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Boron chelate complexes:
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Published data on the electronic structure of boron chelates are summarized for the first
time. Ultraviolet photoelectron spectra of vapors, X-ray photoelectron spectra of molecular
crystals, and results of modeling within the framework of the density functional theory are
analyzed. Data on the effect of substituents on the electronic structure of complexes are sys-

tematized.
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Boron chelate complexes are finding increasing use in
various fields of science and technology. For instance,
boron B-diketonates exhibit intense luminescence through-
out the visible and near-IR regions,1—9 the ability to form
excimers’>8 and exciplexes,?>10 luminescent thermochro-
mism, ! liquid-crystalline polymorphism,12—15 and high
biological activity.1® These properties underlie the applica-
tion of the title compounds as laser dyes,1? organic light-
emitting diodes,18:19 optical chemosensors,20—22 active
components of sunlight collectors,23 nonlinear optical
materials,24 polymeric optical materials, 2526 and antiviral
drugs.'6 Much attention is also attracted to nitrogen-
containing analogues of boron B-diketonates. In particu-

* Based on the materials of the XXVII International Chugaev
Conference on Coordination Chemistry (October 2—6, 2017;
Nizhny Novgorod, Russia).

lar, unique photophysical properties of boron imidoyl-
amidinates and formazanates offer prospects for their
application in the design of novel laser dyes.2’—31 Specific
properties32—35 of boron difluoride dipyrrolylmethene
(BODIPY) complexes allow one to expect that materials
based on BODIPY and their derivatives may serve as active
components of light harvesters,3¢ biomolecular probes,3”
and optical chemosensors.38

Establishment of correlations between the electronic
structure and spectral characteristics of boron chelates
makes targeted synthesis of novel optical materials feasible.
Absorption spectroscopy was the main physical method
of investigation of the electronic structure before 1970s;
however, the dependence of the energy of electronic tran-
sitions on the energy of two electronic levels limits the
informativeness of the method. Photoionization causes
electrons to go to the ground-state level, which simplifies
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the interpretation of the photoelectron spectra within the
framework of the MO approximation and thus makes
ultraviolet photoelectron spectroscopy (UPS) and X-ray
photoelectron spectroscopy (XPS) reliable sources of
information on filled electronic levels.3 Photoelectron
spectra of coordination compounds often exhibit broad
bands that cannot be interpreted without using modern
computational methods.

The choice of the density functional theory (DFT) to
model the electronic structure of boron chelate complexes
is due to good correlation between the experimental and
theoretical ionization energies of d-element coordination
compounds.40—42 This can be explained by similarity
between the Kohn—Sham equation and the Dyson quasi-
particle equation for valence ionization.43:44 The general
Dyson equation?’ is a way to obtain Green s functions;46
therefore, utilization of the DFT approach that takes ac-
count of electron correlation in polyatomic systems made
it possible to interpret the broad bands in the UPS and
XPS spectra.

The electronic structure and optical properties of bo-
ron chelates have been intensively studied by optical
spectroscopy and quantum chemistry methods. Com-
pounds of interest include boron difluoride B-diketonates
(they can be synthesized with relative ease), boron difluor-
ide B-diketonates bearing organic substituents at boron,
and their nitrogen-containing analogues. Photoelectron
spectra of certain boron chelate complexes were reported
earlier.47-48 However, at that time the available methods
for electronic structure calculations of polyatomic systems
failed to unambiguously establish the nature and order of
electronic levels. Except Ref. 49, all results of photoelec-
tron spectroscopy studies of boron chelate complexes were
reported in our publications.

In this work we briefly review the results of UPS, XPS,
and DFT studies on the electronic structure of certain
classes of boron B-diketonate complexes and their nitro-
gen-containing analogues (A—C) carried out in the last
decade at the Laboratory of Electronic Structure and
Quantum Chemical Modeling (Far Eastern Federal Uni-
versity, Russia). We studied the effect of substituents at
B-position of the chelate ring on the electronic structure
of boron difluoride B-diketonates. Replacement of two
fluorine atoms by various organic groups made it possible
to determine the role of the complex-forming agent in the
changes in the MO energies and composition. Studies on
boron imidoylamidinates and formazanates disclosed the
electronic effects originating from substitution of various
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organic groups in o-, -, and y-positions, as well as het-
eroatoms in the chelate and fused rings. The results ob-
tained30—%4 are compared with absorption spectroscopy
data and with the results of time-dependent density func-
tional theory (TDDFT) calculations.52,58,62,63

Experimental

Methods of synthesis of boron difluoride P-diketonates,
boron difluoride B-diketonates with organic substituents at boron
atoms, and their nitrogen-containing analogues have been ana-
lyzed in Refs 65, 66, and 67, respectively.

Vapor-phase UPS spectra of 30 boron chelates were registered
on a modified ES-3201 electron spectrometer with a hemi-
spherical electrostatic analyzer and a monochromatic He I ra-
diation source (hv = 21.2 eV).47:48,57.59,60,63 To calibrate the
electron energy scale, xenon was used. The error in the determi-
nation of band maxima was at most 0.08 eV. The temperature of
the ionization cell was varied from 200 to 240 °C depending on
the properties of the samples.

Broad bands in the UPS spectra were decomposed into
Gaussian components taking account of the calculated number
of electronic levels, the energy intervals between them, and the rel-
ative photoionization cross-sections. Correlations between the
experimental bands and the energies of calculated electronic
levels were made using a procedure similar to extended version
of Koopmans’ theorem®, viz., I, = —g; + §;, where I, is the
ionization energy, g; is the one-electron Kohn—Sham energy,
and §; is the density functional approximation defect (DFA de-
fect) representing a measure of deviation of the one-electron
energy ¢&; from the experimental vertical ionization energy ;.

X-ray photoelectron spectra of molecular crystals of 11 boron
B-diketonates were recorded on a high-vacuum photoelec-
tron spectrometer (Omicron, Germany) with hemispherical
electrostatic analyzer and a source of Mg-Ka radiation (Av =
= 1253.6 €V).52,54,58,62,63 The instrument function of the spec-
trometer in the mode of characteristic atomic levels registration,
determined from the Ag3ds , band shape, had a half-width of 1.2 eV.
The spectra were processed using the CASA XPS software.% The
electron binding energy (£;,) scale was calibrated using the Fls
(686.0 eV) or Cls (285.5 eV) levels as internal standards.”071
The atomic concentrations of elements in the samples were de-
termined taking account of the relative ionization cross-sections
and the photoelectron escape depth. The relative concentrations
of elements obtained from the Is-electron band intensities coin-
cided with the calculated values within the limits of experimen-
tal error (10%).

The valence-region and core-level XPS spectra were inter-
preted using the frozen orbital approximation. This allowed one
to make a qualitative assignment of the energy subbands in mo-
lecular crystals to the calculated energies taking into account the
number of calculated electronic levels, the energy intervals be-
tween them, and the relative ionization cross-sections.

Density functional calculations were carried out using the
Firefly program’2 with basis sets of at least 6-311G quality.”3:74
The results of calculations depend strongly on the exchange-
correlation functional chosen. At present, DFT calculations use
hybrid functionals,” doubly hybrid functionals,’® Minnesota
functionals,”” and hybrid range-separated functionals.”8:7%
Besides, the method of dispersion correction is used as an add-
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on to conventional Kohn—Sham technique.3? The B3LYP hybrid
functional®1—83 is successfully used in modeling the electronic
structure and optical spectra of boron chelate complexes.34—90
It was shown that B3LYP calculations give good agreement be-
tween theory and experiment for the structure and spectral
characteristics of boron chelates (see our review3® and Ref. 91).
Therefore, all UPS and XPS spectra were compared with the
results of DFT calculations using the B3LYP functional. The
absorption spectra of the complexes were interpreted in accor-
dance with the results of TDDFT calculations.

Results and Discussion

Boron difluoride 3-diketonates. Presented below are the
results of UPS (see Refs 50—54, 63) and XPS (see Refs
58, 62, 63) studies of the electronic structure of 18 boron
difluoride B-diketonates and the results of corresponding
DFT calculations. For these complexes we analyzed the
results of calculations and absorption spectroscopy data.

H
R? a R2
O\B/O
F F
1—-18
Compound R! R2
1 Me Me
2 Ph Me
3 p-Tol Me
4 p,m-MeCgH3 Me
5 4-Biphenyl Me
6 4-Fluorenyl Me
7 4-trans-Stilbenyl Me
8 2-Naphthyl Me
9 9-Anthryl Me
10 Ph Ph
1 p-OMeCgH, p-OMeCgHy4
12 p-OMeCgH, m-NO,CgHy4
13 p-OMeC6H4 p-N02C6H4
14 C10H7 p-N0206H4
15 p-Tol p-Tol
16 p-OMeCgH, Ph
17 p-OMeCgH, p-BrCgH,
18 p-OMeCgH,4 0-OHCgzH3CO0CgH,OMe

Boron difluoride acetylacetonate F,BAcac (1) is one
of the best studied B-diketonates. The structure of com-
pound 1 has a C,, symmetry. The HOMO of the complex
is a m-orbital mainly localized on the Cy atom and two O
atoms (Fig. 1). The n_-MO has a large contribution from
oxygen AOs (58%). Orbitals mainly composed of F2p AO
have lower energies3? and can be treated as a result of
mixing of the chelate ring MOs with symmetry types ay,
b, and b, with corresponding orbitals of the complex-
forming agent F,B.47-48

To determine how the F,B orbitals affect the electron
density distribution in the ligand n-MOs and ng-AOs, we
performed a comparative analysis of the electronic struc-

ture of lithium acetylacetonate?? and boron difluoride
acetylacetonate3? using UPS data and results of DFT
calculations. As the Li atom in the acetylacetonate complex
is replaced by F,B, the I; and I, values increase by 1.60
and 2.24 eV, respectively. This can be explained by a de-
crease in the total electron density on the ligand from
—0.64 e in LiAcac to —0.13 e in F,BAcac since the boron
atom donates the electron density mainly to two fluorine
atoms (0.74 e) rather than oxygens.

The first two bands in the UPS spectrum of F;BAcac
originate from one-electron ionization from the n; and
n_ MOs (see Fig. 1, Table 1). Broad asymmetric band
shapes at 9.85 and 11.34 eV with a half-width of 0.6 eV are
indicative of significant changes in the geometry of the ion
upon removal of electrons from the n- and n-orbitals.5?

To interpret the third band in the spectrum of F,Bacac,
we compared3? the /; and ¢; values of the following com-
pounds: BF;, BF,Me, CH,=CF,, C,Hg, benzene and its
derivatives C¢Hg_,R,, (n = 1, 2; R = F, Me, OH), com-
plexes M(AA), (n =1—3; M = Be, Zn, Sc). It was found
that the DFA defect for the levels mainly composed of
carbon AOs (§¢) is 2.0—2.2 eV. For MOs with major
compositions of O2p and F2p AOs, the DFA defect is
0.2—0.4 and 1.0—1.5 eV higher, respectively. Therefore,
the DFA defect for the valence MOs of boron difluoride
acetylacetonate, mainly composed of carbon (oxygen) AOs
is 8¢ = 2.0 eV (8 = 2.4 eV), while that for the levels with
major composition of F2p AOs is 6g = 3.4 €V. A similar
ratio of the DFA defect values was also found for other
boron difluoride B-diketonates. Thus, the third band in
the UPS spectrum of F,BAcac (see Fig. 1) corresponds
to the n,-MO and three nonbonding F2p AOs. Earlier,47-48
the band at 12.8 eV was assigned to the n,-orbital since at
that time computational methods did not allow the /;
energy of F2p levels to be so low. It was accepted that the
I; energies of F2p electrons lower 13 €V are only charac-
teristic of metal fluorides with mainly ionic bonding.?3

The HOMOs of compounds 2—4 with one benzene
ring as substituent are composed of n5 orbital and the up-
per degenerate orbital of benzene C1gs while methylation
of the phenyl group decreases the ionization energies of
not only the substituent w-orbitals, but also the chelate
ring n-orbitals3® (see Table 1). Unlike compounds 2—4,
substituents in complexes 5—7 have an extended n-system.
Therefore, one or two upper occupied orbitals in systems
5—7 are mainly localized on the aromatic group, while
the n3 orbital makes the major contribution to the second
or third higher occupied MO.51 The UPS spectra of boron
difluoride naphthaloylacetonate (8) and boron difluoride
anthracenoylacetonate (9) exhibit a fine structure of the
spectral bands corresponding to /;, which is due to the
C=C-bonding n-orbitals localized on substituents,® by
analogy with the naphthalene®# and anthracene®3 mole-
cules. The difference between theoretical and experimen-
tal 1, values of boron difluoride dibenzoylmethanate
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Fig. 1. UPS data and energy diagrams for F;BAcac: calculated electron energies (g;), those corrected for the DFA defect (2.0, 2.4,
and 3.4 eV for the n3, n, and F2p orbitales, respectively), and the experimentally determined (including the results of spectral decom-

positon of the third band) energies 7;.50

Table 1. Experimental and calculated ionization energies (eV) of different MOs in compounds 1—1030—52.63

Com-

R] R2 T3 — R3 R3 R4 R3 + T3 R5 n_
pound gt 5 h —etd b —etd b —etd b o—etd b —e+d b —e+d L e+ |
1 — — — — 983 985 — — — — — — — — 11.37 11.34
2 — — — — 930 925 9.67 982 — — 10.06 10.16 — — 11.08 11.14
3 — — - —  9.09 9.02 959 967 — — 9.85 9.96 — — 10.99 10.93
4 — — — — 899 885 931 927 — - 976 9.73 — — 10.85 10.83
5 8.82 8.8l — — 949 948 950 949 777 9.77 10.36 10.35 — — 11.01 11.00
6 840 829 913 919 929 933 947 955 — — 1030 1031 — — 10.77 10.76
7 8.07 815 — — 912 910 924 934 950 950 9.83 9.78 10.92 10.80 10.71 10.77
8 850 840 — — 902 903 — - — - 9.62 9.64 10.36 10.40 10.84 10.92
9 7.58 756 8.88 870 916 9.20 — - — - 9.43  9.49 10.48, 10.22, 10.64 10.64

10.58 10.45
10 — — — — 919 9.00 9.83 985 999 10.10 10.27 1035 — —  1L17 1112

Note. No mixing of m3 and Rj orbitals in compound 1; n3 and n_ are the chelate ring orbitals, and R|—R5 are orbitals localized

on substituents at the B-position. Here and in Tables 2—5 the plus (+) and minus (—) signs respectively denote bonding and
antibonding between the chelate ring and substituent.
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F,BDbm (10) is 0.19 eV. Calculations of /| from the total
energy differences between the ionized state and the ground
state predict significant rearrangements in the electron
shell upon removal of an electron from the HOMO.52

We compared the results of UPS and DFT studies on
the electronic structure of compounds 1—10 with the
absorption spectroscopy data and results of TDDFT cal-
culations.52:58:96 [t was found that the energy and oscilla-
tor strength of the n—n* transition remain almost un-
changed, whereas those of =—r* transitions vary from one
compound to another. This especially concerns the oscil-
lator strength values that are maximum for the m;—mny*
transitions (complexes 3 and 10), for the R—mr4* transitions
(complexes 2, 5—7, 9), and for the second transition
R—mn,* (complexes 4 and 8).

Among boron chelate complexes, boron difluoride
dibenzoylmethanate F,BDbm (10) deserves particular
attention since it exhibits high photostability, bright lumi-
nescence in solution,% in the crystalline phase,?® and in
polymer matrices.?? Spectral characteristics of F,BDbm
and its derivatives are intensively studied in connection
with great potential for practical applications. In particu-
lar, the dependence of the orbital energy on location
(o-, m-, or p-position) of the OMe substituent in alkoxy-
substituted F,BDbm was studied.100:101 The results of

theoretical studies of a large number of boron chelate
complexes were reviewed192 with the emphasis placed on
the choice of the method for implicit inclusion of the
solvent effect. The influence of substitution of methoxy
and alkyl groups in p-position of the benzene rings of
F,BDbm on its luminescence spectra was studied.103.104
The results of theoretical analysis of the fine structure in
the optical spectra of F,BDbm (see Ref. 105) and its
hydroxylated derivative were reported.106

The valence region XPS spectra of compounds 10—18
exhibit four or five maxima in the E, range of 3 to 23 eV
and two maxima in the range of 27—31 eV (Fig. 2). The
relative intensities and band shapes are governed by the
distribution of the density of electronic states and by the
relative ionization cross-sections of s- and p-levels (c, and
Ops respectively). For Mg-Ka radiation, the oy : Sp ratio
equals 26 for carbon, 12 for oxygen, 4 for fluorine, and 0.5
for bromine; note that 6,(C) : 6,(0) : o,(F) : o,(Br) =
=1.0:6.0:19.6: 113.0.187

A thorough analysis>2 of the valence region XPS spec-
trum of F,BDbm (see Fig. 2) showed that maxima in the
energy range of 10—22 eV correlate with the benzene orbit-
als 2a;,, 2ey, 2€5,, and 2b;,,. Maxima at 31 and 27 eV are
due to ionization from the F2s and O2s levels, respectively.
The difference between the experimental data for the

| 2Ph
[T TITT T [] F,BDbm
- NN 1 11 T F,BAA
0 5 10 15 20 25 30 35 E,/eV

Fig. 2. Valence-region XPS spectrum of F,BDbm (see Ref. 52) and calculated electron energies of three compounds. Lines corre-
sponding to the O2s and F2s electron energies are respectively shifted by 1 and 3 eV relative to other levels. A weak bend 1’ corresponds
to six upper occupied MOs observed in the vapor-phase UPS spectrum (its scale is magnified: x2).
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ionization intensities of O2s and F2s levels in the spectrum
of F,BDbm originates from not only errors of the compu-
tational method used to evaluate the photoionization
cross-sections of free atoms, but also from delocaliza-
tion of the electron density over the chelate ring.52
In particular, both O2s-type orbitals in F,BDbm are the
O—C bonding ones, which is also characteristic of com-
pounds 11—18.58.62

Figure 3 presents the Cls and Ols XPS spectra of
compounds 15—18 and the calculated energies respon-
sible for the half-widths and positions of maxima of

a
Ols
4__.-—"|
530 532 534  Ep/eV
284 286 288 290 E,/eV
C

532 534 E,/eV

Cls’

288 290

284
Fig. 3. Cls and Ols XPS spectra of compounds 15 (a), 16 (b), 17 (¢), and 18 (d).52

286 E,/eV

Is-electron bands on the E}, scale. By analogy with
F,BDbm (see Ref. 52) the Cls spectra of complexes
11—18 exhibit two components, Cls and Cls’, while the
satellite at 289 eV is called "n-plasmon"198 and associated
with © —n* excitation of aromatic groups!%? (shake-up p,
transition).

Bands in the Ols spectra of compounds 16—18 shown
in Fig. 3 were decomposed into components in accordance
with results of calculations. Similarly to other boron
difluoride B-diketonates,34:63 the binding energies of
Bls-electrons in complexes 10—18 are in the range of

b
Ols
Ols’
532 534 Ep/eV
284 286 288 290  Ep/eV

290

Eb/eV
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193.6—193.8 V. According to reference data,!07 this is
characteristic of B atom in high oxidation states. The core-
level XPS spectra of complexes 10—18 demonstrate good
agreement between the energy differences and the relative
areas under Gaussians with the calculated energies and
the number of electronic levels.

Boron (-diketonates with organic substituents. In the
text below we present the results of electronic structure
studies334 of five B-diketonates 19—23 with organic
substituents at boron. For compounds 21—23 we also
analyzed the results of calculations and absorption spec-
troscopy data.110

R'=R? = Me, X = Et (19); R' = R2 = Me, X = Ph (20);
R'=R2 = Me, 2X = CgH,0, (21);

R' = Ph, R2 = Me, 2X = CgH,0; (22);

R' = R? = Ph, 2X = CgH40, (28)

Calculations predict that, unlike F,Bacac, complexes
19—21 are characterized by significant mixing of the ligand
w3 MO with orbitals localized on the organic substituents
at boron (Table 2). As a consequence, the HOMO—LUMO
energy gap becomes narrower and the nature of the Sy—S;
transition changes.

It was found that compound 21 has MOs mainly local-
ized on O atoms of the C¢H,O, moiety.33 Two upper
electronic levels in spiroborates 21—23 are localized on
the C4H,40, fragment while replacement of Me groups by
Ph in the B-diketonate ring has almost no effect on the
energies and localization of the two higher and deeper-
lying m- and c-orbitals of C¢dH40, (see Ref. 54, Table 2,
Fig. 4). Replacement of two fluorine atoms by CcH,0, in
complexes 1, 2, and 10 has no effect on the energies and
composition of n-levels of the B-diketonate ligand (see
Fig. 4, Tables 1 and 2). The lack of mutual perturbation
of electronic levels of two chelate rings in spiroborates can
be explained by the fact that their planes are mutually
orthogonal.

The first three bands in the UPS spectra of compounds
21—23 (Fig. 5) are due to one-electron ionization. In the
spectra of complexes 21—23 the energies /; and [, are
determined by two upper n-MOs (nsX and n,X) of
C¢H40,B moiety representing the antibonding combina-
tions of two upper n-orbitals of the phenylene ring (le;,
in benzene) with O2p AOs. The third band corresponds
to the 13 MO of chelate ring (compound 21) or to the
antibonding combination 13 MO — R (compounds 22
and 23). It is followed by broad bands assigned to a num-
ber of electronic levels.54

2 22 21 23 10
>t — bsH
of B ML S
by (3P — 3R)
r (753B — ﬁ3R) ,
by ay(m,R)
(m®) — — b(=d)
o (3R + 138) // A ay(m3")
b1 (75%) by(m3® + maP)
ai(o* - n.%) batn?)
I — T, P
9 = ——— " 9%;(n,%)
ay(my®)
—ai/e\/ bl(GX)

Fig. 4. Correlation diagram for interaction of upper n- and 6-MOs
in compounds 21—23, F,Bbac (2), and F,BDbm (10).54

The results of calculations are in good agreement with
the UPS spectra. Considering compound 21, of nine upper
electronic levels with 1 < 12 eV, only two are localized on the
B-diketonate moiety (see Figs 4 and 5, Table 2). According
to calculations, the strong band with a maximum at 11.3 eV
and a shoulder at 10.6 eV should be decomposed into six
Gaussians including the n_-MO, two r-orbitals mainly local-
ized on the C¢H40,B group, and three n- and 6-MOs.34

7 8 9 10 11 1/eV

Fig. 5. UPS spectrum of compound 21.54 Shown are the MO
shapes of the first three spectral bands.
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The valence region XPS spectra of complexes 21 and
23 exhibit five maxima (Fig. 6). The relative intensities
and the shape of spectral components are determined by
the distribution of the density of electronic states and by
the relative ionization cross-sections of the 2s and 2p
levels (o4 and o, respectively). According to reference
data, 107 for Mg-Ka radiation the o : o, ratio equals 26
for carbon and 12 for oxygen at 6,(C) : 5,(0) = 1: 6.

Maxima 5 in the spectra of both complexes (see Fig. 6)
correspond to two pairs of electronic levels mainly local-
ized (to 80%) on O atoms. The half-width of the band is
4.7 eV, being in good agreement with theoretical estimate
of the splitting of four levels by 3.46 eV.

Maximum 4 and a bend 4" in the spectrum of com-
pound 21 originate from electrons of three C2s levels (3a;,
2b,, 5a,) of acetylacetonate ligand and three levels, namely,
4a,(a), 2b;(ey), 6a;(e;) of the C4H, ring (see Fig. 6).
Maximum 3 at 14.5 eV corresponds to two levels, 8a(e;)
and 3b(e,), of the C¢H,4 group and to the 3b, level of the
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Fig. 6. Valence-region UPS and XPS spectra of compounds 21
(a) and 23 (b) (for details, see text).54

B-diketonate ligand. Maximum 2 at 11.3 eV is determined
by the upper s-MO (out of six ones) of the C¢H,4 group.
Maximum 7/ and bends /" and 1" correspond to ionization
from 22 p-levels including four ng orbitals and eight & or-
bitals. The first two bands in the vapor-phase UPS spec-
trum (see Fig. 5) appear in the XPS spectrum of condensed
state as a bend 7/’ near the top of the filled energy band,
while the strong maximum at 11.3 eV composed of the
contributions from six orbitals corresponds to bend 1.
Superimposition of the vapor-phase UPS spectra on the
valence region XPS spectra confirms the assignment of
the bends (see Fig. 6).

Replacement of two methyl groups by phenyl moieties
(compound 23) leads to an increase in the number of
electronic levels in the valence region from 41 to 63 (the
number of s-levels increases from 16 to 26). Since the
total number of O atoms remains unchanged, the relative
intensities of maxima /—4 in the spectrum increased (see
Fig. 6). The bend 4° and maximum 4 correspond to the
aand e electron levels of three benzene rings and C atoms
of the B-diketonate ligand.>* Maximum 3 is due to con-
tributions from three pairs of e, orbitals, while maxima /
and 2 correspond to 38 p-levels and three 2s levels. By
analogy with the spectrum of compound 21 bend 7’ corres-
ponds to the first two bands, while bend 1" corresponds to
the strong band at 9.8 €V in the vapor-phase UPS spectrum.

The results of experimental and theoretical studies of
the absorption spectra of compounds 21—23 are avail-
able.110 Replacement of two F atoms by C¢H,40, moiety
leads to a change in the nature of the Sy—S; transition and
to abathochromic shift of the long-wavelength band owing
to a decrease in the HOMO—LUMUO gap. These data are
in good agreement with the results of analysis of the elec-
tronic structure of boron difluoride B-diketonates and
spiroborates (see Fig. 4).

Six-membered nitrogen-containing analogues of boron
B-diketonates. In the text below we present the results of
electronic structure studies of two boron imidoylamidi-
nates>5 and two boron formazanates.?

R3

R? N R2 )\
Yz'*{ NN

No
H B H R ~B” “R2
4= Vs
X X X X
24, 25 26, 27

R'=R2=Et, X = MeCOO (24); R' = R2 = Ph, X = MeCOO (25);
R'=R2=Ph, R3=H, X=Ac (26); R' = R2=Ph, R3 = p-Tol,
X =Ac (27)

According to calculations, compounds 24 and 25 are
characterized by mixing of the chelate ring nr; MO and
orbitals of the complex-forming agent X (Table 3). Unlike
25, strong mixing of the chelate t-MO and benzene ring
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n-MO was found for complexes 24 and 27; this is also
typical of boron B-diketonates.30—52.54 Inter-orbital in-
teraction causes the /; energy of complex 26 to increase
by 0.73 eV relative to that of 25 (see Table 3). Introduction
of tolyl group at y-position of chelate ring (compound 27)
leads to noticeable delocalization of the upper occupied
MOs. In complex 27 mixing of the chelate ring 13 MO with
the 5 orbital of p-Tol group is responsible for a decrease
in /; by 0.48 eV compared to compound 26. According to
UPS data, additional n-orbitals of toluene cause the split-
ting of the n3 level to increase by 0.76 eV.

Figure 7 presents the UPS spectra of complexes 25—27
decomposed into Gaussian components. Vertical lines
denote the calculated electron energies corrected for the
DFA defect. A comparison of the results of simulation and
the UPS spectra revealed good agreement between theory
and experiment.>?

H Tol

N _N_ N No N
H™ B H Ph” ~B” “Ph Ph” B” “Ph
/\ 4\ /\
Pr Pr MeCOO MeCOO MeCOO MeCOO
25 26 27

The UPS spectra of compounds 25—27 exhibit broad
bands corresponding to /; (see Fig. 7), which is determined
by the set of components for 3N—6 vibrations; this is also
characteristic of boron B-diketonates.59—54 In accordance
with the Franck—Condon principle, photoionization from
the HOMO causes noticeable changes in the equilibrium
coordinates due to the stretching and deformation vibra-
tions. For complexes 25—27, the energy differences be-
tween the vertical and adiabatic transition are in the range
of 0.58—0.87 eV.

Gaussian components of the UPS spectra of com-
pounds 25—27 (see Fig. 7) are asymmetric; this is also
characteristic of the valence orbitals of benzene, 111 het-
erocyclic compounds, 12, boron B—diketonates,50_54 and
their nitrogen-containing analogues. For compounds 25
and 27, the asymmetry parameters of the /| band (the
right/left half-width ratio) are 1.12 and 1.10, respectively.
The overlap of the first and second bands in the spectrum
of complex 26 makes the determination of the asymmetry
parameter difficult.

Boron imidoylamidinates with fused rings. Now we will
analyze the results of electronic structure studies of com-
pounds 28—35.55.57

By analogy with boron acetylacetonates with organic
substituents33 complexes 28—35 are characterized by
noticeable mixing of the ligand and complex-forming agent
MOs (Table 4) and by correlation of the shapes of five
upper occupied MOs. Methylation of the benzene ring at
the m-position (compound 31) leads to considerable
changes in the localization and energies of the fourth, fifth,
and sixth upper occupied MOs.55

7 8 9 10 11 I/eV

Fig. 7. Vapor-phase UPS spectra of compounds 25 (a), 26 (b),
and 27 (c¢) (black solid lines). Gray solid lines denote the results
of simulation.5?

Boron imidoylamidinates 29—31, 33, and 35 exhibit
no marked mixing of the ligand and phenyl group m-or-
bitals (see Tables 3 and 4). Complexes 29—31 demonstrate
an increase in the /; values for phenyl group levels by
0.4—1.1 eV compared to complex 25. This can be explained
by the field effect of the positive charge on the six-mem-
bered ring (0.47 e) donating the electron density to the
five-membered ring.

In complexes 28—35 there are five 1-MOs of the che-
late ring, one pseudo-m-orbital of the complex-forming
agent X, and one (compounds 32—34) or two (compounds
28—31) ny MOs. The first bands in the UPS spectra of
28—35 originate from one-electron ionization from the
n5-X MO (see Table 4).
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4
X X
28—35

Com- X z R! R?
pound
28 Pr =N-CH=N- H H
29 Pr =N-CH=N- H Ph
30 Pr =N-CH=N- H p-Tol
31 Pr —N-CH=N- H m-Tol
32 Bu -S-CH=CH- H H
33 Bu —-S-CH=CH- H p-Tol
34 Pr -S-CH=CH-  Cyclohexyl Cyclohexylamine
35 Pr —N=CH-CH=CH- Cyclohexyl Cyclohexylamine

Replacement of two N atoms in the five-membered
ring (compounds 28—30) by sulfur atom and CH group
(complexes 32 and 33, respectively) causes /| to decrease
by 0.2—0.3 eV (see Table 4). In compound 33 the electronic
levels of the benzene ring orbitals R are 0.8—1.2 eV higher
than the corresponding levels in complex 30.57 This can
be explained by the electron-withdrawing properties of
two N atoms of the five-membered ring that displaced the
electron density from the six-membered ring. Unlike
boron formazanates>® and boron p-diketonates,50—52:54 no
marked mixing between the ligand t1-MO and benzene ring
orbitals was found for complexes 29—31 and 33 (see Table 4).

Compounds 34 and 35 are characterized by noticeable
mixing of ligand orbitals and the C¢H | NH group orbitals,
while the presence of nitrogen atom in the fused ring
(compound 35) leads to an increase in /; by 0.18 eV.

Aza-boron-dipyridomethene derivatives. Let us turn to
analysis of UPS data and results of DFT calculations of
nitrogen-containing chelate complexes 36—38.60.61

4 =
X X
36—38

X =Et(36), Pr(37), Ph (38)

To assess the effect of the complex-forming agents on
the electronic structure of aza-boron-dipyridomethene
derivatives, we analyzed the changes in the /; values and
in the MO types on going from anthracene and acridine
to structure 36 (Fig. 8). The molecules of anthracene,
acridine, and compound 36 have seven occupied n-orbit-
als each, the HOMO being localized on three rings. Due
to the field effect of two B-C atoms in structure 36 the ny
level is considerably stabilized compared to the corres-
ponding value for acridine, which leads to an increase in the
energy gap between /; and /, (see Fig. 8). Unlike aza-bor-
on-dipyridomethene with BF, group (see Ref. 60), in com-
pounds 36—38 one deals with noticeable mixing of the
chelate ligand n-MO and pseudo-n-orbitals of the com-
plex-forming agent X (Table 5). This governs the decrease
inthe HOMO—LUMO gap and can lead to bathochromic
shift of the long-wavelength bands in the optical spectra.

Replacement of Et by Pr (complex 37) causes no great
changes in the energies and compositions of the six upper
occupied orbitals. Phenyl groups in compound 38 stabilize
the ligand MO levels by 0.1—0.2 eV (see Table 5). Accor-
ding to UPS data for compounds 37 and 38, the level of
the X—m orbital is stabilized by 0.78 and 0.74 eV, respec-
tively, compared to complex 36.

Complexes 36—38, anthracene, and acridine molecules
exhibit a correlation of the n; HOMO localized on three
rings. This gives rise to a fine structure of the first bands
in the vapor-phase UPS spectra of these compounds (see
Fig. 8), which is due to C=C-bond vibrations.

Correlation of experimental and calculated ionization
energies. The experimental ionization energies /; (from UPS
data) and the calculated electron energies €; of complexes
1—10 and 19—38 can be compared by shifting the energy scale
by 2.04 eV (Fig. 9, a). Having averaged the DFA defect (5;)
value for each complex and taking account of the depen-
dence of §; on the MO localization, the average difference
between the experimental and calculated /; values for
atotal of 168 levels is 0.06 eV (Fig. 9, b) at R =0.994. We
successfully used a similar procedure for correlating the
UPS data and results of DFT calculations elsewhere.56:61

Table 4. Experimental and calculated ionization energies (eV) of different MOs in compounds 28—3555,57.61

Com- s — X g — X ny 3+ X X R-X R ny—X ny

PoUNd o i o8 L —o 8 L e+ 8 L —e+ 8 L —e+d L —e+d L —e+d L —e+d I
28 817 799 9.16 9.24 943 9.53 — — — — — — — — — — — —
29 7.87 7.70 8.82 8.87 9.15 9.24 9.48 9.45 9.55 9.64 998 — 10.00 — — — — —
30 7.75 7.66 8.69 8.65 9.03 9.14 9.35 9.30 9.43 9.52 9.66 — 9.85 — — — — —
31 7.78 7.74 8.75 874 9.06 9.06 9.37 9.32 9.45 9.48 9.52 9.63 9.78 — — — — —
32 7.76 7.70  9.09 9.15 — — — — — — — — — — — — — —
33 7.61 7.50 — — — — — — — —  8.63, 8.61, 9.17 9.22 — — — —

9.19 9.28

34 7.05 6.97 7.89 7.88 — — 8.66 8.80 — — — — — — — — — —
35 7.29 7.15 8.03 7.90 — — — — — — — — — — 8.72, 8.77, 9.05 9»

8.97 9.01

Note. For compounds 34 and 35, listed are the ty — R — X and R — 4, MO energies; n3, n4, 75, and ny are the chelate orbitals,
R are orbitals localized on substituents at a- and B-positions, X are orbitals of organic groups at B atom.
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Fig. 8. HOMO shapes (a—c) and vapor-phase UPS spectra (d)
of anthracene® (7), acridine!!3 (2), and compound 36 (3).6°
Band assignment in the spectra of anthracene and acridine is
based on the results of calculations.®!

Summing up, we systematized data on the effect of
substituents on the electronic structure of 38 boron chelate
complexes. Considering boron difluoride acetylacetonate,
benzoylacetonate, and dibenzoylmethanate, replacement
of two fluorine atoms by the C4H40, group has no effect
on the energies and composition of n-levels of the B-di-
ketonate ring, which can be explained by the fact that the
ligand planes in spiroborates are mutually orthogonal.
Owing to extended n-system of substituents in the series
of boron difluoride B-diketonates containing biphenyl,
fluorenyl, and trans-stilbenyl at carbonyl C atoms, one or
two higher occupied orbitals are mainly localized on the
aromatic group, while the w3 orbital makes the major

(—Si + 61)/eV a

1t g '.'
° ® o
St
10} 5
[ e
9t e
° o
. )
So s, °
8 B " o?
e ©
2
8 9 10 11 I/eV
(—81+61)/CV b
1k R2=0.994

10

8 9 10 11 IfeV

Fig. 9. Correlation between experimental and calculated ioniza-
tion energies for 30 boron chelate complexes (a total of 168 en-
ergy values) using the average value of the DFA defect (3) calcu-
lated for all compounds (/; = —¢; + 2.04 eV) (a) and using the &
values averaged separately for each complex and taking account of
the dependence of §; on the MO localization (/; = —g; + &) (b).

contribution to the second or third occupied upper n-MO.
Unlike boron B-diketonates and formazanates, boron
imidoylamidinates show no marked mixing of the chelate
and benzene ring 1-MOs. The presence of fused ring with
N atoms causes an increase in /; by 0.2—0.3 eV and stabil-
ization of the ©-MO levels of phenyl group by 0.8—1.2 eV.

Table 5. Experimental and calculated ionization energies (¢V) of different MO in compounds 36—3890.61

Com- 7 X—mn X ny T X Ts

pOUnd —& + Bi Ii —& + 6i ]i —&j + Bi 11 —& + 6i Ii —&j + Bi Ii —& + 6i Ii —&j + Bi 11

36 7.37 711, 9.04 9.09 — — 9.29 9.33 9.53 9.58 10.08 10.07 10.36 10.26
7.25

37 7.29 7.05, 895 8.87 — — 9.20 9.24 9.44 9.49 — — — —
7.25

38 7.51 7.6, 9.71 9.83 8.35— 8.47— 945 945 9.56 9.56 — — — —
7.34 8.69  8.88

Note: n5, ms5, and 75 are the chelate ring orbitals and X are orbitals of organic groups at boron atom.
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The first band in the UPS spectra of three aza-boron-
dipyridomethene derivatives, boron difluoride naphtha-
loylacetonate, and boron difluoride anthracenoylacetonate

€X

hibits a fine structure originating from C=C bond vibra-

tions by analogy with naphthalene, anthracene, and acri-
dine molecules. The DFT/B3LYP calculated energy in-
tervals between electronic levels are in good agreement
with experimental photoelectron spectroscopy data. This
allows one to successfully use the results obtained to es-
tablish structure—property correlations.

This work was carried out within the framework of the

Government Assignment under financial support from the
Ministry of Education and Science of the Russian Feder-
ation (Project No. 3.2168.2017/4.6).
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