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Probing the structures and chemical bonding of boron-boronyl clusters
using photoelectron spectroscopy and computational chemistry: B4(BO),~

(n=1-3)
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Unstitute of Molecular Sciences, Shanxi University, Taiyuan 030006, China
2Department of Chemistry, Brown University, Providence, Rhode Island 02912, USA
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The electronic and structural properties of a series of boron oxide clusters, BsO~, BzO, ™, and
B;057, are studied using photoelectron spectroscopy and density functional calculations. Vibra-
tionally resolved photoelectron spectra are obtained, yielding electron affinities of 3.45, 3.54, and
4.94 eV for the corresponding neutrals, BsO, B¢O,, and B;0j3, respectively. Structural optimiza-
tions show that these oxide clusters can be formulated as B4(BO),~ (n = 1-3), which involve
boronyls coordinated to a planar thombic B4 cluster. Chemical bonding analyses indicate that the
B4(BO),~ clusters are all aromatic species with two m electrons. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4737863]

. INTRODUCTION

As an electron-deficient element, boron and its com-
pounds exhibit intriguing chemical bonding properties.'>?
Concepts, such as the three-center two-electron (3c-2e) bond
in boranes, have played an essential role in advancing modern
chemical bonding models.** In comparison to its neighbor
in the periodic table, however, elemental boron clusters have
received relatively less experimental attention.’ Earlier com-
putational studies show that the three-dimensional (3D) cage
structures, common in bulk boron, are not stable for isolated
boron clusters, which are more stable as planar (2D) or quasi-
planar structures.®’ Joint photoelectron spectroscopy (PES)
and computational studies over the past decade have revealed
that size-selected boron clusters, B, ™, are planar up to at least
n=21.8"17 These clusters are shown to be aromatic or antiaro-
matic following the (4N + 2) and 4N Hiickel rules, and have
been viewed as all-boron analogs of the hydrocarbons.!>!3
The 2D-to-3D transition was first suggested to occur at By
for neutral clusters,'* which has been corroborated by more
recent computational studies,'®!° and at B¢T for cationic
clusters.? But the 2D-to-3D transition is not known for an-
ionic B, clusters yet. Electron delocalization and aromatic-
ity are found to be key bonding features for the electron-
deficient boranes and the planar boron clusters.®>!7-2! Re-
cent computational studies suggest that infinitively large
2D boron layers are possible,”” which feature hexagonal
“holes” within a triangular lattice and also display delocalized
bonding.??

Oxidation of boron is of interest in the combustion of
boron and boranes, which is relevant to the development
of energetic boron-based propellants.>* The simplest boron
oxide is the diatomic boronyl (BO) species, which is a o-
radical with a B=O triple bond.?>2?® However, the structures
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and bonding in boron oxide clusters have remained largely
unexplored.”’~*? Boron oxide clusters have been topics of
some recent computational studies.**=® BO and BO™ are va-
lent isoelectronic to CN and CN™, respectively, which are
important ligands in chemistry and biochemistry; analogous
chemistry may exist for BO and BO™. Recently, the first
compound containing a boronyl has been synthesized in the
bulk.?’

We have been interested in understanding the electronic
and structural properties of boron oxide clusters using PES
and quantum chemical calculations.?®3¥*> We have shown
that boron-rich oxide clusters can be formulated as boronyl
ligands coordinated to boron clusters. For example, the
B30,7, B4O37, and BsO4 ™ clusters possess linear B(BO),™
(Dooi» 32 o), triangular B(BO)3™ (D3, 2A,"), and tetrahedral
B(BO)s~ (T4, 'A)) global minimum structures,’®*! respec-
tively, whereas the B4O,>~ cluster adopts the linear diboronyl
diborene B5(BO),*™ (Doch, ' T, ) global minimum structure
with a B=B triple bond.*’ These clusters can be viewed as
boronyl ligands coordinated to a B or B, core, analogous to
boranes: BH,,~ (n = 2-4) and B,H,?", respectivelyﬁg‘41 In
a more recent study, we discovered bridging n?-BO groups
in B,(BO);™ (Cyy,, 'A}) and B3(BO);~ (Cj, 2A’) clusters,*
which are analogous to the 3c-2e BHB bond in B,H3;™ and
B3H; ™. Thus, the boronyl group can act as either a terminal
or bridging ligand and is capable of forming 3c-2e bridging
bonds, showing isolobal analogy between boron-rich oxide
clusters and boranes.

In the current article, we report an investigation on the
structures and bonding of a new series of boron oxide clus-
ters: BsO™, B0, ", and B;O3~ using PES and computational
chemistry. Vibrationally resolved PES spectra are obtained
for all three species. Density-functional theory (DFT) cal-
culations show that these oxide clusters can be viewed as
B4(BO),~ (n = 1-3), i.e., boronyl ligands coordinated to a
rhombic By cluster. The bare By4 cluster is known to possess
double (0 and ) aromaticity.>* While the delocalized o

© 2012 American Institute of Physics
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electrons are used to form localized o bonds with the BO
units, the m aromaticity remains intact in the three boron-
borony]l clusters.

Il. EXPERIMENTAL AND COMPUTATIONAL METHODS
A. Photoelectron spectroscopy

The experiment was carried out using a magnetic-bottle
PES apparatus equipped with a laser vaporization cluster
source, details of which were described in Refs. 45 and 46.
Briefly, the B,,0,~ clusters were produced by laser vapor-
ization of a pure disk target made of enriched '°B isotope
(99.75%) in the presence of a helium carrier gas seeded with
0.01% O, and analyzed using a time-of-flight mass spec-
trometer. The BsO™, B¢O, ™, and B;03~ clusters of interest
were each mass-selected and decelerated before being pho-
todetached. Three detachment photon energies were used in
the current experiment: 355 nm (3.496 eV) and 266 nm (4.661
eV) from a Nd: YAG laser and 193 nm (6.424 ¢V) from an ArF
excimer laser. Photoelectrons were collected at nearly 100%
efficiency by the magnetic bottle and analyzed in a 3.5 m long
electron flight tube. The PES spectra were calibrated using the
known spectra of Rh™ and Au~, and the energy resolution of
the apparatus was AEy/Ey =~ 2.5%, that is, ~25 meV for 1 eV
kinetic energy electrons.

B. Computational methods

The DFT structural searches were performed using the
Coalescence-Kick (CK) global minimum search program de-
veloped by Boldyrev and co-workers,'>#7 initially at the hy-
brid B3LYP level*® with the 3-21G basis set.*’ The top 15
low-lying candidate structures were then fully optimized at
the same level with the augmented Dunning’s all-electron ba-
sis set (aug-cc-pVTZ).”° Frequency calculations were done to
confirm that the obtained structures are true minima. Excita-
tion energies of the neutral clusters were calculated with the
time-dependent DFT (TDDFT) method’! at the anion ground-
state geometries. Single-point CCSD(T) (Ref. 52) calcula-
tions were done at the B3LYP/aug-cc-pVTZ geometries to
further evaluate the relative energies of the top five low-lying
structures, and to refine the ground-state adiabatic and verti-
cal detachment energies (ADEs and VDEs). All calculations
were done using the GAUSSIAN 03 package.”

lll. EXPERIMENTAL RESULTS
A. BsO~

The PES spectra of BsO™ are shown in Fig. 1 at three
photon energies. The 355 nm spectrum (Fig. 1(a)) reveals a
sharp band X, which defines an accurate ground state ADE
and VDE of 3.45 4+ 0.01 eV (Table I) and represents the
electron affinity (EA) of the corresponding B5O neutral. This
sharp transition suggests that there is very little geometry
change between the ground state of BsO™ and its correspond-
ing neutral state. At 266 nm (Fig. 1(b)), a very weak and short
vibrational progression is resolved for band X. Two vibra-
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FIG. 1. Photoelectron spectra of BsO~ at (a) 355 nm (3.496 eV),
(b) 266 nm (4.661 eV), and (c) 193 nm (6.424 eV). The vertical lines rep-
resent vibrational structures.

tional modes can be identified for the ground state of B5O
with frequencies of 1110 & 50 and 1990 4 50 cm™!.

The first excited state (band A) shows weak intensity at
266 nm with discernible fine structures and is significantly
enhanced at 193 nm (Fig. 1(c)). A vibrational mode with a
frequency of ~1130 cm™! is estimated for this band, and a
lower frequency mode (~700 cm™!) is discernible. The VDE
of band A is estimated from the peak center to be 4.05 eV.
Band B (VDE: 4.88 eV) shows a partially resolved vibrational
progression with a spacing of 1010 cm™'. No prominent PES
features are observed beyond ~5.5 eV.

B. BcO2~

The 266 nm PES spectrum of B¢O,~ (Fig. 2(a)) shows
a vibrational progression for band X, whose intense 0-0
transition at 3.54 + 0.02 eV defines the ground state ADE
and VDE and the EA of the corresponding neutral B¢O5.
Two vibrational modes are observed with frequencies of
980 + 30 cm~! and 2010 cm~!. The first excited state band
A is broad with unresolved vibrational structures at a VDE of
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TABLE I. Experimental adiabatic (ADE) and vertical (VDE) detachment energies (in eV) and vibrational fre-
quencies (in cm™!) from the photoelectron spectra of BsO~, B¢O, ™, and B7O3 ™, as compared to those calculated
from the global minimum structures (1, 3, and 5) at the B3LYP/aug-cc-pVTZ level of theory.

J. Chem. Phys. 137, 044307 (2012)

Expt. Theory (B3LYP)
Feature ADE® VDE? Vib. freq.? Final state ADE® VDE*
Bs0~ X 345 (1) 3.45(1) 1110 (50), 1990 (50) 2A; 3.17 3.20
A 4.05 (5) 1130 (50) 2B, 4.14
B 4.88 (3) 1010 (30), 2010 (30) 2B, 4.95
B, 6.12
BsOs~ X 3.54(2) 3.54(2) 980 (30), ~2010 1Ag 3.58 3.62
A 4.53(5) 3B3e 4.42
B3, 5.09
B 5.20(2) ~980 3B3y 5.11
"By 5.69
B703~ X 4.94 (5) 5.10(5) ’B, 4.94 5.13
A 5.78 (5) ~2000 2B, 5.90
B 5.87(5) ~2000 2A 5.94
’B, 7.61

“Numbers in the parentheses represent experimental uncertainties in the last digits.

YElectron affinity of the corresponding neutral cluster.

“The ground state ADE/VDE from the single-point CCSD(T)//B3LYP/aug-cc-pVTZ calculations are 3.43/3.48 eV for BsO~,

3.53/3.53 eV for BsO, ™, and 4.95/5.10 eV for B;O3~.

4.53 eV (Fig. 2(b)). The second excited state band B shows a
vibrational progression with an estimated frequency of ~980
cm™', and its 00 transition at 5.20 eV represents both the
ADE and VDE for this transition.

C. B;O3~

The electron binding energies for B;O3;™ are very high
and its PES spectrum can only be measured at 193 nm, as

(a) "H
266 nm .

X

/ \\ !'Mt\« M
N

J53 5 52 4 U 7 B R X (U PR A T B 7 B EAU [

2 3 4 5 6
Binding Energy (eV)

FIG. 2. Photoelectron spectra of B¢O, ™ at (a) 266 nm and (b) 193 nm. The
vertical lines represent vibrational structures.

shown in Fig. 3. Two broad bands are observed. The ground
state band X shows unresolved vibrational structures. The
ground state ADE is evaluated by drawing a straight line along
the leading edge of band X and then adding the instrumen-
tal resolution to the intersection with the binding energy axis.
The ADE thus determined is 4.94 & 0.05 eV, which also rep-
resents the EA of the corresponding neutral B;0O3. The ground
state VDE is measured from the band maximum to be 5.10 eV.
The higher binding energy band displays fine vibrational fea-
tures. As will be shown below in the theoretical calculations,
there are two closely lying detachment transitions contained
in this band, which are identified tentatively as bands A and
B with VDEs of 5.78 and 5.87 eV. Each band also exhibits a
vibrational progression with similar spacings of ~2000 cm~".

The obtained ADE, VDEs, and vibrational frequencies
are given in Table I for the three clusters and compared with
calculated ADEs and VDEs.

| W\%
“A.‘”“",*”J - ,Wv}m AFWB
X o 193 nm f\/\
(b) n M . ,f
193 nm f ﬂ x ,\
|l N

3 4 5 6
Binding Energy (eV)

FIG. 3. Photoelectron spectrum of B;O3~ at 193 nm. The vertical lines rep-
resent vibrational structures.
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FIG. 4. Optimized global minimum anion structures (1, 3, and 5) for the
B507, BcO;, ™, and B7O3 ™ clusters at the B3LYP/aug-cc-pVTZ level, along
with their corresponding neutral structures (2, 4, and 6). The B=O triple and
B—(B=O0) single bond lengths are given in A.

IV. THEORETICAL RESULTS
A. Optimized cluster structures

Structural searches were performed initially using the CK
method'>%’ and then fully optimized at the B3LYP/aug-cc-
pVTZ level. The top 15 low-lying candidate structures for
each cluster are summarized in Figs. S1-S3 along with their
relative energies, as supplementary materials.** The energies
of the top 5 structures were further evaluated at the single-
point CCSD(T) level. For the anionic clusters, the global min-
imum of each species can be viewed as one, two, and three
BO units coordinated to a rhombic B4 core for BsO~, BsO, ™,
and B;037, respectively. These structures are given in Fig. 4
(1, 3, 5) with key structural parameters. The next low-lying
isomer is more than 29 kcal/mol higher in energy for BsO™
and B7037, and more than 13 kcal/mol higher for B4O, ™ at
the single point CCSD(T) level (Figs. S 1-S3).>* These results
suggest that there could be no low-lying isomers populated in
the cluster beam for any of the anionic clusters.

However, the global minima for neutral B;sO and B¢O;
are different from that of the anion. In the global minimum
of BsO, the O atom bridges two B atoms on the peripheral of
the planar Bs cluster. The corresponding isomer that is simi-
lar to the global minimum of the anion is 3.6 kcal/mol higher
in energy at the single point CCSD(T) level [Fig. S1(b)].>*
The global minimum of BgO, involves one BO unit coor-
dinated to the global minimum of BsO [Fig. S2(b)].>* The
global minimum of B;0; is similar to that of its anion [Fig.
S3(b)],>* although the isomer with two BO units coordinated
to the global minimum of BsO is almost degenerate at the
single point CCSD(T) level. The structures of BsO~, BsO,
BsO,~, and B¢O, have been calculated previously.’>3* The
current results are consistent with those reported in Refs. 33
and 34. It should be pointed out that in cases, where the neu-
trals and the anions have different global minima, the spec-
troscopic information obtained from the PES data concerns
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TABLE II. Calculated top apex /BBB bond angles and its changes in the
rhombic B4 core from the anion to neutral, at the B3LYP level, for B4(BO),,~
and B4(BO), (n = 1-3) (see Fig. 4).

Bond angle Neutral Bond angle Angle change
BsO™ (1) 117° B50 (2) 115° —2°
BsO>~ (3) 116° BsO; (4) 118° +2°
B703™ (5) 126° B703 (6) 138° +12°

about the neutral isomers that have structures closest to the
anionic global minima, because photodetachment is a vertical
transition, governed by the Franck-Condon principle.

B. Geometrical changes from the anions to neutrals

The neutral cluster structures relevant to the PES exper-
iment are compared with the corresponding anionic global
minima in Fig. 4 (2, 4, and 6). The symmetries of all three
neutral clusters are the same as that of the anionic global
minima. Geometric changes are very small between the neu-
tral structures of BsO (2) and B¢O; (4) and their respective
anions, consistent with the sharp ground state PES band in
each case (Figs. 1 and 2). The BO bond lengths are short-
ened from 1.22 to 1.21 A upon electron detachment in each
case, suggesting that the BO stretching mode should be ac-
tive in the ground state detachment band. In addition, there
is a slight elongation of the shorter diagonal B-B distance
in the rhombic B4 core in BsO™ (1) by 0.04 A upon elec-
tron detachment, resulting in a slight reduction of the top
/BBB apex angle from 117° in 1 to 115° in 2, as given in
Table II. This geometry change suggests that a vibrational
mode involving the breathing of the B4 core should also be
active during photodetachment. In the case of B¢O,~, there is
a slight shortening of the shorter diagonal B-B bond length
upon electron detachment, resulting in a slight increase of the
top /BBB apex angle in the rhombic B4 unit from 116° in 3 to
118° in 4 (Table II). Again, a vibrational mode involving the
B, framework is expected to be active in the ground state de-
tachment band of B¢O, ™. The geometrical changes of B;O3~
(5) upon electron detachment are more significant, including
a shortening of the shorter diagonal B-B distance in the B4
core by 0.07 A, that results in a substantial expansion of the
top /BBB apex bond angle by 12° (Table II). Furthermore, the
bond angles of two of the boronyl units become more bent by
8° relative to the B4 core in the neutral, as shown in Fig. 4. All
these geometry changes suggest that many vibrational modes
would be active upon electron detachment from B;0;7, giv-
ing rise to broad PES features, in agreement with experimen-
tal observations (Fig. 3).

V. COMPARISON BETWEEN EXPERIMENT
AND THEORY

A. BsO~

The global minimum of BsO~ (1, Cy,, 'A)) has a closed-
shell electron configuration of ... b;?b,%a; 2. Plots of the occu-
pied valence molecular orbitals (MOs) are shown in Fig. S4 in
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the supplementary material.** Electron detachment from the
highest occupied MO (HOMO, a;) reaches the neutral state
2 (Cyy, 2A}). As shown in Table I, the calculated ADE (3.17
eV) and VDE (3.20 eV) at the B3LYP/aug-cc-pVTZ level for
this detachment channel are lower than the experimental val-
ues (3.45 eV) by about 0.2—0.3 eV. However, our single-point
CCSD(T)//B3LYP/aug-cc-pVTZ data (ADE: 3.43 eV; VDE:
3.48 eV) are in excellent agreement with the experimental val-
ues. The two observed vibrational modes should correspond
to the B-O stretching (1990 cm™!) in the boronyl unit and the
B-B stretching (1110 cm™) in the B4 core. These observed
frequencies are also in good agreement with the calculated
values (Table S1). The first two excited states are due to elec-
tron detachment from the HOMO—1 (b,) and HOMO-2 (b)),
respectively. The calculated VDEs at TDDFT level for these
two detachment channels are 4.14 and 4.95 eV, in good agree-
ment with the experimental values for band A (VDE: 4.05 eV)
and band B (VDE: 4.88 eV), respectively.

B. BcO2~

The global minimum of BgO, ™ (3, Dy, 2Ag) has an elec-
tron configuration of . .. b3, ?bsz2a,". Plots of the valence MOs
are shown in Fig. S5 in the supplementary material.>* Electron
detachment from the a, HOMO results in the neutral state 4
(Do, 1Ag) with a calculated ADE of 3.58 eV and VDE of 3.62
eV at the B3LYP/aug-cc-pVTZ level, in good agreement with
the observed values for band X (3.54 eV). Again, the single-
point CCSD(T)//B3LYP/aug-cc-pVTZ values (ADE: 3.53 eV,
VDE: 3.53 eV) are almost in exact agreement with the exper-
iment. The two observed vibrational modes (2010 and 980
cm™!) should also correspond to the B-O stretching of the
boronyl unit and the B-B stretching involving the B4 core.
These observations are also in good agreement with the cal-
culated values (Table S1).

Because B¢O,™ has one unpaired electron, detachment
of an electron of B or « spin from HOMO—1 (bsg), would
produce a triplet (3 B3,) or singlet (1B3g) final states. The cal-
culated VDEs for the *Bs, and 'Bs, final states at TDDFT
level are 4.42 and 5.09 eV, respectively. The calculated VDE
for the 3B3g state is in good agreement with the observed
VDE of band A (4.53 V). The detachment channel leading to
the singlet state should have lower relative intensity. In fact,
the weak peak observed at ~5.0 eV in the 193 nm spectrum
(Fig. 2(b)) should correspond to the 'Bs, state. Similarly,
electron detachment from HOMO-2 (bs,) is predicted to re-
sult in two final states *Bs, (5.11 eV) and 'Bs, (5.69 eV),
where the triplet state is again in good agreement with band
B (VDE: 5.20 eV) and the singlet state may be buried in the
higher binding energy part of band B in the 193 nm spectrum
(Fig. 2(b)).

C. B;0O3~

The global minimum of B;03~ (5, Cy,, TAD possesses
a closed-shell configuration of ...b1%a;%b,2. Plots of its oc-
cupied valence MOs are given in Fig. $6.* Photodetachment
from the b, HOMO reaches the neutral ground state 6 (C,,,

J. Chem. Phys. 137, 044307 (2012)

’B,). The predicted ADE/VDE, 4.94/5.13 and 4.95/5.10 eV
at the B3LYP and CCSD(T) levels, respectively, are both in
excellent agreement with the experimental values for band X
(ADE: 4.94 ¢V; VDE: 5.10 eV), as shown in Table I. The
broad band X is consistent with the large geometry changes
between the ground state of B;O3™ (5) and its corresponding
neutral (6). The next two detachment channels from HOMO-1
and HOMO-2 give very close VDEs: 5.90 eV from the b; or-
bital and 5.94 eV from the a; orbital. These calculated values
are also consistent with the observed broad band at ~6 eV.

The excellent overall agreement between the theoretical
calculations and experimental observations for BsO™, B;O, ™,
and B70;~ lends considerable credence to the global minima
identified for these oxide clusters.

VI. DISCUSSION

A. Isolobal analogy between boron-rich B,;,;0,~
clusters and boranes

The global minimum structures of BsO™ (1), B¢O,™ (3),
and B;037 (5) can be formulated as B4(BO),,” (n = 1-3), i.e.,
as boronyl ligands coordinated to a rhombic B4 unit. These
clusters are in line with our prior findings that all boron-rich
oxide clusters, B,,0,~, can be formulated as boronyls coor-
dinated to a boron core, B,,_,(BO), .3** Chemically, the
boronyl groups act as o radicals, akin to the H atom. Indeed,
valent isoelectronic boron hydride clusters, such as B4H,
(n = 1-3) and B4H3~, have been cornputed,55 which have
similar ground-state structures as the corresponding B4(BO),
or B4(BO); ™ clusters. The current results further extend the
isolobal analogy between boron-rich boron oxide clusters and
boranes. We further note that the bare B, cluster is rather
floppy,® while the B, framework in the B4(BO),~ clusters is
much more rigid as a result of BO binding.

B. Chemical bonding in B4(BO),~ (n = 1-3)
and = aromaticity

The chemical bonding in the boron-boronyl clusters can
be elucidated using the adaptive natural density partitioning
(AANDP) method.** AANDP represents the electronic struc-
ture of a molecule in terms of n-center two-electron (nc-2e)
bonds, with the n value ranging from one to the total num-
ber of atoms in the molecule. AANDP recovers the classi-
cal Lewis bonding elements (lone pairs and 2c-2e bonds), as
well as nonclassical delocalized nc-2e bonds. Since the cur-
rent version of the AANDP program only deals with closed-
shell systems,** we analyzed the bonding of BsO~ (1, 'A)),
B¢O; (4, lAg), and B;03~ (5, 'A)), as shown in Fig. 5. The
AdNDP analyses of By (Dyy, 1Ag) and B42~ (Dy, 1Ag) are
included for comparison.®#

The bare B4 cluster consists of four 2c-2e B—B bonds,
one delocalized o and one delocalized @ bond, making it
doubly aromatic, whereas B4% has two delocalized o bonds
and one delocalized 7 bond, making it o antiaromatic and
7 aromatic.®** The AANDP analyses for the boron-boronyl
clusters readily recover the 2c-2e B=O triple bonds, 2c-2e
B—(B=O0) single bonds, and O 2s lone pairs, as shown in
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ON =2.00 |e|
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ON =2.00 |e|
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4x2c-2e 0
ON=1.99 |e|
(c) BsO™ (Cay, 'A)

2x3c-2e 0
ON =1.95 |e|
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ON =2.00 |e|
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ON =1.98 |e|
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ON =2.00 |e|
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ON = 1.99-1.89 |e|
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2x1c-2e lone pairs
ON =2.00 |e|
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2x2c-2e B-O o
ON =1.98 |e|

2x2c-2e B-Bo
ON =1.98 |e|

4x2c-2eB-Bo
ON =1.81 |e|

4c-2e T
ON =1.98 |e|

2 S R S

6x2c-2e B-O
ON = 1.98-2.00 |e|

3x1c-2e lone pairs
ON =2.00 |e|

3x2c-2e B-O o
ON =1.98 |e|

3x2c-2e B-Bo
ON =1.96-1.99 |e|

4x2c-2e B-Bo
ON=1.93 |e|

4c-2e T
ON =1.94 |e|

FIG. 5. Adaptive natural density partitioning (AdNDP) analyses for the closed-shell BsO™ (1, TA)), B6O2 (4, lAg), and B7O3~ (5, 'A;) in comparison with
that of B4 (D, 1Ag), and B42_ (Dyp, 1Ag). The occupation numbers (ONs) are indicated.

Fig. 5. The former are localized bonding elements within the
boronyl groups and in between the B4 core and the boronyl
groups. The triple B=0 bond and the single B—(B=0O) bond
distances are typical, centering at 1.22 and 1.62-1.63 A in
B4(BO),™, in comparison to those calculated for the B=0O
triple bond in BO™ (1.234 A) and the single B—(B=0O) bond
in Bo(BO),~ (1.607 A) at the same level of theory.2>*’ The
delocalized o electrons in B4 are used to form B-BO bonds,
whereas the delocalized 7= bond is intact in all the B4(BO),,~
clusters, which can still be viewed as 7 aromatic.

VIl. CONCLUSIONS

We have investigated the electronic and structural prop-
erties of a series of boron oxide clusters, BsO~, BcO,™,
and B70;~ using photoelectron spectroscopy and theoreti-
cal calculations. Vibrationally resolved photoelectron spectra
are obtained. Density-functional calculations show that global
minima of these oxide clusters can be formally formulated
as B4(BO),,” (n = 1-3), which involve the coordination of
boronyl ligands to a rhombic B4 core. Chemical bonding anal-
yses indicate that the delocalized o electrons in the B4 core
are used to form o bonds with the boronyl ligands, whereas
aromaticity in the B4 core remains intact upon boron boronyl

coordination in the series of clusters. The current study shows
further that the boronyl ligand plays an important role as
structural features in boron-rich boron oxide clusters.
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