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a  b  s  t  r  a  c  t

The  electronic  structure  of the valence  and  core levels  of  three  spiroborate  complexes  – boron  1,2-
dioxyphenylene  �-diketonates  – has  been  investigated  by methods  of UV and  X-ray  photoelectron
spectroscopy  and  quantum  chemical  density  functional  theory.  The  ionization  energy  of  �- and  n-orbitals
of  the  dioxyphenylene  fragment  and  �-diketonate  ligand  were  measured  from  UV  photoelectron  spectra.
This  made  it possible  to  determine  the effect  of substitution  of one  or two  methyl  groups  by  the  phenyl
in diketone  on  the  electronic  structure  of  complexes.  The  binding  energy  of  nonequivalent  carbon  and
oxygen  atoms  were  measured  from  X-ray  photoelectron  spectra.  The  results  of  calculations  of  the  energy
of the  valence  orbitals  of complexes  allowed  us  to refer bands  observed  in the  spectra  of  the  valence
electrons  to the  2s-type  levels  of carbon  and  oxygen.

© 2014  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Modern chemistry of boron organic compounds is primarily
associated with borane chemistry, the study of which is explained
from both the theoretical (multi-centre bonds, clusters) and prac-
tical (fuel, neutron capture, radiotherapy) points of view [1].
However, other classes of boron compounds have attracted the
attention of researchers. These include, in particular, spiroborate
complexes, which are relatively easily synthesized [2,3] and suffi-
ciently stable and have a crystal structure and high melting points.
Chromophoric fragments of spiroborate complexes are not conju-
gated to each other. In this regard, study of the electronic structure
and optical properties of these compounds is also interesting [4,5].

The determination of the relationship between the functional
characteristics of the substances and their electronic structure pro-
vides opportunities for the directed synthesis of new compounds
with desired properties. The most complete information about the
electronic structure of the complexes can be obtained by the joint
application of experimental and theoretical methods.

Previously, we have reported the results of research on the
electronic structure of boron difluoride �-diketonates containing
aromatic substituents with one [6] and two [7] benzene rings in
�-positions by methods of ultraviolet photoelectron spectroscopy
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(UPS) of vapour and density functional theory (DFT). Boron difluo-
ride dibenzoylmethanate (F2BDbm) has been studied by UPS,
X-ray photoelectron spectroscopy (XPS), and X-ray emission spec-
troscopy [8,9]. As noted in [6–8], the DFT method make it possible to
calculate the energy of the ionized states of the boron �-diketonate
complexes with high accuracy. This is a good theoretical basis for
the unambiguous interpretation of the photoelectron spectra and
analysis of the structure of the valence electron levels.

This paper presents the results of a study of the electronic
structure of acetylacetonate (I), benzoylacetonate (II), and diben-
zoylmethanate (III) of boron 1,2-dihydroxyphenylene, as obtained
by UPS, XPS, and DFT.

(I) R1 = R2 = Me
(II) R1 = Me;  R2 = Ph
(III) R1 = R2 = Ph

2. Experimental and calculation methods

Spiroborate complexes I–III were obtained by the reaction of
2-n-butoxy-1,2,3-benzodioxaborol with �-diketones according to
[1]. UV-photoelectron spectra were registered by serial electron
spectrometer ES-3201 with a monochromatic radiation source,
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He-I (h� = 21.2 eV). The determination accuracy of band maxima
was under 0.02 eV. The temperature in the ionization cell was 200
to 240 ◦C. The X-ray photoelectron spectra of compounds I and III
in condensed state were measured using an MXPS XP high vac-
uum double-chamber system (manufacturer—Omicron, Germany)
with a hemispherical electrostatic analyser. The radiation energy
was 1253.6 eV (Mg  K�). The spread function of the spectrometer
in the mode of characteristic atomic level registration, which had
been determined from the Ag3d5/2 band shape, had a half-width
of 1.2 eV. Electron binding energy calibration (Eb) was performed
based on the intrinsic standard method with the C1s carbon level
as a mark. Purification of samples was done by repeated recrystal-
lization. While estimating the atomic concentration of elements in
a sample, we took into account relative ionization cross-sections
and electron escape depth. The relative concentration of elements
obtained from the intensities of the bands corresponding to 1s-
electrons coincided with that calculated within the error of the
method (10%).

All calculations were performed using the Firefly 7.1.G program
package [10]. In the DFT method, a hybrid exchange-correlation
functional B3LYP5 and basis set def2-TZVPP have been used [11,12].
Our choice of the basis set and functional for calculation of the
electronic structure of �-diketonate complexes, including boron,
has been justified by test calculation in [13] and successful appli-
cation of theoretical models for the interpretation of the electron
spectra [6–8,14,15]. In order to check the correspondence between
optimized structures and local minimum points on a surface of
potential energy, calculation of a Hessian matrix was performed.
The absence of imaginary frequencies in vibration spectra points
toward real minima on the potential energy surface.

For comparison of the experimental values of vertical ionization
energies (IE) with energies of Kohn–Sham orbitals, εi, we used an
expanded version of Koopmans’ theorem:

IEi = −εi + ıi,

where IEi is the calculated ionization energy; −εi is the Kohn–Sham
one-electron energy; ıi is the Koopmans defect, which is constant
for a given type of MO energy correction.

The IEi value corresponds to the energy of the Gaussian max-
imum, IEg. The Gaussian maximum position for three higher
electron levels is consistent with experimental ionization ener-
gies. UV bands corresponding to several orbitals were decomposed
into Gaussians, taking into account the energy intervals between
calculated electron levels.

The Koopmans defect ıi is a measure of the deviation of calcu-
lated one-electron energies εi from the experimental vertical IEi,
that is, a measure of the violation of Koopmans’ theorem. That
is why Koopmans defect analysis is a useful tool as a theoretical
approximation of quantum chemistry to describe the energy of
ionic states of molecules. When taking into account the dependence
of the amendment to the orbital energy ıi on the nature of the elec-
tronic level, Koopmans’ theorem makes it possible to obtain a good
agreement between the experimental energy IEi and the calculated
energy εi of the Kohn–Sham molecular orbital (MO) [13,14,16].

3. Results and discussion

According to the calculation results, the geometry of compound
I corresponds to the symmetry group C2v (the planes of the chelate
ring and fragment PheO2B are perpendicular to each other).

Under substitution of one methyl group in compound I by
phenyl (compound II), axis C2 of fragment PheO2B deviates by an
angle of 15◦ relative to the plane of the chelate ligand, and in com-
plex III this angle increases to 19◦. Coplanarity of the planes of
chelate and benzene rings is absent for compounds II and III, and

Fig. 1. Ultraviolet photoelectron spectra of the vapours of compounds I–III: exper-
imental spectrum (heavy line), Gaussian components (thin envelope line), and
calculated energies of molecular orbitals shifted by the value of Koopmans’ defect
(vertical lines).

the dihedral angles are 12◦ and 14◦, respectively. According to the
calculated results, compound III has symmetry Cs, but for conve-
nience of comparison among MOs  I–III we use the notation of the
symmetry group C2v in Table 3, Figs. 2 and 6. The usage of C2v sym-
metry is justified by the inconspicuous difference between the total
energies of the structures with Cs and C2v symmetries (84 cm−1).

For compounds I–III, the interatomic distances B O3 and B O4
(1.44 Å) are much smaller than the distances B O1 and O2 B
(1.52 Å). Also, for compounds I–III, small differences in the rele-
vant interatomic distances (≤0.02 Å) and angles between bonds
within the chelate ligand and dioxyphenylene fragment (≤2◦) were
observed.

Fig. 1 shows the UV-photoelectron spectra of the vapours of
the compounds studied. Under the decomposition of the spectral
bands into Gaussian components, we took into account the num-
ber of calculated electronic levels, the energy intervals between
them, and the closeness values of the ionization cross-sections of
the electronic levels.

The images of the molecular orbitals of complexes I and III which
are the most important for interpretation of UV-photoelectron
spectra are shown in Fig. 2. Tables 1–3 contain the results of calcula-
tion of the relative contributions of the 1,2-dioxifenylene fragment
PheO2B, chelate ring, and substituents R in the molecular orbitals.
The predominant localization of the MO is designated by super-
scripts: “x”—on a PheO2B fragment, “ˇ”—on a �-diketonate ligand,
and “R”—on the substituents CH3 and C6H5.
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