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Studies of unoccupied molecular orbitals of the B-O bond by
molecular orbital calculations, X-ray absorption near edge,
electron transmission, and NMR spectroscopy
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ABSTRACT

The nature of the unoccupied molecular orbitals (MOs) associated with the B-O bond
in gas-phase molecules and solids is determined by performing molecular orbital calcu-
lations using the Multiple Scattering Xa molecular orbital method and by comparison of
the calculated properties with those obtained from X-ray absorption near-edge spectroscopy
(xANEs) and electron-transmission spectroscopy (eTs). For three-coordinate B, the lowest-
energy unoccupied MO is essentially a B2p7 nonbonding or weakly antibonding orbital of
a, symmetry (within the D,, point group). In B(OH),, this orbital is less stable than its
analogue in the isoelectronic gas-phase molecule BF; by about 3 eV, and its energy changes
only slowly with B-O distance. It generates an absorption about 4 eV below the Bls IP in
XANES and a scattering resonance about 4 eV above threshold in ETs. It is the final state
for the lowest-energy UV absorptions of the BO3- group, and excitations to it from the ¢’
B-O bonding MO dominate the paramagnetic contribution to the "B nuclear magnetic
resonance (NMR) chemical shift. The only other unoccupied orbital observed for three-
coordinate B is the ¢’ B~O antibonding orbital that appears above threshold in both XANEs
and ets. The energy of this ¢’ antibonding orbital is highly distance dependent and thus
may provide useful information on B-O distance in amorphous materials. For four-co-
ordinate B, the lowest-energy unoccupied orbitals lie just above threshold in XANEs, giving
a qualitatively different spectrum than that of the three-coordinate borates. Parallels are
drawn between the properties of the solid borates and those of isoelectronic gas-phase
analogues like BF, and CF,. The experimental Ets is reported for B(OCH,),, a gas-phase

analogue of the BO3~ group.

INTRODUCTION

B can display either three- or four-coordination with O
in borate minerals, and the linkages of the borate poly-
hedra are often complex (Christ and Clark, 1977). Even
greater structural complexity is found in borate glasses,
and many spectral techniques have been employed to de-
termine their structural properties (Pye et al., 1978). Moz-
zi and Warren (1970) established the presence of boroxol
groups (B,0; rings) in vitreous B,0O; by X-ray diffraction,
and Jellison and Bray (1976) used B and O NMR to estab-
lish the presence of such boroxol groups in B,O, and to
establish the existence of a multiplicity of tetrahedral and
trigonal B sites in the alkali borates. The diagnostic pa-
rameter in the B NMR spectrum is not the isotropic chem-
ical shift, which is almost the same for three- and four-
coordinate B, but the nuclear quadrupole coupling con-
stant, which is very large for three-coordinate B and near
zero for the four-coordinate case. Snyder et al. (1976) and
Snyder (1978) have calculated quadrupole coupling con-
stants from ab initio self-consistent-field (scF) MO cal-
culations using moderately large expansion basis sets. Their
results were in reasonable quantitative agreement with
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experiment for B(OH), and BF. Gupta and Tossell (1981,
1983) have used ab initio MO calculations to obtain equi-
librium B-O bond distances and B-O-B bond angles for
a number of monomeric and oligomeric three- and four-
coordinate B-O species and to interpret the photoelectron
and X-ray emission spectra of B,O;.

X-ray absorption spectroscopy has recently been used
to determine structural properties of both crystalline and
vitreous materials. The oscillations in X-ray absorption
in cross section that occur far above the absorption edge
or core electron IP are known as the extended X-ray ab-
sorption fine structure (ExArs), and their spacing is de-
termined by the interatomic separations (Teo, 1980). Ab-
sorption features just below and just above the core electron
IP are known as X-ray absorption near-edge structure
(xANES, Sandstrom and Lytle, 1979), and they also contain
information on both geometric and electronic structure
local to the absorbing atom. Typical applications of XANES
to solids utilize a “fingerprinting’’ approach in which XANES
are obtained for well-characterized crystalline solids that
are then used as models for the assignment of the mea-
sured xANEes of poorly characterized materials such as
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glasses (Sandstrom et al., 1980; McKeown et al., 1986).
It has also been shown for gas-phase molecules that a
simple relationship often exists between the energies of
XANES peaks arising from sigma antibonding MOs and the
corresponding bond distances (Sette et al., 1984, and ref-
erences therein).

XANES have recently been obtained for some solids con-
taining B-O bonds by Hallmeier et al. (1981). For com-
pounds containing three-coordinate B, they observed a
strong absorption lying well below the Bls IP and a second
strong broader absorption lying above the IP (in the con-
tinuum). For the four-coordinate compounds only a single
peak just above the Bls IP was observed. Hallmeier et al.
(1981) interpreted their results on the basis of Multiple
Scattering (MS) X« calculations (Johnson, 1973) on the
ground states of BF;, BF; and CF,. The state lying below
threshold for three-coordinate B was identified as the B2p
non-bonding state of a7 symmetry (within the D,, point
group), and the states just above threshold for four-co-
ordinate B were identified as the g, and ¢, B-O sigma
antibonding states. The observed stabilization of these
states in going from BF;, to CF, was properly reproduced
by their calculations. However, they did not explicitly
assign the feature in the continuum for three-coordinate
B, and they did not obtain absolute XANEs energies by the
preferred-transition-state approach (Slater, 1972) or cal-
culate intensities in either the bound-state or continuum
parts of the spectrum.

Such calculations have been performed for the isoelec-
tronic gas-phase molecule BF, by Swanson et al. (1981)
and by Tossell et al. (1986) using the bound-state and
continuum (Dill and Dehmer, 1974; Davenport et al.,
1978) versions of the MS-Xa method and by Schwarz et
al. (1983) and Ishiguro et al. (1982) using Hartree-Fock—
based methods. All of the above calculations assign the
narrow intense feature about 7 eV below the Bls IP to an
orbital of a7 symmetry of B2pw character and the broader
intense peak about 2 eV above the Bls IP to an orbital
of ¢’ symmetry, which is B-F sigma antibonding. Features
attributable to these orbitals have also been observed in
the electron-impact vibrational excitation spectrum of BF,
(Tronc et al., 1982) and in its electron-transmission spec-
trum (Tossell et al.,, 1986). In such spectra, which both
involve the formation of temporary negative ions, both
the af and e’ peaks occur above threshold (zero energy
for the incident electron). These temporary negative-ion
states thus lie above the energy of the neutral molecule
plus a free electron.

Solids containing B in three coordination with O may
be modeled by a number of different discrete molecules
and molecular clusters. We can expect that three-coor-
dinate borates will have many spectral features that are
qualitatively the same as those of BF,, but there may well
be important quantitative differences due to the different
bonding characters of O and F. Relevant solid borates and
anumber of different models for them are shown in Figure
1. B(OCH,), is a stable gas-phase molecule that has B-O
bonds, but it possesses low symmetry and its spectral
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Compounds and molecular cluster models for 3-co-

properties may be complicated by the presence of the
—CH, groups. Later in this paper we will present the elec-
tron-transmission spectrum of B(OCHS), (Fig. 5) and will
show that it can be approximated as a combination of the
spectral features of BOOH), and CH,. The BO3~ molecular
anion has been used by Gupta and Tossell (1981) to model
the photoelectron and X-ray emission spectra of B,O, with
reasonably good results. Similar calculations on gas-phase
B halides also gave good agreement with photoelectron
spectra (Preston et al., 1976). The BO}~ calculations em-
ployed a stabilizing sphere of charge to compensate for
the negative charge on the cluster. This procedure stabi-
lizes all the molecular orbitals by about the same amount
so that energies for transitions between one orbital and
another are well described. However, it is difficult to get
accurate absolute ionization potentials using this ap-
proach—only relative IPs can be accurately calculated. To
calculate accurate XANES energies with respect to the core
IP, we need accurate absolute values of the core IP. This
problem can be eliminated if we use a neutral cluster. The
simplest possible cluster is B(OH),, which gives both ac-
curate absolute core IPs and reasonable B-O bond dis-
tances (Gupta and Tossell, 1983). The equilibrium struc-
ture calculated for gas-phase B(OH), is of C,, symmetry,
with a B-O-H angle of 121°, similar to that observed in
solids. However, it is much simpler to perform the cal-
culations on D, symmetry B(OH);, and the results should
not be qualitatively changed. We shall therefore use the
higher-symmetry structure in this paper.

COMPUTATIONAL METHOD

The scF Xa method is a computationally efficient, non-em-
pirical molecular orbital method based on the division of matter
into component polyatomic clusters (Johnson, 1973). For ex-
ample, the simplest scF Xa model for B,0O, is BOj~.

The basic steps in the method are as follows:

1. The space within and around the cluster is geometrically
partitioned into three contiguous regions, namely, (a) the atomic
regions, spherical regions centered on each of the atomic nuclei
and overlapping along the metal-ligand axis, (b) the interatomic
region, the region outside the atomic regions but within an “outer
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Fig. 2. MS-Xa molecular orbital energy level diagram for the

ground state of B(OH), in D,, symmetry with a B-O distance of
1.361 A

sphere” enclosing all the atomic spheres, and (c) the extramo-
lecular region, the region beyond the “outer sphere.”

2. The potential energy at each point is then evaluated, using
electrostatics to calculate the Coulomb part of the potential and
the Xa statistical approximation of Slater (1972) to evaluate the
exchange-correlation contribution. The X« approximation em-
ploys a proportionality between the exchange-correlation poten-
tial at a point and the cube root of the density of like-spin elec-
trons at that point. The proportionality constant, «, in this
approximation is determined from first principles for the com-
ponent-free atoms, these « values then being transferred to the
corresponding atomic regions of the cluster. Appropriately
weighted values of « are used in the interatomic and extramo-
lecular regions.

3. The potential is simplified to a muffin-tin form by spherical
averaging in the atomic and extramolecular regions and volume
averaging in the interatomic region.

4. The one-electron Schrodinger equation is solved numerically
in each region, and the solutions are expanded in a rapidly con-
vergent composite partial-wave representation.

5. The wavefunctions and their first derivatives are joined
continuously throughout the various regions of the cluster using
multiple-scattered-wave theory.

6. The spatial distribution of the electron density is calculated
and is used to generate a new potential for the next step in the
iterative process. The entire numerical procedure is repeated in
successive iterations until self-consistency is attained.

7. The final self-consistent solution for the ground state of the
cluster is expressed in terms of one-electron molecular orbitals.
These are characterized by their orbital energies (or eigenvalues),
by their occupation numbers, and by their electron density dis-
tributions.

The scF Xa method differs from the more familiar Hartree-
Fock Lcao-mo method (linear combination of atomic orbitals)
in two very important ways. First, in the scr X« approach, the
Schrédinger equation is solved numerically rather than by ex-
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pansion in a finite analytical atomic orbital basis set. LcAo meth-
ods require the choice of a finite basis set of atomic orbitals and
the size of the basis set seriously affects the accuracy of the results.
Second, in Hartree-Fock theory, as a result of the HF treatment
of the exchange potential, the empty orbitals are treated as “vir-
tual” orbitals that encounter their own self-repulsion and are
therefore somewhat too diffuse. In the scF Xa method, the filled
and empty orbitals are treated equivalently by the Xo approxi-
mation so that the empty orbitals are good representations of
excited-state orbitals.

To obtain excitation energies within the MS-Xa method, self-
consistency is obtained for a “transition-state” with orbital oc-
cupation numbers intermediate between the initial and final states
(Slater, 1972). Procedures for evaluation of spectral intensities
for bound-state transitions have been described by Noodleman
(1976). For continuum states, solution of the MS-X« equations
is more difficult since one can no longer assume that the wave-
functions decay to zero in the extramolecular region. Also, there
is not complete agreement on which set of orbital occupation
numbers, e.g., ground state vs. core ionization transition state,
should be used to construct the potential for the continuum cal-
culation. The formalism of the continuum MS-Xa method has
been described in detail by Dill and Dehmer (1974).

RESULTS
Orbital energies of B(OH),

The molecular orbital energy level diagram for B(OH),
for ground state of D, symmetry with a B-O distance of
1.361 A and an O-H distance of 0.96 A is shown in Figure
2. Standard choices were made for alpha parameters
(Schwarz, 1972) and atomic sphere radii (Norman, 1974).
The highest-energy occupied molecular orbital (HOMO)
is the 1a#, which is O2pr nonbonding in character. The
calculated IP for the orbital is 11.2 eV, which compares
well with the HOMO IP of 10.4 eV measured for B(OCH,),
(Kroner et al. 1973). The width of the upper valence region
in B(OCH,), is also close to that measured for B,O; (Joy-
ner and Hercules, 1980; 7.3 ¢V in B(OCH,), vs. 7.5 eV
in B,0,). The lowest-energy unoccupied orbitals localized
on the B and O atoms are the 247 and 4¢’ orbitals, which
are respectively B2pr nonbonding and B-O sigma anti-
bonding, although the 247 has some O2pr with anti-
bonding character mixed in. These are the analogues of
the BF, unoccupied orbitals. There are also a number of
very diffuse or Rydberg-like orbitals not shown in Figure
2. Such diffuse orbitals are not expected to exist in a solid,
so they are not important in interpretation of the xANEs
of borates. In fact, the Rydberg nature of such orbitals is
often identified by their disappearance in going from the
gas-phase to the solid-state spectrum (Friedrich, et al.,
1980).

XANES

Energies and intensities for excitation of states lying
below the Bls IP can be obtained by using the transition-
state method to obtain the energy difference and the meth-
od of Noodleman (1976) to obtain the transition intensity.
In the transition-state method, self-consistency is ob-
tained for an electron configuration with orbital occupa-
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Table 1. Term energies (in eV) of empty 4¢’
(B-Xc*) and 2a? (Bpx) orbitals in BF,

and B(OH),
Orbital BF, B(OH),
¢ -1.8(-2.3) —5.1(—4.1)
2a) 8.4(7.2) 4.0(4.2)

Note: R(B-0) = 1.361 A, experimental values in pa-
rentheses from Hallmeier et al., 1981, bound transi-
tion-state calculations used.

tion numbers intermediate between the initial and final
states. For example, the Bls—2a} excitation energy is ob-
tained as the eigenvalue difference in a state with 1.5
electrons in the Bls and 0.5 electrons in the 2a? orbital.
The corresponding transition state for Bls ionization has
1.5 electrons in the Bls and has the 247 empty. Such a
bound-state approach can also be used to evaluate exci-
tation energies and intensities to orbitals lying in the con-
tinuum, although such a procedure is not formally correct.
The correct calculation for this case is the continuum MS-
Xe calculation. However, previous experience has shown
that when the orbital involved is reasonably well localized
in space and lies fairly close to threshold, the two ap-
proaches give peak energies that differ by only a few tenths
of 1 eV and intensities that are similar (Tossell and Dav-
enport, 1984; Tossell et al., 1986). Direct comparison of
intensities in the bound and continuum parts of the spec-
trum can only be semiquantitative because of difficulty
in choosing the half-width of the bound-state transitions
(Dehmer and Dill, 1977). We have applied both bound-
state and continuum methods to calculation of the xANES
of B(OH),.

In Table 1 we report energies for transitions to the 4e’
and 2af orbitals of BF; and B(OH), with respect to the
Bls IP. Our convention is that orbitals lying below the
Bls IP have positive values of “term energy” whereas
those lying in the continuum have negative term energies.
We include in parentheses the experimental term energies
from Ishiguro et al. (1982) and Hallmeier et al. (1981).
The absolute term energies calculated are in reasonable
agreement with experiment, and the change from BF; to
B(OH), is reproduced accurately. In Figure 3 we show the
calculated cross section for the continuum part of the
xANES of B(OH), obtained from a continuum MS-X« cal-
culation using the Bls—2a7 transition-state potential. The
maximum occurs at 6.8 eV, about 1.7 eV higher than the
4¢' orbital energy obtained from the bound-state calcu-
lation. Thus, the simpler bound-state method gives results
comparable to the formally correct scattering calculation.
In Table 2 we report oscillator strengths for the transitions
from the Bls core to the 247 and 4e’ orbitals, obtained
using the bound-state approach and the intensity for-
malism of Noodleman (1976). For BF, the MS-X« results
are in good agreement with the Hartree-Fock results and
in reasonable agreement with experiment. Assuming a full
width at half maximum of 2 eV, the calculated oscillator
strength of the Bls—4e¢' transition in BF, corresponds to
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Fig. 3. MS-Xa calculated Bls — ke' photoabsorption cross
sections for B(OH), with a B-O distance of 1.361 A.

a cross section of about 4.4 Mb, compared to a cross-
section maximum of 5.6 Mb from the continuum calcu-
lation. However, the experimental 4¢’' peak is unexpect-
edly broad, probably as a consequence of the bond-dis-
tance effect we discuss below.

It is apparent from Table 2 that BF; and B(OH), differ
in XANES intensities as well as energies. We can understand
this qualitatively by examining the charge distribution for
the 2a# orbitals of the two molecules. The B sphere radii
used in BF, and B(OH), differ by about 8%, but the per-
centage of the electron density within these spheres differs
by almost a factor of two, with that for BF; being larger
(34% vs. 18%). Since the 247 orbital is more localized on
the B atom in BF;, it is reasonable that it will give the
larger transition intensity. The delocalization of the 247
orbital in B(OH), through B-O = antibonding is consistent
with its reduced acidity and lower ''B electric-field gra-
dient (Snyder, 1978) compared to BF;. This orbital is often
described as an essentially nonbonding orbital, but there
is evidence that even for BF,, it has significant antibonding
character. scF MO calculations on BF;, with one electron
in the 247 orbital, give an equilibrium distance about 0.18
A longer than in BF,, consistent with antibonding char-
acter for this orbital (So, 1977).

We have also calculated the 2a5 and 4¢’ orbital energies
of B(OH), at B-O distances above and below the exper-
imental value, as shown in Table 3. Both the 2a7 and 4¢’
orbitals are destabilized as the B-O distance decreases.

Table 2. Oscillator strengths for transitions to 2a; and 4¢’
orbitals in BF, and B(OH),

BF, B(OH),
2a; a¢ 2a; 4¢
MS-Xa calc. 0.105 0.081 0.0493 0.0566
HF calc.” 0.105 0.116 — —
exp.* 0.082 0.195 —_ —_

* Ishiguro et al. (1982).
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sections for BOH); with a B-O distance of 1.472 A.

The change in the 4¢’ orbital energy is about 24 eV per
A, of the same order of magnitude as that observed by
Sette et al. (1984). Such a strong dependence of 4¢’ orbital
energy on B-O distance implies that the variation in en-
ergy of this feature may be diagnostic of B-O distance. It
also indicates that vibrational averaging of the calculated
spectrum will be necessary to obtain quantitative agree-
ment with experiment. That is, later continuum calcula-
tions of XANES energy and intensity will have to be per-
formed at a range of internuclear distances.

Although we have not carried out a full set of calcula-
tions on B(OH); analogous to those performed on B(OH),,
we have examined some of the possible Bls-unoccupied
t, XANES transitions and have calculated the cross sections
for excitation to ¢, symmetry continuum states. MS-Xa
calculations were performed on B(OH); with a B-O dis-
tance of 1.47 A and a Watson sphere potential sufficient
to give the same Bls IP as for B(OH),. All transitions
from the Bls to unoccupied ¢, orbitals giving excitation
energies lower than this IP value were considered. In all
cases, the t, orbitals found were very diffuse, with more
than 90% of their electron density in the outer sphere
region. Although direct calculations of oscillator strengths

Table 3. Term energies (in eV) of empty 4¢

(B-0O¢™) and 2af (Bpr) orbitals (with respect

to B1s ionization threshold) as a function of
B-0O distance from bound transition-state

calculations
B-O distance
1.411A 1.361 A 1311 A
4¢ -4.0 -5.1 -6.4

2g] 57 5.0 4.3
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Fig. 5. Derivative-mode electron-transmission spectra of BF;
and B(OCH,),.

were not performed owing to program limitations, our
experience indicates that such highly delocalized orbitals
always give very small transition intensities. A calculation
of continuum cross sections was made as for B(OH), using
the Bls IP transition-state potential, and results are dis-
played in Figure 4. The cross section shows a maximum
as the ionization threshold is approached and a weak os-
cillatory structure at higher energies. Owing to uncertain-
ties regarding the exact position of the threshold for this
anion and neglect of vibrational effects, we can not quan-
titatively reproduce the xANEs typically observed for four-
coordinate B. Nonetheless, it is clear that the qualitative
form of the spectrum is reproduced by our calculations.
That is, the xANEs of four-coordinate B has an intense
peak just above threshold and no other clear features.

Table 4. Percentage contributions of orbitals
of B(OH), to the paramagnetic part of
the "B NMR chemical shielding
(using a double zeta basis

set)
Percentage of
Oribtal Type total o2,(B)
1a, 02pr 3.8
1¢’ 5.3
3¢ 2.8
1a; 9.1
2¢ B-Oo¢ 70.2
2a, 0.2
1€ O2sn 3.1
1z, 1.1
cores 4.4
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Table 5. Calculated energetics of X-ray transitions in C(OH);

Transition Spectrum AE CislIP — AE
Cls — 1a; XES 289.7 16.7
Ci1s - 2a/ XAS 2975 8.9
Cls - 4¢ 306.8 -0.4
C1s - continuum 213.6

destabilization of C1s
by 2a/ electron 6.2
Corrected C1s IP 306.4

Note: Experimental energy of C1s - 1a; transition is 279.0 eV (Kosuch
et al., 1978).

ETS

As described above, electron-transmission spectros-
copy is a technique complementary to XANEs. We have
measured the eTs of B(OCHS), using a spectrometer of the
type described by Sanche and Schulz (1973). The spectra
of B(OCH,), and BF, are shown in Figure 5. The exper-
iment is run in an energy-derivative mode so that a res-
onant increase in electron-scattering cross section appears
as a dip followed by a peak. The resonance energy occurs
at the point midway between the dip and the peak and is
indicated by short vertical lines above the spectral trace
in Figure 5. For BF; the features at 3.5 eV and at ap-
proximately 16 eV correspond to addition of electrons to
the 2a7 and 4¢’ orbitals, respectively (Tronc et al. 1982;
Tossell et al., 1986). The ets of B(OCH,); may be inter-
preted by performing a direct calculation of the elastic
electron scattering cross section for B(OH), within the
continuum MS-Xea approach, which is shown in Figure
6. The ETs feature observed around 4.2 eV probably cor-
responds to the 2a7 orbital resonance, and the broader
feature around 6.8 eV may correspond to the broad res-
onance around 8 eV observed in CH, (Barbarito et al.,
1979). The calculated cross section in Figure 6 has an
apparent two-peak structure in the a7 channel that is con-
nected with the presence of two peripheral scattering cen-
ters, O and H. Such an effect is anticipated although its
quantitative features are an artifact of the choice of a
B(OH), model. The replacement of -CH, by —H in the
calculation precludes the CH,-like feature observed ex-
perimentally. Thus, the ets of B(OCH,),; may be seen as
a combination of B(OH);- and CH,-like features.

Uv and NMR spectra

The xANEs of borates is important not only as a source
of information on the geometries of borate species and
the nature of their unoccupied orbitals. It is also of po-
tential value in the interpretation of other spectral prop-
erties that involve the unoccupied orbitals. Two such
properties are the Uv absorption and the !'B NMR chemical
shift. Our MS-Xa calculations indicate that the lowest-
energy symmetry-allowed transition in B(OH), is 1e” -
2a with an energy of 8.4 eV. The paramagnetic part of
the "B NMR shift is also dominated by transitions into
this orbital. The response of a molecule to a magnetic field
may be accurately described using the method of coupled
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tions for B(OH),.

Hartree-Fock perturbation theory (cHrpt, Lipscomb,
1966). For a given choice of the origin of the vector po-
tential of the magnetic field, the chemical-shielding tensor
can be partitioned into diamagnetic and paramagnetic
parts. The diamagnetic part is a quantum mechanical av-
erage or expectation value over the ground-state wave-
function alone, and the paramagnetic term involves ex-
citations from the ground state to all possible symmetry-
allowed excited states. The paramagnetic term can be di-
vided into contributions from individual occupied orbit-
als. This procedure has recently been used by Tossell and
Lazzeretti (1986) to analyze 2°Si NMR shifts. A cHFPT cal-
culation on B(OH), (Tossell and Lazzeretti, unpub. re-
sults) using a relatively small basis set (double zeta, i.e.,
two functions for each atomic orbital) shows that the para-
magnetic part of the shift is dominated by the 2¢’ B-O
sigma bonding orbital from which electrons are excited
into the 2aZ orbital. Such a transition is symmetry allowed
for the magnetic-field operator, the x and y components
of which transform as ¢” within the D,, point group. This
excitation is of very low energy and therefore makes a
very large contribution to the paramagnetic shielding. The
complete orbital decomposition of the paramagnetic part
of the shielding is given in Table 4.

XANES of related molecules

It is also of interest to extend the XANEs analysis to
other oxyanions isoelectronic with BO33. MS-Xe« calcu-
lations on D,, symmetry C(OH)#, with a C-O distance of
1.24 A, give the spectral energies shown in Table 5. Owing
to its positive charge, C(OH); will have a higher Cls IP
than would an analogue neutral compound. We can cor-
rect for this approximately by subtracting from the cal-
culated Cls IP the destabilization produced by the pres-
ence of an additional electron, e.g., one in the 2a7 orbital.
Using this correction, we find that both the 2a7 and 4¢'
orbitals have much more positive term energies (i.e., lie
farther below the core ionization threshold) than in B(OH);,.
Although no xANEs is available for CO3-, the xaNEes of
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CF, (Hallmeier et al., 1981) shows an increase in the term
energy of the unoccupied ¢, antibonding orbital of about
4 eV compared to BF;. It thus appears that within an
isoelectronic series, an increase in the nuclear charge of
the central atom will cause a stabilization of the anti-
bonding orbitals even though the internuclear distance
decreases. We therefore anticipate that the xaNEs of car-
bonates should show peaks well below the Cls ionization
threshold from the 2aZ orbital and very near the threshold
from the 4¢’ orbital. Other theoretical studies of the XANES
of BF; and CF, have basically reproduced such a change
in term energy although a full explanation of the transition
intensities required a consideration of vibrational effects
(Schwarz et al., 1983). We note that the XANES of hex-
agonal BN (Barth et al., 1980) is qualitatively similar to
that of B(OH), or C(OH); . For this material the Bls xANES
shows peaks at 192 and 199 eV that may be assigned to
orbitals analogous to the 2a5 and 4e’ orbitals of the dis-
crete gas-phase molecules.

Acidity of boron and carbon oxides

It is well known that three-coordinate B reacts more
readily with bases to form four-coordinate compounds
than does three-coordinate C. Nonetheless, the 2aZ orbital
that accepts electron density from the base actually seems
to be more stable for the C than for the B compound. The
instability of the four-coordinate species formed by ad-
dition of a base to a CO, species thus cannot arise from
an inherent instability of the acceptor orbital. Rather, re-
pulsions between the entering base and closed electron
shells on the other O atoms must cause the destabilization.
Consistent with this idea is the large C-O distance ob-
served for four-coordinate compounds such as C(OCH,),
(Mijlhoff et al., 1973). The increase in C-O distance from
three to four coordination is about 0.16 A, compared to
a typical change of 0.12 A in B-O distance between three
and four coordination (Gupta et al., 1981).

CONCLUSIONS

MS-Xa bound-state and continuum calculations sub-
stantiate previous qualitative assignments of the XANES of
three-coordinate B and yield spectral energies and inten-
sities in semiquantitative agreement with experiment. The
Bls - 2af spectra intensities indicate a greater B2pr-Xp=
covalency for the B~O than for the B-F bond. Variations
in the energy of the Bls — 4e’ XANES resonance give in-
formation on the B-O bond distance. The effect of change
in coordination number and change in central-atom atom-
ic number are correctly reproduced by the calculations.
Since excitations to the 2a7 orbital dominate the ''B NMR
shift, it may be possible to establish at least a qualitative
relationship between NMR shifts and XANES energies.
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