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Boron oxides: Ab initio studies with natural bond orbital analysis

A. V. Nemukhin® and F. Weinhold

Theoretical Chemistry Institute and Department of Chemistry, University of Wisconsin, Madison,

Wisconsin 53706

(Received 30 July 1992; accepted 2 October 1992)

We employ ab initio theory and natural bond orbital (NBO) analysis to describe the
structure, energetics, vibrational properties, and bonding in small boron oxides, B,,0,, supple-
menting recent studies on isovalent aluminum oxide clusters, Al,O,, in order to extend the
overview of bonding tendencies in group IITA metal oxides. The comparison of analogous
boron and aluminum species reveals many surprising differences, such as the V-shaped (M
=B) vs linear (M=Al) geometry of M,0,, the altered tendency toward cyclic structures
(higher for M,0, with M=Al, for M30; with M=B), and the diminished role of electron
correlation in the boron congeners. Correlation effects are examined by a recently introduced
selective, localized multiconfigurational approach. Differences in bonding patterns are traced
to basic hybridization and electronegativity shifts (reduced ionic character of B-O vs A1-O
bond). Detailed comparisons with recent experimental B,,0, data (including isotopomer ir
shifts) provide additional support for theoretical assignments in corresponding aluminum spe-
cies, where significant disagreements between theory and experiment persist.

I. INTRODUCTION

Recent ab initio studies’ on aluminum oxide molecules,
Al O, (n=1-4), performed at Hartree-Fock and corre-
lated levels (typically, MP2/6-31G*) with natural bond
orbital (NBO) analysis, revealed many interesting features
of these compounds. In spite of the fact that for the cor-
responding boron oxide species several high quality calcu-
lations are known, we decided to reinvestigate some of the
B, 0,, molecules, first, in order to draw out comparisons
with the isovalent Al, O, species, and second, to estimate
more precisely the quality of our predictions for the spec-
tral properties of these molecules, since for the boron ox-
ides new reliable experimental data have been reported re-
cently.>® We also wish to provide additional tests of a
recently proposed technique* for incorporating NBOs into
multiconfigurational wave functions to treat electron cor-
relation effects in a highly selective, localized manner. All
calculations were carried out with the GAUSSIAN 90 pro-
gram system’ with the accompanying NBO routines.®

1. GEOMETRIES, ENERGETICS, AND VIBRATIONAL
SPECTRA OF B,,0, MOLECULES

A.B,0

The most recent experimental characterization of the
B,O molecule has been performed by Andrews and
Burkholder.® The matrix isolation studies of the products
of reactions of boron atoms with water vapor allowed these
workers to assign the band at 1420.5 cm™! to the B,O
species (''B and '°0). The isotopic ratios 3%, (1!B,°0
vs 1B,'®0) and %27, (1°B,!°0 vs !'B,%0) were mea-
sured to be '%82,=1.033 and '“"'#;=1.020, and the
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authors concluded that B,O should be a nearly linear mol-
ecule of the structure B-O-B. :

The results of previous ab initio calculations’”® are con-
sistent with these structural conclusions. The molecule is
predicted to be linear, with harmonic frequencies as shown
in Table I. It was found that another possible isomer,
namely, B-B-O, had much higher energy. Nevertheless,
Devore, Woodward, and Gole’ attempted to assign a
chemiluminescent emission spectrum measured after oxi-
dation of small boron clusters to such a nonsymmetrical
species.

The results of our calculations at the RHF/6-31G*,
MP2/6-31G*, and MP2/6-311G** levels are summarized
in Table I, where the total energies, energy optimized B-O
distances in the linear B-O-B arrangement, harmonic vi-
brational frequencies, and ir intensities are shown.

We can see that the molecule is characterized by a
shallow potential surface along the bending coordinate
(the corresponding frequency, w,, is softer than a typical
torsional mode). At the highest level considered here,
MP2/6-311G**, the computed frequency of the ir-active
w3 mode (1456 cm™!) is fairly close to the experimental
value (1420.5 cm~1!), while the more practical MP2/6—
31G* level gives an error of about 5%. The isotopic ratios
computed with the MP2/6-31G* approach (%87,
=1.034 and ¥ 119213=1.021) are both in accurate
(£0.1%) agreement with experiment.

Comparison with the corresponding aluminum oxide,
Al-O-Al, shows! that both linear molecules are quite flex-
ible along the bending mode (frequencies less than 100
cm™!). In both oxides electron correlation effects lead to
an elongation of the distance to oxygen (a little greater for
aluminum oxide), signifying the major role of left—right
(or bonding-antibonding*) correlation.

8
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TABLE I. Calculated energies, geometries and harmonic frequencies (unscaled) for the B-O-B molecule.
The ir intensities (in km/mol) of the intense line (@;) are shown in parentheses below the corresponding
frequency. The frequencies of the isotopomers at the bottom of the table have been computed at the

MP2/6-31G* level.

Level Energy (a.u.) Rg o (A) 1(Z,) w,(IT,) w3(Z,)
Ref. 7 1002 1545
Ref. 8 1087 83 1633
RHF/6-31G* —124.167 960 1.313 1126 120 1585
(1050)
MP2/6-31G* —124.467 044 1.333 1052 111 1496
(1037)
MP2/6-311G** —124.561 760 1.329 1043 24 1456
(1123)
10816018 1103 113 1527
R :Re I :] 1052 107 1447
B. B,O, tal vibrational frequencies obtained from matrix isolation

In the case of aluminum oxides, the species AlLO,
showed a variety of low-lying isomers of distinct electronic
structure, including fairly unusual cyclic species.! The sit-
uation with the B,O, species seems more ordinary. This

molecule has been nicely characterized by Ruscic, Curtiss, -

and Berkowitz!® both theoretically and experimentally.
The photoelectron spectrum of B,O, and ab initio calcula-
tions at the Hartree-Fock (STO-3G, 4-31G, 6-31G*) and
MP3/6-31G* levels provide evidence that the lowest en-
ergy structure is a linear O-B-B-O arrangement. Other
isomers, namely, linear B-O-B-0O, and cyclic, almost
square B,0,, are considerably higher in energy. ,
The ir spectra of the matrix-isolated products of reac-
tion of boron atoms with molecular oxygen, obtained by
Burkholder and Andrews,? have led to assignment of the
band at 1898.9 cm~! (!'B and %0) to the linear O-B-B-O
species. The isotopic ratios '"*Z¢, (''B,'°0, vs ''B,'*0;)
and % ”.%’BZ (1%B,'%0, vs !'B,'%0,) are measured to be
1.023 and 1.030, respectively. A complete set of experimen-

studies has been reported by Serebrennikov.'!

Although recognizing that O-B-B~O is the thermody-
namically more stable isomer, Doyle!? has concluded that
a nonsymmetric species (B-0-B-0) " is present in vapor
from vitreous boron trioxide, as deduced from collision
activated mass spectra. Andrews and Burkholder® have as-
signed the band at 1408 cm™! (with the isotopic ratios
1% 0,=1.034 and 'Y"'%5 =1.019) and the band at
2047.5 cm™' (with '9*%,,=1016 and '¥'Zp
=1.034) to the species B-O-B-0. Therefore, there is ev-
idence that both isomers, O-B-B-O and B-O-B-O, may
be observed under appropriate experimental conditions.

Table II contains the parameters for the O-B-B-O
molecule, including those obtained in previous works. Qur
computed (MP2/6-31G*) isotopic ratios for the
well characterized Z, vibration (& 18%’02= 1.024 and
10/11 g p,= 1.029) are practically identical to those reported

by Burkhold and Andrews.? The overall agreement with

TABLE II. Experimental data and calculated energies (a.u.), distances (A) and unscaled harmonic fre-
quencies (em™1) for the O-B-B-O molecule. The ir intensities (in km/mol) of the intense lines are shown
in parentheses below the corresponding frequencies. The frequencies of the isotopomers at the bottom of the

table have been computed at the MP2/6-31G* level.

Level Energy Rpo Rpp o(Il)) (I} 03(Zy) @u(Z) ws5(Zy)
Exp.2 213 410 585 1897.8 2060
Exp.b 1898.9
Calc.® 236 542 630 2089 2302
RHF/4-31G¢ —198.89594  1.196 1.631 236 547 639 2031 2253
MP3/6-31G*¢ —199.68375 1201 1.647 216 432 628 2052 2222
RHF/6-31G* —199.184918 1.182 1.667 235 . 538 631 2131 . 2314
(85) (349)
MP2/6-31G* —199.714432 1.218 1.636 215 501 625 1898 2073
(41) (40)
5p_lig_llg-180 210 . 498 598 1854 2042
160 _10g_10B_150 . 221 523 633 1953 2147
3g_log_108_18p 216 520 605 1911 2118

2Reference 11.
bReference 2.
‘Reference 8.
dReference 10.
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TABLE III. Experimental data and calculated energies (a.u.), distances (A) and unscaled harmonic
frequencies (cm™!) for the O-B-B-O molecule. The ir intensities (in km/mol) of the intense lines are
shown in parentheses below the corresponding frequencies. The frequencies of the isotopomers at the bottom

of the table have been computed at the MP2/6-31G* level.

Level Energy Rp .0, Ro,n, Rpo, oI} @(II) @3(2) w4(2) o5(2)
Exp? 1408 20475
Calc.b 172 557 852 1478 2224
RHF/4-31G° —198.86920 1337 1314 1202 176 553 843 1458 2206
RHF/6-31G* —199.153177 1306 1.311 1.190
MP2/6-31G* —199.650728 1317 1332 1.220 50 478 828 1488 2123

’ (53) (516) (597)
Hpg_8g_l1g_ g 48 471 803 1437 2088
10g_16g_10g_l6o 51 495 848 1517 2197

*Reference 3.
bReference 8.
“Reference 10.

the data of Ref. 11 is also quite good except for the II,
mode. It is interesting that the MP3/6-31G* frequencies
of Ref. 10 differ noticeably from our MP2/6-31G¥* values.

Table III presents the same results for the B-O-B-O
species. Again the calculated isotopic ratios ('*'*Z,

= 1.036 for w, and 1.019 for ws; '7!"'%5 =1.016 for w,
and 1.035 for w;) are in good agreement with the experi-
mental data.’ The frequencies themselves (w, and ws) are
also fairly close to the observed lines, the ~5% overesti-
mate being rather typical of this level.

Table IV lists the total and relative energies of several
stationary points on the potential surface of B,O,. It is
somewhat surprising that the B-O-B-O isomer (which ap-
pears to lie about 40 kcal/mol above the stable O-B-B-O
isomer at MP2/6-31G* level) can be observed in the ma-
trix isolation experiments® and also in the gas phase.'> We
should also mention that, unlike Al,0,,' the B,O, molecule
does not show a variety of low-lying isomers. As shown in
Table IV, local minima corresponding to “square” (D,,)
and “rhombic” (C,,) cyclic B,O, structures (cf. Ref. 1)
are considerably higher in energy, not expected to be de-
tectable experimentally. Also unlike the corresponding
Al,0, systems,' correlation effects do not seem to play a
crucial role in altering the relative stability of the isomers
(though they provide significant quantitative corrections).
Overall, electron correlation effects in these boron species
appear to be less important in altering the basic Hartree—

TABLE IV. Calculated energies, £ (a.u.), and relative energies with
respect to O-B-B-O, AE (kcal/mol), for the stationary points on the
B,0, surface.

Species Level E AE
0-B-B-O RHF/6-31G* —199.184 918 0.0
B-O-B-O RHF/6-31G* —199.153 177 20.0
B,0,, square RHF/6-31G* —199.050 185 84.5
B-0-O-B RHF/6-31G* —198.834 187 220.1
0-B-B-O MP2/6-31G* —199.714 432 0.0
B-0O-B-O MP2/6-31G* —199.650 728 40.0
B,0,, square MP2/6-31G* —199.614 849 62.5
B,0,, thombic MP2/6-31G* —199.371 770 215.0

Fock trends than in the “analogous” aluminum com-
pounds.

C.B,0;

The structure of the B,O; molecule has been the sub-
ject of considerable discussion (see, e.g., Ref. 13). It is now
commonly accepted that a V-shaped model (C,, symme-
try)

O O

~ -~

B B

~o0”
is the most stable arrangement. In recent matrix isolation
spectroscopic studies, Burkholder and Andrews? assigned
the band at 2062.3 cm™! (!!B, '%0) to this species. The
reported isotopic ratios ''8%,=1.019 and '%!Z7,
=1.033 refer to the full isotopic substitutes (three oxygen
or two boron atoms).

The energies and geometry parameters calculated in
this work are compared with previous theoretical values'®
in Table V. This species presents an example of a floppy
molecule with a shallow potential surface along the bend-
ing coordinate, and a correct description of the structure
requires a sufficiently high theoretical level; we believe that
the MP2/6-31G* approach is suitable for this purpose.

Vibrational properties of the B,O; molecule are pre-
sented in Table VI. The calculated isotopic ratios, %52
=1.017 and "% ;=1.034, for the wy(B,) mode are in
excellent agreement with the experimental results? quoted
above, . ,

In addition to the interesting geometry change of the
most stable B,O; (V shaped) and Al,0O; (linear) isomer, it
is noteworthy that B,O; fails to exhibit the variety of low-
lying isomeric forms found for Al,O; We investigated a
variety of other possible stationary points of B,0O; that
might be suggested by analogy to aluminum structures, but
no new points were found.

D. BO and B;0;

Although the importance of open-shell species in mod-
eling the behavior of boron—oxygen mixtures is well recog-
nized," we did not systematically investigate the open-

J. Chem. Phys., Vol. 98, No. 2, 15 January 1993
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TABLE V. Calculated energies and geometry parameters for the B,O; molecule.

Level Energy (a.u.) Roc-B (A) Rpo, (A) <(B-O~-B) <(0-B-0))

RHF/4-21G** —273.625 04 1.324 1.188 136.0° 178.3°

RHF/6-31G* —274.135036 1.313 1.189 145.5°. 180.0° -
MP2/6-31G* —274.830 577 1.334 1.221 136.1° 177.6°

*Reference 13.

shell boron oxides in the present work. However, two of
these species, (BO),, n=1, 3, may be mentioned as repre-
sentative.

The diatomic boron oxide molecule, BO, has been ex-
tensively studied previously.!> At the UMP2/6-31G* level
(comparable to the treatment used for closed-shell spe-
cies), we found for the ground 23+ state of BO the calcu-
lated interatomic distance 1.216 A and harmonic fre-
quency 1936 cm~!, with total energy E(UMP2)
=—99.762 452 a.u., which gives an impression of the ac-
curacy at this level.

We also wish to report preliminary results for the in-
teresting cyclic (BO); system

O—B
/ \
B 0
\ /
O—B

which is a very important building block of high molecular
weight boron oxides in gaseous and solid phases,'? and is
typical of cyclic structures in compounds containing bo-
ron, oxygen, and hydrogen atoms.'® The planar cyclic skel-
eton is a characteristic feature of both doublet and quartet
states of this triradical species, which essentially places a
single unpaired electron on each boron (cf. Sec. III). As
shown in Table VII, the high-spin quartet state leads to a
highly symmetric Dj,;, structure, but lies somewhat higher
in energy (in nominal violation of Hund’s rule). The
lower-lying doublet species, with two a spins and one S
spin, is slightly distorted to degenerate minima of C; sym-
metry (which would be mixed by nonadiabatic coupling
terms), but the essential character of the electronic distri-
bution is otherwise unaltered. Table VII summarizes the
structure and harmonic frequencies of these species, show-
ing that they are both true minima on the UHF/6-31G¥

and UMP2/6-31G* potential energy surfaces. These
triradical species apparently have no stable counterpart on
the Al,O; surface.

lll. NBO ANALYSIS FOR THE B0, SPECIES

The electronic structures of the lowest energy species,
namely, BO, B-O-B, O-B-B-0O, B-O0-B-0, O-B-0-B-0,
have been examined with the help of NBO analysis.® In
each case geomeiry parameters optimized at the MP2/6~
31G* level have been used, but corresponding Hartree—
Fock wave functions were analyzed in order to carry out
full NBO energetic analysis (including second-order per-
turbative estimates of NBO interaction energies). Since for
these compounds correlation effects do not play a crucial
role in predicting structural properties, we have not com-
pared NBO’s at the Hartree-Fock and correlated levels (as
for aluminum oxides!).

The optimal NBO Lewis structures for the B, 0, mol-
ecules are depicted in Fig. 1. Table VIII shows natural
atomic charges and natural electron configurations (NEC)
deduced from natural population analysis, while Table IX
shows details of the NBO energies, occupancies, and com-
position for representative species.

In general, electronic delocalization is found to be sig-
nificantly less important in the boron oxides than in cor-
responding aluminum species, with the departures from an
idealized localized NBO Lewis structure (““non-Lewis den-
sity”) typically amounting to 1% or less (vs ~5% for
Al).

M=0 triple bonding is seen to be a ubiquitous feature
of the boron oxide NBO Lewis structures, as in the corre-
sponding aluminum species. However, one can recognize
from Tables VIII and IX that the B-O bonds are of sig-

TABLE VI. Unscaled harmonic frequencies (cm™!) for the B,0; molecule. Infrared intensities (km/mol)
for the intense lines are given in parentheses below corresponding frequencies. The frequencies of the

isotopomers are calculated with the MP2/6-31G* approximation.

Level o(4;)  ©(By) 03(dy) @ B) ws(4;) @4(4;) ©(By) wy(4d;)) @o(B,)
Exp.? 2062.3
Calc.® 108 491 462 518 597 817 1308 2314 2293
RHF/6-31G* 79 501 508 552 .. _583 779 1356 2272 2283
MP2/6-31G* 87 456 466 488 529 756 1227 2100 2125
(8) (12) (101) (75) (14) (109) (34)  (964)
1,80, 83 452 462 479 521 719 1157 2069 2089
10B,160, 87 475 485 504 548 761 1227 2175 2197

2Reference 2.
YReference 13.

J. Chem. Phys., Vol. 98, No. 2, 15 January 1993
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TABLE VII. Calculated energies, B-O distances (R), and harmonic frequencies for the (BO); molecule in
doublet (C,) and quartet (*Dy,) geometries at uncorrelated (UHF/6-31G*) and correlated (UMP2/6—
31G*) levels of theory. In * Dy, geometry, the symmetries of vibrational bands are successively (from lowest

upward) E”, 4}, E',

1» 41, E', 43, E', with only the latter having strong ir intensity (MP2: 863 km/mol).

Species/Level Energy (a.u.) R (A) Frequencies (cm™1)

2c, UHF —298.762487 1.36 266,282,496,562,565,861,1078,1196,1198,1237,1441,1458
MP2 —299.466 787  1.38 236,260,468,515,519,776,1012,1116,1119,1154,1350,1380

“Dsy UHF —298.759 726  1.3601  263(2),490,569(2),867,1086,1205(2),1245,1469(2)
MP2 —299.437 671 1.3791  225(2),459,522(2),782,1021,1131(2),1147,1388(2)

nificantly higher covalency than corresponding Al-O
bonds (as would be expected from the relative electroneg-
ativity differences). Thus the percentage of metal character
in M—O bonds approaches 20% for the boron compounds
(vs ~5% for Al). The increased triple-bond character of
B,,0, species is also manifested in the conspicuously
higher frequencies of B-O vs Al-O stretching modes (viz.,
1496 vs 988 cm ™! for the asymmetric stretch w; of B-O-B
vs Al-O-Al at the MP2/6-31G* level).

Reduced ionic character is most directly apparent in
the calculated natural atomic charges (Table VIII). These
tend to be close to BT, O~ in the boron oxides, whereas
much higher charges (approaching idealized AI’*, O*~
ionic limits) were common in corresponding Al com-
pounds. As in aluminum species, one can recognize a ten-
dency toward higher ionic character in “interior” regions
than at “end” positions, suggesting a characteristic differ-
ence between surface and bulk ionic character in extended
phases.

One consequence of the reduced ionicity of boron ox-
ides is that “alternating” structures (~-M-O-M-O-) which
avoid like-atom contacts are less strongly favored than in
the aluminum oxides. Thus the linear O-B-B-0O is actually
the more stable minimum on the B,0, surface, as re-
marked above, whereas O-Al-Al-O is quite unstable (by
ca. 200 kcal/mol) compared to O—Al-O-Al for Al,O,.

formula NBO Lewis Structure
BO :O=B-
B,O BEO—~B: ® B—0O=B
B;O, :0O=EB-B =0O:
B,0, Oy B 20
(e}
B
07 6
B3Os I |
By O/B'

FIG. 1. NBO Lewis structures for ground state boron oxides.

Another interesting structural consequence of the re-
duced ionicity of boron oxides is seen in the V-shaped
structure of B,0; vs the linear structure of Al,O. This can
be rationalized in terms of elementary hybridization con-
cepts. Although the formal Lewis structures are identical,
the bonding hybrids of the central oxygen have signifi-
cantly higher p character (~sp?) in B,O; (in accordance
with Bent’s rule), and the bond angle at O is therefore
somewhat bent, in a manner resembling other covalent ox-
ides (e.g., H,0), rather than linear, as in the more highly
ionic Al,0,;. However, as the low frequency (w,) of the
bending mode suggests, the central O, hybrids of B,0; still
lie rather far from a nominal covalent limit, consistent with
the gradual character of the ionic—-covalent transition.

A similar argument accounts for the tendency toward
four-membered ring structures for Al,0, vs six-membered
rings for B30,

/Q\ g \O:
-M\ /M- ] |
Q .M\ Q/M.
M = Al) (M = B)

As the M-O electronegativity difference increases, the
Bent’s rule trend is toward pure p hybridization at M and
pure s hybridization at O, both allowing for the ~90° bond
angles of a nearly square arrangement, whereas for the spt
hybrids of more covalently bonded atoms, such 90° angles
become increasingly strained.!” Put another way, ions can
adopt arrangements with ~90° contact angles, whereas co-

TABLE VIIL. Natural population analysis of B, O, species at HF/6—
31G* level (MP2/6-31G* optimized geometries), showing natural
atomic charge (g) and effective valence shell natural electron configura-
tion (NEC) of each atom.

Species Atom q NEC
B-O B +0.9575 251829 p511
0 —0.9575 25084 pl 18
B-O-B B +0.6452 251742 p060
0 —1.2903 251742354
0-B-B-O B +0.8240 25073 p1 42
0 —0.8240 25174 p0
0O~B-0-B-0, B +1.4107 250372120
o, —0.8958 251762510
0. —1.0298 251649538
(BO); B +1.1018 250752p!12
o —1.1018 25 712p537

J. Chem. Phys., Vol. 98, No. 2, 15 January 1993
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TABLE IX. List of principal NBOs for representative boron oxides (HF/
6-31G* level, at MP2/6-31G* optimized geometries), showing orbital
energy (in a.u.), occupancies (e), and composition (cghg+cohg) in
terms of hybrids (4p,hy) and polarization coefficients (cg,cq) on each
atom. For the open-shell B-O species, the upper eniry is for a and the
jower for 8 spin.

NBO type E (aw)  Occ. (e) Composition (cghp+coho)
B-O
a(B-0) —1.3535  1.0000  0.422(sp*%)5+4-0.907(sp"%%)o
—1.3038  1.0000 0.428(sp®"")5+0.904(sp" ")
7(B-0) —04960  1.0000 0.481pp+0.877pg
—0.5387  1.0000 ..0.325p5+0.946p,
n(0) —0.8855 09973 sttt
—0.9674 09926 ¥
n(B) —0.5452 09984 - sp%
+0.1930  0.0078  sp*?!
0-B-B-O '
a(B-0) —1.4920 19989  0.459(sp"**)5-+0.889(sp*")0
7(B-0) —0.5460  1.9942  0.430pg+0.903p,
a(B-B) —0.7447  1.9960  0.707(sp%7%)54-0.707(sp*"%) g
n(0) —0.7034  1.8811  sp'46
0O-B-0-B-0, ,
a(B-0,) —1.3156  1.9893  0.420(sp"%)5+0.908(sp**)o
a(B-0), —1.3462 . 19948  0.465(sp'%")5+0.885(sp"1%¢
m(B-0,)  —0.5958  1.9980 0.413py+0.911p,
m(B-0,)  —0.5380 ~ 1.9983  0.406p5+0.914p,
n,(0,) —0.7034 1.8811 sp™®
m(0,) —0.6080  1.8586 p
n(0,) —09202 19819 sp'®
7¥(B-0,) 403400  0.0577. 0.911py—0.413p,
7#(B-0,) +0.2867  0.0680  0.914p5—0.406p,

valently bonded atoms favor more open arrangements con-
sistent with their directional sp* hybrids. The different pre-
ferred geometries of cyclic M, 0,, clusters (M=B vs Al)
can thus be rationalized (via Bent’s rule) in terms of re-
duced ionicity of B-O bonding.

For the B,0, system we can demonstrate the advan-
tages of the multiconfigurational NBO analysis* in explain-
ing the features on the potential energy surface. Figure 2
shows the pathways for the dissociation of the linear iso-
mers O-B-B—O and B-O-B-O (as discussed in the previ-
ous section, both species are probably detectable). As a
reaction coordinate we have used either the distance be-
tween boron atoms, Ry p (in the case of O-B—B-0), or the
distance between central B and O atoms, Rq_g. At each
point Rp g or Rg g all other geometry parameters have
been energy optimized. The calculations have been carried
out within the complete active space SCF (CASSCF) pro-
cedure while choosing the smallest expansion possible for
the correct description of the dissociation to the two BO
radicals. Only two orbitals responsible for qualitative
changes in the electronic structure are included in the ac-
tive spaces, and two electrons are allowed to occupy them.
Namely, bonding and antibonding pairs of NBO’s [o(B—
B) and o*(B-B) for O-B-B-0O and ¢(0O-B) and ¢*(O-
B) for O-B-B-0] are considered as active orbitals in ac-
cordance with our understanding of bond breaking:
electrons are promoted into antibonding orbitals from the
corresponding bonding orbitals. »

In a sense, the curves of Fig. 2 present a minimal de-

Dissociation of B,0, i
-199.00
E
{a.u.)
-199.10 |
-169.20 | 0-88-0 CASSCF/NBO/6-31G*
1.5 2.0 25 3.0 3.5

Rp.p or Rg.g (Angstroms)

FIG. 2. Schematic potential energy curves [CASSCF/NBO(a,0%)%/6-
31G*] for dissociation of B~O-B-O and O-B-B-O to 2B-O fragments,
showing the avoided crossing barrier associated with reorganization of
Lewis structure in the B-O-B-O case.

scription of the dissociation pathways; only those correla-
tion effects are taken into account which are needed in this
particular application. Of course, in such modeling one
could face a problem of radical changes of orbitals due to
the SCF procedure. In this case we have checked that the
changes go smoothly by performing the NBO analysis after
the CASSCF orbitals are obtained and we are still within
the limits of the same local minima in the orbital parameter
spaces.

The usefulness of such an analysis can be recognized
when looking at the changes in electronic structures along
the dissociation pathways, Fig. 2. Obviously, in order to
dissociate to two BO radicals from the B-O-B-O arrange-
ment, the system must undergo a dramatic change in elec-
tronic arrangement (to move the unpaired spin from oxy-
gen to boron on the left-hand fragment; cf. Fig. 1), which
explains the presence of the potential barrier. The presence
of a barrier in the B-O-B-O surface (vs the barrierless
surface for O-B-B-O formation) suggests why different
B,0, isomeric products may be detected in different exper-
imental arrangements, despite a significant difference in
relative stability.

IV. CONCLUSION

Comparison of theoretical and experimental vibra-
tional frequencies for boron oxides suggests that the MP2/
6-31G* level provides a reasonably accurate and practical
description of the oxides of group III elements. Since the
experimental data are more extensive for B, 0, than for
analogous aluminum species, we consider the comparisons
of the present work to provide support for the reliability of
our previous theoretical predictions® for Al,,0, species.
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Comparison of boron and aluminum oxides on the ba-
sis of NBO and natural population analysis provides addi-

tional insight into structural differences that characterize’

these classes of compounds, due particularly to relative
electronegativity differences. These comparisons clarify the
electronic origins of observed differences in structural mo-
tifs (linear vs V shaped, four membered vs six membered,
etc.) shifts of vibrational frequencies, and inverted relative
stabilities of isomeric forms (O-M-O-M vs O-M-M-0O,
etc.) that distinguish boron and aluminum compounds.
Our results also illustrate the usefulness of the recently
introduced CAS/NBO procedure4 for describing electron
correlation and bond dissociation. The localized NBO de-
scription allows one to clearly recognize the specific elec-
tronic rearrangements accompanying bond dissociation

(typically leading to activation barriers), and the associ- -

ated CAS/NBO procedure allows one to selectively treat
the multiconfigurational aspects of such transition regions
in an economical manner.
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