-
emission spectrum.

The X-ray emission and absorption spectra of B,O3 reduced
to a common energy scale using the binding energies of inner
electrons 1% are presented in Fig. 12, which shows XPS spectra in
the valence band. The zero on the binding energy scale corre-
sponds to the Fermi level (Er) of the X-ray photoelectron
spectrometer (see Refs 92 and 133). Different spectra were
compared using XPS data in the energy region corresponding to
inner layers.'% To identify the structures of these spectra, let us
compare different spectra, as has been done by Nakhmanson and
Baranovskii,'3* based on data on the electronic structure of the
Bng cluster with D3, symmetry. X-Ray OK,- and BK,-emission
spectra provide data on the contributions of the 2p-AOs of oxygen
and boron to the occupied MOs, while the corresponding absorp-
tion spectra reflect the structures of vacant orbitals. The low-
energy (henceforth, the transition energy scale is implied) ¢'(o)-
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Figure 12. X-Ray OK,-emission spectrum (a),''® X-ray BK,-emission
spectrum (b, spectrum 7),!'%> X-ray spectrum near the radiation BK-
absorption edge (b, spectrum 2) '3! and X-ray photoelectron spectrum in
the B,Oj3 valence band (c).!3?

line of the X-ray BK,-emission spectrum, which coincides with an
intense line in the XPS spectrum (see Fig. 12), matches the MO
with e’ symmetry mainly formed from oxygen and boron 2s-AOs.
In the X-ray BK,-emission spectrum, this is manifested due to a
small admixture of the B2p-AO. Electrons of this orbital form
o-bonds between boron and oxygen atoms. They are followed by
one orbital with a3 symmetry (n-bond) and two MOs with e’
symmetry (c-bond) mainly consisting of boron and oxygen
2p-AOs. They manifest themselves as a low-energy shoulder on
the dominant line and as this line of its own in the X-ray OK,-
emission spectrum, and also as a broad intense band in the X-ray
BK,-emission spectrum (see Fig. 12). There is a corresponding
broad band consisting of three lines in the X-ray photoelectron
spectrum. The first line of the X-ray spectrum near the BK-
absorption edge of boron, which is identified as a vacant a5(r*)-
MO, matches the highest-energy maximum of the X-ray BK,-
emission spectrum. This provides reasons to assign the latter to a
reemission transition line, i.e., electron transition from the excited
a’(n*)-level to a vacancy in the boron K-shell. Finally, the last
broad line in the absorption spectrum is matched with the
antibonding unoccupied e’(c*)-MO.

The X-ray OK,-emission spectrum of boron suboxide BsO
was studied.!3%13¢ Quantum-chemical calculations of the BsO
structure and of this spectrum were performed in the Xo-DV
approximation using a cluster of two triangles, which contained
boron atoms in the vertices and oxygen atoms in the centres
(B6O2). The electronic structures were calculated and the X-ray
OK,-emission spectra were constructed as a function of the
distance between the oxygen atoms and hence between the planes
in which these triangles are located. Kawai et al.!3%- 136 chose this
distance in such a way that the theoretical and experimental
spectra matched most closely and compared it with data on the
BsO structure. An experimental X-ray BK,-emission spectrum
was published earlier,!37 with the spectrum structure studied at
different energies of the excitation SI.

The X-ray BK,-emission spectrum !'3:120 and X-ray OK,-
emission spectrum of H3BO3 were obtained.!3® The BK-absorp-
tion spectra of this compound were recorded in a number of
studies, 128 129-132. 139 the first of which employed SI. The X-ray
absorption spectrum was also reported.!3® The spectra of H;BO3
and B>Os are very much alike because the boron and oxygen
atoms have the same nearest environment. The identification of
maxima in the structures of X-ray BK,-emission and BK-absorp-
tion spectra of H3BO3 was performed on the basis of calculation of
these spectra in the CNDO approximation.'3*

The electronic structures of other oxide compounds of boron
were also studied.!!3-120-128 For example, X-ray emission spectra
of boron were recorded and described for Na>B407,!!3 AIBOs,
Be»(BO3)OH, Mg[(OH);BOB(OH);], CaB,Si>Og and BPO4.!20
The X-ray absorption spectra of boron for Na;B4O7-10 H>O,
NaBO3-4H>0, Zn[B,O(OCOMe)s]> and BPO4 were obtained
using SI.128

2. Elementary boron, borides and boron carbide

Numerous studies deal with X-ray emission (Refs 93, 104,
113-117, 122, 126 and 140—145) and X-ray absorption spectra
of elementary boron. 04 115.122,129,130, 140,143,144 AJthough several
modifications of crystalline and amorphous boron exist, their
X-ray spectra differ insignificantly. The most considerable ‘chem-
ical’ effects are observed in the BK,-spectra on transition from
elementary boron to its oxide and nitride (see Sections IV.1 and
1V.3). The spectra of B, B,O3 and BN show noticeable differences:
a considerable low-energy shift of the main band is observed for
B,O3 and BN (by 2.72 and 2.45 eV, respectively, with respect to
B); in addition, the spectra of B,O3 and BN contain new lines in
comparison with the spectra of elementary boron. These include a
low-energy line (165.4 eV in the spectrum of B,O3 and 169.0 eV in
the spectrum of BN), which originate probably from electron
transitions from the MO mainly containing the B2s-AO (with a
small contribution of the B2p-state) to the K-shell of the boron
atom containing a vacancy, as well as the maxima which appear
due to reemission transitions (191.4 and 190.0 eV for B,O3 and
BN, respectively).?® These features may be related to changes in
both the chemical environment of the boron atom and the
character of binding (see, e.g., Ref. 93). A comparison of X-ray
emission and X-ray absorption spectra of amorphous boron
allowed the band gap width to be evaluated.!*® Sobczak and
Persy '#* reduced the BK,-emission and BK-absorption spectra, as
well as the photoelectron spectrum in the valence band, to a
common energy scale using the energies of inner Bls-electrons.
They also presented an X-ray isochromate 4 of elementary boron
whose structure compares with that of the XAS spectrum (the
method to obtain isochromates was described, e.g., by Maisel et
al.,’® who also gave references to early X-ray spectroscopic
studies). Results of studies on the electronic structures of different
modifications of elementary boron were generalised in the mono-
graph by Ivanovskii and Shveikin.!?

The monograph by Zhurakovskii 146 should be considered
among the first works on the electronic structures of borides
M, B, (where M is a metal) studied by X-ray spectroscopy. He
presented a large number of X-ray spectra and related them to
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parameters that characterise the electronic structures of com-
pounds (the energies and relative intensities of spectral lines). The
results of more recent studies on the electronic structures of metal
borides were generalised in the monograph by Ivanovskii and
Shveikin.!'?

Studies on medium-temperature superconductivity carried
out in the past decade showed that this property is inherent in
MgB> as well.'#7 Its electronic structure was studied by various
physical methods, including XES and XAS.!48

The X-ray BK,-emission spectra, 04113116, 118.120.126,149, 150
CK,-emission spectra!'® and X-ray absorption spec-
tra 104 115,130, 149150 of Horon carbide B4C were recorded and
described. The X-ray BK,-emission and BK-absorption spectra of
BioC and B;;C were studied,'*® and the X-ray BK,-emission
spectrum of B1,C; was published.!!” Unfortunately, traditional
analysis of these spectra based on calculation results was not
carried out in these studies, hence identification of spectral lines
was not performed either.

3. Boron nitrides and other binary compounds

The X-ray BK,-emission spectra of boron nitrides (Refs 39, 93,
104, 113-118, 120, 121, 124126, 133, 136, 140, 151 —155) their
X-ray BK-absorption spectra,3® 104 115.122.130,140. 151 -153, 156,157
NK,-emission spectra 93104 116- 118,126,133, 140151 154 nd NK-
absorption spectra were studied.!04 131, 151-153,156 Considerable
attention was given to the study of the structures of these spectra.
For example, it was shown that admixtures of elementary boron
or a boron oxide film affect the X-ray BK,-emission spectrum of
hBN.3° Furthermore, the existence of several modifications of
crystalline boron nitride gave grounds for studying the composi-
tion of a BN sample in order to find out whether it contained only
one or several modifications.!> The X-ray spectra of boron
nitride modifications, cBN and hBN, differ markedly. Joyner
and Hercules 133 studied X-ray emission spectra along with the
photoelectron spectrum in the valence band of hBN.!33

As noted above (see Section I11.2), SI is currently being used
ever more often to obtain X-ray spectra. This irradiation source
was also used to study the emission and absorption X-ray spectra
of boron nitride.!?!- 122,124,125, 130, 131 158170 Tn 3 npumber of
experiments, emission spectra of boron nitride were recorded
with excitation of X-ray fluorescence by monochromatic (or
quasi-monochromatic) SI. The X-ray fluorescence spectra
obtained in this way differ in the energy positions of separate
lines and their relative intensities depending on the wavelength of
the excitation line. This effect was observed for X-ray lines of both
BK,- and  NK,-emission.!2!:122.124.158-165  Tp some
works, 124159, 161 monochromatic radiation was used to study the
high-energy structures of spectra or lines of reemission transitions
(¢f. Section IV.1, analysis of the X-ray spectra of B>Os). The
intensity of a line corresponding to reemission transition increases
abruptly at a certain energy of the excitation photon.

The polarisation character of X-ray emission spectra of hBN
single crystals and changes in the bands of these spectra (their
positions and intensities) for different directions of the radiation
exit from single crystals with respect to particular crystallographic
orientations were studied.!”! =174 Synchrotron radiation was used
as the irradiation source in many studies.37-158.167.175-180 The
orientation emission effect was also used to determine the sym-
metry of vacant orbitals that manifest themselves in absorption
spectra.'67-177-180 Electron energy loss spectroscopy was used to
study the orientation effects in hBN crystals.!8!-182 The depend-
ence of the reflection factor of ultrasoft X-ray irradiation by hBN
near the K-edge of boron absorption on the grazing incidence
angle was studied.!83 184 In this study, reflections from two crystal
faces cut in parallel and normally to its main symmetry axis were
measured successively. These spectra agree satisfactorily with
those obtained in the electron yield mode (see Section I11.2).

One of the first calculations of boron nitride was carried out
for hBN using the CNDO method with the first (the BN$™ cluster)
and second (BN3Bg) coordination spheres taken into account.!3*

As expected, the results are similar to X-ray spectroscopic
experimental data provided that the effect of the second coordi-
nation sphere is taken into account. The main specific features of
X-ray emission and absorption spectra are related to the structure
of the nearest environment of an excited atom, which explains the
differences between the X-ray spectra of different BN modifica-
tions. Based on calculations of the electronic structure in the Xa-
DV approximation, a theoretical X-ray BK,-emission spectrum of
boron nitride was obtained.'>> Data on calculations on the
electronic structure of boron nitride were summarised and com-
pared to experimental spectra in certain monographs.!'? 85 The
most recent achievements in this field are reported in Refs
186—192.

This was the general survey of X-ray studies on the electronic
structure of boron nitride. Let us consider some of its aspects more
specifically and see how chemical bond features manifest them-
selves in the X-ray spectra. Figure 13 a,b shows the X-ray spectra
of the hexagonal and cubic modifications of boron nitride,
respectively. The X-ray BK,- and NK,-emission spectra were
taken from Refs 151 and 152, while the BK- and NK-absorption
spectra were taken from Ref. 131. All the spectra refer to a
common energy scale relative to the Fermi level, taking into
account the binding energies of inner Bls- and Nls-electrons
obtained by XPS;'% they are compared with photoelectron
spectra of boron nitride in the valence band.!®3 19 The X-ray
spectra of hexagonal boron nitride are interpreted on the basis of
results of CNDO calculations 34 for the BN$™ cluster (symmetry
point group D3;) and MNDO calculations (MOPAC-60 software)
for a hypothetical isolated BN molecule (symmetry group Coy).
The results of the latter are shown in Fig. 14. MNDO calculations
for such a molecule give quite a moderate qualitative picture of the
electronic structure of boron nitride as a polyatomic system that
has different modifications, but maintains its main features.
Passage from an isolated BN molecule to a polyatomic system
results in dithering of the MO into a band whose description
requires calculations within the zone theory of solids or quantum-
chemical calculations of polyatomic clusters. If hBN is considered
with the nearest environment taken into account, then the ¢’-MO
is the orbital whose electrons form the o-bond in the layer plane
(hBN is considered as a lamellar structure). Molecular orbitals of
this symmetry are built of 2p,- and 2p,-AOs of boron and
nitrogen; the MOs with the a7 symmetry are built of 2p.-AOs
and are responsible for the m-type chemical bond in the layer
normal to the network plane. The deepest valence level is
comparable with the low-energy line of X-ray BK,-emission
spectrum of low intensity (see Fig. 13); no similar line was found
in X-ray NK,-emission spectra presented in Refs 151 and 152.
Only Hayasi ' succeeded in obtaining a low-intensity maximum
with a transition energy of ~ 377 eV. A comparison of both of
these low-energy lines in the X-ray BK,- and NKj-emission
spectra show that their energies match each other and the energy
of the most intense line in the XPS spectrum.!®® According to
quantum-chemical calculations, these lines can be related to the
level corresponding to the o-bond and mainly consisting of the
2s5-AOs of boron and nitrogen. They appear in X-ray BK,- and
NK,-emission spectra because the ¢’(c)-MOs contain an admix-
ture of 2p-AOs of the same atoms (see Fig. 13). An increase in the
transition energy produces intense maxima with fine structure in
X-ray BK,- and NK,-emission spectra; these maxima coincide if
the spectra are superimposed. It is suggested to match the intense
BK,-band with the a5-MO and to match the high-energy shoulder
successively with two orbitals with ¢’ symmetry.'3* However, the
results of MNDO calculation (see Fig. 14) and data of studies on
polarisation effects in X-ray emission spectra’’ (see Fig. 13)
suggest that a somewhat different order of these orbitals should
be assumed: as the transition energy increases, two MOs with ¢’
symmetry are followed by a MO with a3 symmetry (see Fig. 13).
The fact that the maxima in X-ray BK,- and NK,-emission spectra
and XPS spectra coincide in the valence band if a comparison is
made using the energy positions of inner orbitals allows these
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Figure 13. X-Ray NK,- (a, b) and BK,-emission spectra (c, d) (spectra ) '>-152 and NK- (a, b) and BK-absorption spectra (¢, d) (spectra 2) 13! and
photoelectron spectra (e, f) 13194 in the valence band of hexagonal (a, ¢, €) and cubic (b, d, f) boron nitride.

X-ray spectra to be interpreted as well (see Fig. 13). According to
CNDO calculations, the first vacant orbital '3 has a5 symmetry
and corresponds to a narrow line in the X-ray BK-absorption
spectrum (see Fig. 13) and to a distinct line in the X-ray NK-
absorption spectrum.!3! The same conclusion can be drawn based
on the fact that the line positions coincide when the X-ray BK- and
NK-spectra are superimposed. It is also evident from Fig. 13 that

the first low-energy line in X-ray absorption spectra coincides with
the reemission line in the X-ray BK,-emission spectrum, which
thus can be related to the lowest vacant a5(n*) level. The two next
vacant MOs with the e’ symmetry manifest themselves in X-ray
absorption spectra as two distinct lines 13! (see Fig. 13).

As noted above, studies of orientation (polarisation) effects
have played an important role in the interpretation of boron

.
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Figure 14. Theoretical X-ray NK,- (¢) and BK,-emission spectra (b) of boron nitride (MNDO calculation). The vertical bars show the contributions of

atomic N2p (a) and B2p orbitals () to the MO.
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nitride spectra (see Refs 37,158,167 and 171 —180). In fact, for a
one-dimensional layer of crystalline hBN (assuming weak inter-
action between the layers), band electron states can be subdivided
according to - and m-symmetry corresponding to - and n-bond-
ing between atoms. The electric-field vector of the electromagnetic
wave (polarisation plane) appearing due to the transition, e.g.,
from the m-state to a 1s-vacancy, is parallel to the 2p.-orbital. If
one varies the orientation of the analyser crystal (which expands
the emission radiation into a spectrum) relative to the boron
nitride single crystal, it is possible to record changes in the
intensity of the band related to the n-state and even its disappear-
ance.*>171:172 The use of SI for studying this effect provides yet
another advantage. The point is that such radiation becomes
plane-polarised. By changing the angle between the incidence
radiation and the plane of the boron nitride crystal (grazing
incidence angle), one can also observe changes in the intensity of
the m-band in the spectrum. The emission spectra of hBN obtained
with the use of SI at different grazing incidence angles?’ are
presented in Fig. 15.

T
L —

170 180 190 385

395 EjeV

Figure 15. Orientation effects in X-ray BKy- (a, ¢, ¢) and NK,-emission
spectra (b, d, ) of hexagonal boron. Dependence of the relative intensities
of the lines corresponding to o- and n-bonds on the angle between the
incident polarised radiation and the crystal surface (grazing incidence
angle 0).37

0 = 10° (a, b), 30° (¢, d), 80° (e, /).

The X-ray spectra of boron phosphide were
studied.!04, 114, 117,137, 151,195-197 A comprehensive X-ray spectral
study of this compound was carried out; its BK,-, PKg- and PL> 3-
emission spectra, as well as BK-, PK- and P L5 3-absorption spectra
were obtained.!94. 151,195,196 The dependence of BK,-spectrum on
the excitation radiation length was studied.!3”-1°7 Interpretation
of boron phosphide spectra was carried out.'® Studies reporting
X-ray emission spectra of boron and phosphorus in B;3P> and
Bi3As, are also of note.!17- 136

4. Boron halides and their derivatives

X-Ray BK,- and FK,-emission spectra of boron trifluoride (D3,
symmetry group) in solid 38 and gaseous !°° states were published.
Studies of X-ray absorption by BF; are more numerous. For
example, X-ray BK-absorption spectra 104 115,129.200-205 ap(d
FK-absorption spectra?%4-29¢ were described. In some stud-
ies,201-203.206 QT was used to obtain X-ray spectra of boron
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a d

Se, 6e, 8ay, las

2
4e S1
43/1, 36/ 631, 73.1 Sz
1 1 1
670 680 690 700 E [eV 670 680 690 E [eV
b e
4e
73.1
1 1 1
180 190 E eV
A
3e
8’41
AR 4aj
S s L 1 1 1
380 390 400 410 E/eV 380 390 400 E eV

Figure 16. Experimental X-ray and photoelectron [He(I)] spectra of NH3
and BF3 (a—c¢) and X-ray emission spectra of NH3 - BF;3 (d—/).

(a) FKy- (1) and FK-spectra (2);204 (b) BK,- (1),'%° BK-spectra (2) '3
and photoelectron spectrum of BF;3 (3);223 (¢) NK,- (1),'”° NK-spectra (2)
and photoelectron spectrum of NHj (3);%?7 (d) FK,-spectrum; (e) BK,-
spectrum; (f) NK,-spectrum.'®® (IP is the ionisation potential relative to
the vacuum for the gas phase, Er is the ionisation potential relative to the
Fermi level for the solid phase, Eis the X-ray transition energy. See the text
for the designations of the lines.)

trifluoride. Electron energy loss spectra were recorded for
BF3;2%7 moreover, vibration excitation upon inelastic scattering
of electrons on this molecule was studied.?°® The spectra of boron
trifluoride were also discussed elsewhere.?0°~2!8 Experimental
emission spectra were compared with theoretical spectra obtained
by ab initio calculations on the electronic structure of BF3.!%° The
X-ray BKy-emission spectrum of BF3 was calculated by the Xa-
DV method.'?? X-Ray absorption spectra of the BF3 molecule
were analysed by quantum-chemical methods.?!°~222 The X-ray
emission BK,- and FKy-spectra of boron trifluoride '°° are pre-
sented in Fig. 16 a. It also shows the X-ray BK- and FK-absorp-
tion spectra %204 and the photoelectron spectrum of boron
trifluoride.?>> (XPS data for BF3 were taken from Ref. 224.)
Figure 17 presents theoretical X-ray emission spectra.!”® In the
boron trifluoride molecule, the 2a3 m-type orbital acts as the
LUMO. This vacant (acceptor) orbital interacts with the orbital of
the lone electron pair of the donor molecule resulting in the
formation of a donor—acceptor bond. This orbital manifests itself
as rather distinct lines 4 and D in X-ray BK- and FK-absorption
spectra (see Fig. 16 a,b). The interpretation of other lines in BK-
and FK-spectra (B, C, E, F, G and H) and the dissention that
appeared in this connection were discussed.??”-298 The assignment
of lines in the X-ray emission spectra of boron trifluoride
(occupied orbitals) is demonstrated in Fig. 16. Studies showed
that the MOs whose electron density is located on fluorine atoms
are the highest occupied orbitals. They are followed by MOs with
predominant population on the boron atom. The S, S; and S>
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Figure 17. Theoretical X-ray emission spectra of NH3 and BF3 (a—c¢) and
NHj; - BF; (d—f) obtained by ab initio calculations.'®?

(a, d) FK,-spectra; (b, e) BK,-spectra; (¢, f) NKy-spectra (¢ is orbital
energy). The vertical bars show the contributions of atomic orbitals to the
MOs.

maxima are caused by electron transitions in double-ionised
molecules; they are generally not considered in interpretations of
X-ray spectra in the context of chemical bond studies (see, e.g.,
Ref. 99).

Boron trichloride has only been studied by X-ray absorption
spectroscopy. The X-ray BK- and CIL;3-absorption spectra of
BClj; 104,200,202, 218, 225,226 almost coincide. The spectra were inter-
preted based on ab initio 2°> and CNDOQ/2 2! calculations. Iden-
tification of separate lines in the X-ray absorption spectrum of
boron trichloride was reported.?2%-226 It was noted 2°° that the BK-
absorption spectrum of BCl; is less shifted towards high energies
than the similar spectrum of BF3. This results from the fact that
the effective positive charge on the B atom in boron trichloride is
lower. The X-ray BK-absorption spectrum of BBr3 was obtained
and its interpretation based on ab initio calculations was carried
out.202

Let us consider in more detail the NH3- BF3; complex (sym-
metry group Cs,), which is formed upon donor—acceptor inter-

action of NH3 and BF3 molecules. This complex was studied by
X-ray spectral methods.!”® The ammonia and boron trifluoride
molecules were first considered separately, then changes observed
in the spectra during complexing were noted. The experimental
and theoretical X-ray spectra '°° and the photoelectron spectra of
ammonia >’ and boron trifluoride >3 are shown in Figs 16 and
17. The spectra were compared using the energy positions of inner-
shell electrons.??* The absorption spectrum of NHj-BF3; was
obtained by Akimov er al.?>® The spectrum structure was identi-
fied using calculations in the ab initio and MNDO approxima-
tions.!??

The scheme of MOs of ammonia, boron trifluoride and the
NH;3 - BF3 complex composed using the results of MNDO calcu-
lations '%? is shown in Fig. 18. It also presents results of fragment
analysis (expansion of a molecule’s MOs into the constituent
fragment orbitals).??° It should be expected within the framework
of donor—acceptor bonding that the main interacting orbitals
include the 3a; HOMO of ammonia and the 2a’2'* LUMO of boron
trifluoride (or 6a] in pyramidal configuration, symmetry group
C3,, for BF3 in the complex with ammonia). It is evident from
Figs 16— 18 that these are orbitals (3a; and 2a%") with high
contributions of the 2p-AOs of nitrogen and boron, respectively.
It follows from calculations (see Fig. 18) that the nitrogen—boron
bond in NHj3 - BF3 mainly involves electrons of three MOs, viz.,
8ay, 7a; and 6a;; the properties of the wave functions of remaining
occupied MOs are similar to those of the original molecules (NH3
and BF3). Orbitals with a; symmetry are bonding and appear due
to interaction of the 3a;-MO of ammonia with 6aj-, 5a;- and 4a;-
MOs of boron trifluoride. It should be noted that only the
formation of the 8a; orbital predominantly involves the vacant
6a]-MO of boron trifluoride (see Fig. 18). Hence, the 8a;-MO can
be related (to a certain approximation) to the bonding orbital of
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Figure 18. Correlation diagram of MOs for the NH3 - BF3 complex and its
fragments, NH3 and BF3. Results of MNDO calculation.!*®

The calculation was carried out for the pyramidal BF3; molecule (Cs,
symmetry); designations of the corresponding MO of the planar BF;
molecule (D3, symmetry) are given in parentheses. The numbers near the
connecting lines correspond to the contributions (in percent) of the
orbitals of the NH; and BF; fragments to the MOs of the NH;3-BF;
molecule. Dashed lines indicate contributions smaller than 10%.
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the two-level donor—acceptor bond model (see Section III.2),
though it involves rather a large contribution (~47%) of the
occupied Sa; orbital of the acceptor. The changes in the electronic
structure on passage from isolated NH3; and BF3; molecules to the
NHj - BF3 complex are reflected in X-ray NK,-emission spectra
(see Figs 16 and 17). The intensity ratio of lines /(8a;)/1(3e) in the
spectrum of the complex is much lower than the 7(3a;)/I(1e) ratio
in the spectrum of pure NHs. Since it follows from calculations
that the 1e-MO of ammonia and the 3e-MO of the NH;-BF3
complex are similar, the relative intensities of their corresponding
X-ray lines almost do not change, hence one can state that the
contribution of the N2p-AO to the 8a; HOMO of the complex is
smaller than that of the similar 3a;-MO of ammonia. This can
serve as a confirmation of electron density transfer from the
ammonia molecule to the boron trifluoride molecule, which
mainly involves the highest valence MOs. The complex in question
contains two vacant orbitals, viz., 9a] and 10aj (see Fig. 18),
which can be matched with the vacant MO in the two-level model
(see Section I11.2). Data of experimental and theoretical studies '%°
of the NH3 - BF3 complex (see Figs 16— 18) allow the character of
electron density distribution in it to be understood. For example,
the highest occupied orbitals are mainly populated by F2p
electrons. At higher binding energies, predominant contribution
to the orbitals is made by boron 2p-AOs. The deepest valence
MOs are mostly composed of nitrogen 2p-AOs. It should also be
noted that the overlapping of bands in the NK,- and BK,-spectra
evident when they are compared can suggest that the nature of the
B —N bond is largely covalent.
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Figure 19. X-Ray emission FK,- (¢) and BK,-spectra (b, spectrum 7),23!
BK-absorption spectrum (b, spectrum 2)!2% and X-ray photoelectron
spectrum in the valence band of BFy (c).?3!

X-Ray emission spectra of boron and fluorine were obtained
for BF3 . C6H5CH = NC6H4MC—]). 138

Compounds KBF4 and NH4BF4 (the point symmetry group
of the BF; anion is 7,;) were studied by X-ray emission spectro-
scopy, and K,-emission spectra of boron23%23! and fluorine 23!
were obtained. X-Ray BK-absorption spectra were studied 28129
using SI as the excitation source. Figure 19 presents X-ray
emission spectra and X-ray photoelectron spectra in the valence
band for the BF; anion?3! and its X-ray absorption spectra.!?®
Identification of spectral lines was carried out elsewhere.?3!

5. Boron hydrides and their derivatives
a. Simplest systems
Experimental X-ray spectral data for borane (BH3) are unavail-
able. This results from the fact that BH3 molecules do not exist as
monomers under ordinary conditions; they occur as BoHg bridge
dimers (see Fig. 5e). The X-ray absorption spectrum of diborane
was obtained by Zimkina and Vinogradov.?%4

Analysis of the electronic structure of MesN-BH3 based on
X-ray emission spectroscopy data was carried out.?3? X-Ray BK,-
and NK,-emission spectra were obtained. A comparison of X-ray
NK,-emission spectra of MesN and its adduct with BH3 showed
that the relative intensity of the line in the X-ray emission
spectrum of trimethylamine associated with the lone electron
pair decreases abruptly in the Me;N-BHj3 spectrum.?3%-232 Ag
with the NH3-BF3; complex discussed above (see Section 1V.4),
this results from electron density transfer from the trimethylamine
nitrogen atom to the vacant orbital of the borane molecule with
formation of a donor—acceptor bond.

The anions BH; with tetrahedral symmetry in the KBH4 and
NaBH,4 molecules were studied;?3° X-ray emission 23 and absorp-
tion 128 spectra were obtained.

b. B,H2~ anions and boron clusters

The closo-borane anions ByyH7; and B,H?; (symmetry groups
Dy, and I, respectively, see Fig. 6 a), the electronic structures of
which were studied by X-ray spectroscopy,?3%-233 are character-
ised by considerable electron density delocalisation over the entire
cluster, which determines their aromatic properties and unusually
high resistance to decomposition in different chemical reactions
(see the references in Ref. 230). The geometric structure of the
B,oHZ; anion is such (see Fig. 6 ) that two groups of equivalent
boron atoms exist, viz., vertex atoms B(1) and B(10) and equato-
rial atoms (all the rest). Their coordination numbers are 5 and 6,
respectively; a greater negative charge is localised on atoms with
the smaller coordination number, i.e., B(1) and B(10), in the
cluster 230-233

Figure 20 demonstrates the X-ray BK,- and Cul,; »>-emission
spectra of Cu,BjoHo and the X-ray BK,-emission spectrum of
Cs2B1oH 0. These spectra show that the distribution maximum of
copper 3d-electron density is located in the upper part of the
valence band (~3.3 eV below the Fermi level), whereas the
distribution maximum of boron 2p-electron density corresponds
to its lower part (~6.7 eV below the Fermi level). The observed
overlapping of the BK,- and CuLy; »>-bands allows one to assume
that the interaction of the copper 3d-orbitals with the hydroborate
anion is of covalent nature.?3%-233

The shape of the BK,-emission spectrum of ionic Cs>Bi1oH 10
and the energy positions of lines in it (Fig. 20) remain almost
unchanged, which results most likely from delocalisation of
valence electrons in the BjoH3y anion stabilising the system of its
valence MOs.

X-Ray emission BK,- and CKy-spectra of ortho- and meta-
carboranes(12) 1,2- and 1,7-C,B1oHi>» were studied >3* (see
Fig. Sg,h); the electronic structures of these compounds were
calculated by the ab initio method in the 6-31G* basis set and the
corresponding simulated spectra were obtained (Fig. 21). Corre-
lation and fragment analysis of the MOs of these compounds and
the B;,H%;, boron cluster were carried out (Fig. 22).
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Figure 20. X-Ray emission BK,-spectra (solid lines) of CuzB1oH 10 (@) and
Cs,BioH o ().
The dashed line shows the X-ray CuL,; > emission spectrum.
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Figure 21. Experimental (solid lines, upper scales of transition energies)
and theoretical (dashed lines, lower scales) X-ray emission spectra of 1,2-
C2B10H12 (a, b) and 1,7-C2B10H12 (C, d)‘234

(a, ¢) BK,-spectra; (b, d) CKy-spectra.

Electron energy loss spectra (see Section I11.2) were obtained
for a series of boranes and carboranes, viz., nido-pentaborane(9)
(BsHo), nido-2,3-diethyl-2,3-dicarbahexaborane(8) (Et2C2B4Hg),
nido-decaborane(14) (B1oH4), closo-o-carborane (C2B10H2), and
1,2-dicarbaundecaborane(11) (C2BoH|1).23%23¢ Quantum-chemi-
cal calculations of the electronic structures of these compounds

Bj,Hiy

1,2-C2BoH12 1,6-C2B1oH 12

Figure 22. Correlation diagram (MNDO calculation) of energy levels in
the B]ZH%E anion, 1,2-C,BoH > and 1,7-C2B10H12.234

The capital letters A, B and C designate the MOs which appear as the
corresponding maxima in the X-ray spectra; the numbers in parentheses
indicate the total contributions of the carbon 2p-AOs to the MOs.

were carried out in the MNDO and EHMO approximations
(extended Hiickel method); this served as a basis for composing
theoretical spectra and interpreting experimental spectra.?33-236

c. Borane clusters with Lewis bases (BioH12L2)

The electronic structure of borane clusters BjoH 2L (where L is a
Lewis base) was considered in terms of X-ray emission transitions
for three compounds, viz., BigH;2(NH3)2, BioH12(SMe3), and
BioH12(PPh3)s.

X-Ray studies of 6,9-bis(ammonia)-arachno-decaborane(12)
[B1oH12(NH3),] have been carried out.?30-237-238 The structure of
this cluster (point symmetry group C,,) and the atom numbering
in it are shown in Fig. 6d. When considering the electronic
structure of BjoH;2(NH3), it was assumed that its molecule
consists of two fragments, viz., the borane cluster (BjoH;2) and
the ammonia molecule.?”-23% The chemical bond between these
fragments is assumed to be of donor—acceptor nature; the NH3
molecule acts as a donor, while the borane fragment is an
acceptor. Quantum-chemical calculations of the electronic struc-
ture of the BjoH2(NH3)» cluster and its fragments, i.e., BioHi2
and NHj, were carried out using the MNDO method.?38.239
Figure 23 a shows the correlation diagram built on this basis and
the results of fragment analysis of the composition of the
BioH12(NH3)> molecular orbitals formed by the MOs of the
fragments, i.e., the BjoH 2 borane cluster and the NH3 molecule.
Among the highest occupied orbitals of the BioH» cluster, one
can note a group of MOs, e.g., 3a», 8a; and 5b;, which become
orbitals of the complex and almost do not change their symmetry
upon coordination of ammonia. In this case, they are shifted
upwards in parallel with a decrease in the binding energy (see
Fig. 23 a). Similar behaviour is observed for deeper MOs. For
example, the Sb, orbital of the BioH - cluster contributes notice-
ably to the 8b,-MO of the complex. The electrons of this orbital
are localised in the cluster and are not involved in the formation of
the chemical bond with ammonia. The formation of the orbitals of
the complex responsible for the interaction of ammonia with the
borane fragment involves not only the vacant MOs of the BioH 12
cluster as an acceptor but also its occupied orbitals, which play an
important role in the process. While only electrons of the 3a,
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Figure 23. Energies of MOs of the B1oH 2(NH3), fragments (a) and theoretical NK,- (b) and BK,-spectra (c) of BjoH12(NH3),.238
The numbering is only given for valence orbitals. If only one orbital of a fragment contributes to a MO of B1oH2(NH3), and this contribution is above
95%, then its value is omitted; dashed lines indicate the contributions of the vacant orbitals of BjoH>. The vertical bars show the contributions of atomic

orbitals to the MOs.

orbital of the ammonia molecule (2a; if only valence orbitals are
numbered, see Fig. 23 a) interact with the borane cluster, several
vacant orbitals rather than one orbital of the borane fragment are
involved in the interaction. Although their contributions to each
MO of the complex, including deep orbitals with ionisation
potentials ~16—17 eV, are insignificant and amount to several
percent (as shown by numbers near the dashed lines in Fig. 23 a),
their total contribution is ~30%. The theoretical X-ray NK,- and
BK,-spectra built on the basis of MNDO calculations are pre-
sented in Fig. 23 b,c, respectively.

The experimental X-ray emission spectra of BjgH2(NH3), are
presented in Fig. 24.23% For comparison, the X-ray spectrum of
ammonia is also shown. The B;oH» fragment does not exist in a
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Figure 24. Experimental X-ray NK,-emission spectra of ammonia (a) and
BK,-spectra of CsaBijoHio (b); NKy- (¢) and BKy-spectra (d) of the
Blole(NH3)2 complex,238

All the spectra are smoothed.

free state, and it is worthwhile to compare its X-ray BK,-emission
spectrum with a spectrum of some boron cluster with similar
electronic structure, e.g., BjyHi;. Yumatov et al.23® used
Cs2B1oH o for such a comparison. Although its electronic struc-
ture differs from that of the cluster fragment in question (B;oH12),
the X-ray BKu-emission spectra of CSzBloHlo and BlOle(NH3)2
almost coincide (see Fig. 24 b,d). This suggests that X-ray BK,-
spectra provide little information in studies of borane clusters. It is
likely that X-ray spectral equipment with higher resolution is
required to improve this method.

A characteristic feature of changes in the X-ray NKy-emission
spectrum on transition from the NH3; molecule to the
BioH12(NHa3)s cluster (see Fig. 24 a,c) is that the relative intensity
of the high-energy band (2a;-MO of ammonia) decreases; as
shown for the NH3- BF; cluster (see Section 1V.4), this is due to
electron density transfer from the nitrogen atom to the boron
atom. Since the X-ray BK,-emission spectrum of B;oH2(NH3)» is
shifted towards lower binding energies (or towards higher electron
transition energies) with respect to the NK,-spectrum more
strongly, it can be concluded that the highest occupied orbitals
of this compound include those MOs whose electron density is
mainly localised on the borane cluster atoms. This feature of
electron density distribution also follows from results of quantum-
chemical calculations 238-239 (see Fig. 23). The main parameters of
X-ray spectra built on the basis of calculated data agree with the
corresponding characteristics of the experimental spectra. Thus,
the results of the X-ray spectral study on the formation of
chemical bonds between ammonia and borane cluster in the
BioHi2(NH3), complex allow the conclusion to be drawn that
this process is accompanied by electron density transfer from NHj3
to BioHi2 (see Refs 230, 237 and 238). The results of analysis
performed on the basis of quantum-chemical calculations 238.239
also confirm that electron density on the nitrogen atom decreases
and on the B(6) and B(9) atoms involved in the coordination
increases (see Fig. 6 ¢).

X-Ray studies of 6,9-bis(dimethyl sulfide)-arachno-decabor-
ane(12) [BioH2(SMe»),] were carried out by Murakhtanov et
al.?® and by Yumatov et al.?*® Figure 25 shows a correlation
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Figure 25. Scheme of MOs of the B1oH2(SMe»), cluster and its fragments («), experimental X-ray and UV [He(I)] photoelectron spectra of Me,S (h—e)

and experimental X-ray spectra of BjoH12(SMe;), (f—i).24°

(b, f) SKp-spectra; (¢, g) SLi »-spectra; (d, h) CK,-spectra, (e) UPS spectrum; (7)) BK,-spectrum. Dashed lines indicate the contributions of vacant orbitals.

diagram of MOs of the B1gH 12(SMe»), cluster and of its fragments
(B1oH 12 and MesS); the results of fragment analysis of this cluster
(MNDO calculation); the X-ray and UV [He(1)] 227 photoelectron
spectra of Me;S reduced to a common energy scale (with the use of
XPS data??%); and X-ray spectra of BjoHi2(SMez),. The point
symmetry group of both compounds is C»,. As one can see from
Fig. 25b,f, the most noticeable changes on transition from
dimethyl sulfide to its adduct with borane are observed in the
X-ray SKp-emission spectrum. They are similar to the changes
observed in X-ray spectra upon coordination of the ammonia
molecule to the borane cluster. The maxima in all emission spectra
of free dimethyl sulfide are also identified in this figure.?®2*! For
example, the 2b; HOMO is formed by a lone electron pair or,
more accurately, it is an orbital with high S3p-population.
Interaction of the 2b; HOMO of Me,S with the 5b,, 6a; and 4b;
orbitals of BjoHj> upon coordination of a dimethyl sulfide
molecule to the borane cluster (see Fig. 25 @) results in a series of
new MOs, viz., 11bs, 12a;, 10b, and 11by (see Fig. 254a); the
contribution of the 3p-AO of the sulfur atom to these orbitals is
much lower than the contribution to the 2b; HOMO of the free
dimethyl sulfide molecule. Hence, the X-ray SKg-emission spec-
trum will contain a low intensity line instead of the intense line
corresponding to the lone electron pair (see Fig. 255,f). On the
other hand, the structure of deeper MOs changes insignificantly.
Thus, it can be concluded that the chemical bond between
dimethyl sulfide and the borane cluster is of donor—acceptor
nature and that it is formed by the lone electron pair of Me,S and
the 2p-orbitals of boron. The correlation diagram shows that the
structure of the wave functions of the three occupied MOs, viz.,
7ay, 14a; and 9by, of the BjoH 12(SMe»), cluster almost coincides
with the structure of the three orbitals of the borane cluster in a

free state (see Fig. 25a). The only difference is that the bond
energy in the BjoH2(SMe3), cluster is lower. The electron
densities of the MOs of the above adduct are localised on boron
atoms (and are absent from the ligands). This electron density
distribution is clearly seen in the X-ray spectra. In fact, as one can
see in Fig. 25 f—i, as the binding energy increases, the boron line
with a maximum at ~5 eV with respect to the Fermi level
(transition energy ~ 184 eV) characterising the contributions of
the boron 2p-A0O to the MO is the first line to appear; it is followed
by lines characterising the contributions from the AOs of the
ligands starting from the first line of the SL,3-spectrum with a
maximum of ~7 eV with respect to the Fermi level. It can be
concluded from a comparison of spectra arranged in this way that
the electron density of the highest MOs is predominantly localised
on borane cluster atoms. In the dimethyl sulfide molecule, lone
electron pairs (2b;-MO) are involved actively in the chemical bond
with the borane cluster, including the B(6) and B(9) atoms (see
Fig. 6¢). It was shown 240 that in this case one can speak of
preferential formation of an S—B donor—acceptor o-bond.
Finally, deeper MOs of the borane—Me>S adduct are mainly
composed of dimethyl sulfide’s MOs. The formation of the
chemical bond between the borane cluster and dimethyl sulfide
molecules with involvement of vacant orbitals has certain specific
features. Their contribution is spread along the series of the
BioH12(SMez), MOs and does not exceed 8% for any single
orbital, although the total contribution of the vacant boron 2p-
AOQOs amounts to 30%. The same situation is observed for the
BioH2(NH3), cluster. It follows from quantum-chemical studies
(MNDO calculations) 23 that a bond of predominantly c-type is
formed between the B(6), B(9) and L atoms (see Fig. 6d).
However, a contribution of the m-component is also possible in
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some cases, e.g., with L = MeCN and C,HsN. This interaction is
very weak in the BjoH12(NH3)» cluster.

Changes in the valence of a sulfur atom with different
coordinations on transition from such non-cluster compounds as
H>S and Me,S (with a coordination number of 2) to
BioH12(SMe»), and, finally, to the BoSH|, anion, in which the
sulfur atom is directly introduced in the borane cluster,?*° with a
coordination number of 3, were studied. The changes in the
chemical bond nature between the sulfur and boron atoms on
passing from the BioH2(SMe»)» cluster to the BoSH|, anion are
no less interesting. The geometric structure of this anion and its
X-ray SKp-emission spectrum obtained by Yumatov et al.>*° are
presented in Fig. 26. The sulfur atom in the H,S molecule forms
two o-bonds with hydrogen atoms, whereas the dimethyl sulfide
molecule contains two similar S—C o-bonds along with a weak
n-bond resulting from interaction of a lone electron pair of the
sulfur atom with the 2p-electrons of the carbon atoms. This
interaction does not affect considerably the structure of the
X-ray SKp-emission spectrum on transition from H,S to Me,S
(see Figs 25 and 26): just a small decrease of the relative intensity
of the line corresponding to the lone electron pair of the sulfur
atom (b;-MO) is observed. As noted previously, the sulfur atom in
the BioHi2(SMes), molecule forms a o-type chemical bond
(donor—acceptor bond) with a boron atom and two o-bonds
with carbon atoms of the methyl groups. In the BoSH, thiaborane
cluster (see Fig. 26), the sulfur atom forms two c-bonds with the
B(5) and B(7) atoms. By analogy with the dimethyl sulfide
molecule, one can assume that there is weak m-interaction between
these sulfur and boron atoms. The conjugation of the S atom with
the B(2) cluster atom possibly involves a lone electron pair of the
sulfur atom. Similar interaction manifests itself in X-ray SKpg-
emission spectra on transition from the Me,S molecule to the
BioHi2(SMey)s cluster. The line in the X-ray SKg-emission spec-
trum of CsB9SH 2, which was associated with a lone electron pair
on the sulfur atoms in the spectra of H,S and MesS (see Fig. 26),
has very low intensity. The identity of X-ray SKg-emission spectra
of BioH12(SMe3)> and CsBoSH > confirms the assumption that the
electronic states of the sulfur atom coordinated by three boron
atoms in these clusters are similar. Hence, it can be assumed that
noticeable conjugation of the lone electron pair of the sulfur atom
with the 2p-electrons of the boron atoms occurs in the CsBoSH
cluster, but it appears impossible to determine the type of the
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Figure 26. X-Ray SKjg emission spectra of H»S (a) and BoSH; (b) and
geometric structure of X,S (a) and BoSH /|, molecules (b).240
X = H, Me; S is a satellite peak.

S—B(2) interaction based on X-ray spectral data only. Most
likely, mixing of o- and n-bonding occurs in this case, and it is
the reason for the strong decrease in the electron-donor properties
of the sulfur atom incorporated in the borane cluster.

Thus, the S— B chemical bond in B1gH2(SMe»), results from
o-interaction of the HOMO of dimethyl sulfide, which predom-
inantly consists of the 3p-AO of the sulfur atom (lone electron
pair), with orbitals of the borane cluster. The interaction of similar
orbitals of B and S atoms probably occurs in the CsBoSH»
molecule as well. The results considered above reflect the sub-
stantial differences in the electronic state of sulfur atoms in non-
cluster systems and in borane clusters with various coordination
numbers. These differences can manifest themselves as differences
in the reactivity of the systems in question.

Interaction of a ligand with the borane cluster in the molecule
BioH2(PPh3), is no less complex.?*? The point is that the lone
electron pair of the phosphorus atom in the free triphenylphos-
phine molecule interacts with electrons of the phenyl
groups.!10-241 This affects markedly the structure of the X-ray
PKp-emission spectrum (Fig. 27). In fact, transition from triethyl-
phosphine, in which this kind of interaction is absent, to triphe-
nylphosphine is accompanied by a decrease in the relative
intensity of the high-energy line caused by the lone electron pair
of the phosphorus atom. One would think that the addition of a
Ph;P molecule to the BjgH > borane cluster would decrease the
relative intensity of this line even more, as it was observed in the
X-ray NKy-emission spectrum on transition from NHj to
BioH2(NH3); and in the SKg-spectrum on transition from Me,S
to BioH12(SMe»)>. However, such an effect is not observed in this
case. Possibly, the AO of the lone electron pair of the phosphorus
atom in the complex is strongly bound to the MO of the borane
cluster and cannot participate in m-conjugation with benzene
rings.24?

In this review, XPS results are considered only in combination
with data from X-ray spectroscopy, although the former method
is of great value on its own. In particular, this allows one to
determine the charge characteristics of atoms in a molecule.®? 100
Let us provide a few examples. As noted above in the discussion of
the X-ray absorption spectra of BF3 and BCls, the electron density
on the boron atom is higher in the boron trichloride molecule than

2120 2130 2140 2150 E [eV

Figure 27. X-Ray PKp emission spectra of EtsP (a), PhsP (b) and
BmH]z(PPhg,)z (C).242

Matching spectral lines are designated by the same letters (‘n’ indicates a
lone electron pair).
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in the boron trifluoride molecule. According to XPS data, the
energy of the Bls level decreases from 202.8 to 200.5 eV on
transition from BF3; to BCl; (mean values out of the values
available in the database).??* This also suggests that the electron
density on the boron atom is higher in the BCl3 molecule than in
BF3.92 The donor—acceptor interaction in NH;-BF3; and
BioH2L> (L = NH3, MesS) is accompanied by electron density
transfer from the donor molecule to the acceptor molecule.
Naturally, this decreases the electron density on the donor atom
involved in the coordination. For example, transition from NHj3
to NH3- BF; changes the energy of the Nls level from 398.8 to
402.1 eV,19 guggesting an increase in the positive charge on the
nitrogen atom.’? Similar behaviour is observed on passage from
NH3; to BioH12(NH3)a: the energy of the N1s level increases from
398.8 (see Ref. 100) to 402.4 €V,23? while transition from Me;S to
BioH12(SMe»), changes the energy of the S2ps)»-level from 163.0
(see Ref. 100) to 164.4 €V.243 In these cases, a positive charge also
appears on the donor atom involved in the coordination upon the
formation of BjoHi2(SMez)>. More detailed XPS studies of
boron-containing compounds are covered by reviews.?## 243

d. Metalloborane and metallocarborane derivatives

X-Ray spectral studies of Fe!l, Co', Ni'll and Ni!V dicarbollyl
‘sandwich’ complexes were carried out.?3%-246 These compounds
include anionic complexes [M(BoCoHy1)2]~ (M = Felll, Co!ll,
Ni'") and a molecular complex [Ni'V(BoCoH11),]%. Their ligands
include cluster anionic derivatives of ortho-carborane(12),
(BoCoH1)?>~ (see Fig. 6 j—1). The M atom in such compounds is
located between pentagonal planes — B—C—C—B— B— formed
by two (ByC,H1)>~ anions; a ‘sandwich’ structure is formed as a
result. In [M(ByCyH11)2]?>~ complexes, the —C—C — atom pairs
in conjugated n-ligands (BoC2H;1)2~ can be located trans to the
MU atom for M = Ni, Fe, etc. (see Fig. 67) or cis for M = Colll,
as in the [Ni"V(ByCoH1),]" structure (see Fig. 6k, rotational
isomerism). The configuration of ligands affects intermolecular
interactions. The nature of the (ByCoH; ;) —M — (BoC,H ) ‘sand-
wich’ bond is a matter of discussion. In early studies, this bond was
considered as an analogue of the M — CsH;s n-bond in M(n-CsHs)»

~—

0 EJeV

Figure 28. X-Ray BK, and ML, emission spectra (dashed and solid lines,
respectively) of Cs[(1,2-BoCoH1)2M] dicarbollyl complexes.?3°
M = Fe (a), Co (b), Ni (¢), (1,2-BoC2H 1)2Ni (d).

metallocenes. This assumption was based on the similarity of the
geometric structure of M — (BoC2H 1)~ with the ‘sandwich’-type
structure formed by the M atom and the cyclopentadienyl anion.
Later, the concept regarding the nature of the M — (ByCoH;)?>~
bond changed: it is now believed that more considerable o-bond-
ing (o-delocalisation) occurs in these complexes in comparison
with the interaction of the delocalised m-electronic system of CsHjy
with the metal atom in M(n-CsHs)> (see Refs 230 and 246 and
references therein). Therefore, dicarbollyl complexes are ‘sand-
wich’ cluster systems to a considerable extent. In most cases,
charge transfer from the ligand to the metal atom occurs in these
compounds.

X-Ray BK,-emission spectra of dicarbollyl complexes 23° are
presented in Fig. 28 along with L,-spectra of the central atoms. It
was shown that an increase in the number of electrons in a metal
3d-shell results in a decrease in the energy band occupied by the
HOMOs mainly formed with participation of electrons of that
shell. In fact, the half-width of the FeL,-line is ~6.0 eV, that of
CoLyis ~4.0 eV and that of NiL, is ~3.0 eV. On the other hand,
the binding energy of electrons of this group of orbitals increases
in the same order. In fact, the energy of M L,-lines for metals in
dicarbollyl complexes relative to the Fermi level is ~2.5 eV for
FeL,, ~3.2 eV for CoL, and ~4.2 eV for NiL,. Thus, metal 3d-
AOs make the main contribution to the HOMOs, whereas the
MOs composed with participation of the boron 2p-AQ lie deeper.
Their energy is ~6.5 eV relative to the Fermi level. The strong
overlapping of the BK,- and L,-bands may be evidence of efficient
interaction of ligands with the central metal atom. Transition
from the Ni'll complex to the Ni'V complex stabilises the MOs
composed with involvement of 3d-AOs even more and enhances
the B2p—Ni3d interaction. Let us note the high stability of the
energy position of the MO with a considerable contribution of the
2p-AO of the boron atom, which is probably caused by the
aromatic character of closed three-dimensional systems.

6. Heterocyclic boron compounds

To our knowledge, heterocyclic boron compounds have only been
studied by Doering et al.>*” They studied the electron energy loss
spectra of borazine (point symmetry group Ds;) (Fig. 29), which
were noted (see Section II1.2) to be similar to X-ray absorption
spectra. According to the results of these studies, the m-system
orbital (e”) is the LUMO in the B3;N3Hg molecule; it manifests
itself as an intense low-energy maximum in the spectra. It should

a
T[* (e//)
c*(B—N) (a})

o*(B—N) (¢)

I
190 200 210 220 E [eV
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Figure 29. Electron energy loss spectra of borazine.?*’
(a) BK spectra; (b) NK spectra.
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be added that certain details of electronic structures of a number
of five- and six-membered boron-containing heterocycles were
studied rather thoroughly by UPS and NMR spectroscopies.$?
Figure 7 shows a scheme of interaction of nitrogen and boron
AOs and a qualitative scheme of MOs in some heterocyclic boron
compounds. These systems involve n-bonding.83-87

V. Conclusion

In this review, it was shown for boron-containing systems as an
example that X-ray spectral studies provide vast information
about the electronic structures of chemical compounds. A
specific feature of X-ray spectroscopy is that it provides infor-
mation on the energy positions and structures of MOs which is
comparable with results of quantum-chemical calculations.
Although detailed information about the properties of occupied
and vacant orbitals can be extracted from X-ray emission and
absorption spectra, it seems most efficient to use these methods
in combination with UV and X-ray photoelectron spectra
reduced to a common energy scale. The use of absorption
spectra, quantum yield spectra and energy loss spectra is espe-
cially beneficial for studies of boron compounds that possess
acceptor properties. However, because of problems associated
with the methods and instruments used, comprehensive X-ray
spectral studies with involvement of UPS and XPS have as yet
been carried out for a rather limited number of compounds.

A distinctive feature of studies on the electronic structures of
chemical compounds of boron is associated with donor—accep-
tor interactions. In fact, clear detection of a lone electron pair of a
donor molecule (HOMO) in X-ray emission spectra and a lone
hole pair of an acceptor molecule (LUMO) (with a boron
compound as an acceptor) in the absorption spectra, as well as
changes in the electronic structures of these molecules upon
adduct formation that are observable in X-ray spectra, made this
a promising method for studies on the nature of donor —acceptor
interaction. Studies of this interaction are based on the two-level
model, according to which the formation of a bond only involves
the HOMO of the donor and the LUMO of the acceptor;
however, this is only an approximate model. The formation of
this type of chemical bonds also involves deeper valence MOs of
the donor and the acceptor. It is possible that this mechanism can
be expanded for the donor—acceptor ligand —metal interaction
in complex compounds; the results of its X-ray spectral studies
are generalised in the monograph by Mazalov and Yumatov.?!!

This review was written with partial financial support from
the Russian Foundation for Basic Research (Project No. 01-03-
32428a).
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