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The concept of boronyl (BO) and the BO/H isolobal analogy build an interesting structural link
between boron oxide clusters and hydrocarbons. Based upon global-minimum searches and first-
principles electronic structural calculations, we present here the perfectly planar C,, BsOs* (1, 'A)),
Cy, BsOs (2, 2A)), and tetrahedral Cy, BsOs™ (3, 'A’) clusters, which are the global minima of
the systems. Structural and molecular orbital analyses indicate that C,, BsOs™ (1) [B303(BO),"]
and Gy, Bs505 (2) [B303(BO),] feature an aromatic six-membered boroxol (B3O;) ring as the
core with two equivalent boronyl terminals, similar to the recently reported boronyl boroxine
D3, BgOg [B303(BO)3]; whereas C; BsOs™ (3) [B(BO)3;(OBO)7] is characterized with a tetrahe-
dral B~ center, terminated with three BO groups and one OBO unit, similar to the previously
predicted boronyl methane 7; BsO4~ [B(BO), |. Alternatively, the 1-3 clusters can be viewed as
the boron oxide analogs of phenyl cation C¢Hs*, phenyl radical C¢Hs, and chloromethane CH3Cl,
respectively. Chemical bonding analyses also reveal a dual three-center four-electron (3c-4e) m
hyperbond in Cs; BsOs~ (3). The infrared absorption spectra of BsOs* (1), BsOs (2), and BsOs5~
(3) and anion photoelectron spectrum of BsOs~ (3) are predicted to facilitate their forthcoming
experimental characterizations. The present work completes the B,0,*/%~ series for n = 1-6 and
enriches the analogous relationship between boron oxides and hydrocarbons. © 2015 AIP Publishing

LLC. [http://dx.doi.org/10.1063/1.4928282]

. INTRODUCTION

As the prototype of electron-deficient elements, boron
has a rich chemistry, which leads to unusual structural and
electronic properties and novel chemical bonding patterns
for elemental boron clusters.'> A number of recent studies
have revealed the analogy between bare boron clusters and
hydrocarbons, including polycyclic aromatic hydrocarbons
(PAHs). The Bg>~, By, Byg, Bi1~, By, and Bi3* clusters are
all 6t aromatic systems and can be viewed as the inorganic
analogs of benzene,>”!3 whereas B162_, By, and B3~ clus-
ters are all-boron analogs of naphthalene, anthracene, and
phenanthrene, respectively.®!> Furthermore, the analogous
relationship between boron hydrides and hydrocarbons has
been demonstrated.’®?’ Very recently, a new member of the
“inorganic benzene” family, D3, B¢Og (that is, boronyl borox-
ine), has been discovered computationally,28 which is a boron
oxide analog of boroxine (B3O3H3). The B¢Og cluster has a
boroxol (B303) ring as the structural core and shares the same
nt bonding pattern as C¢Hg and B3;O3Hj3.

A variety of boron oxide clusters have been studied in the
past years, indicating the key role of the boronyl (BO) group
in determining their global-minimum structures and the nature
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of bonding.?®*® Among the existing understanding, the major-
ity of theoretical studies are carried out on boron-rich boron
oxide clusters. Relatively little is known about the oxygen-
rich B,,0,, clusters and those with equal content of boron and
oxygen (n < m), which should offer opportunities to explore
exotic chemical bonding. As for the B, 0, clusters, B303’/ 07+,
B40, /%, and BsgOg/° were studied in our recent works.28:46:48
The Td B504_ [B(BO)47] and D3h B606 [B303(BO);] species
are “magic” clusters®®** with perfect B versus O composi-
tions, consistent with their high symmetries and extraordinary
stabilities. Obviously, the B505*/ 0/= clusters are less than ideal
in terms of the B/O compositions, and their global-minimum
structures and chemical bonding are still unknown. However,
such clusters can provide valuable model systems to eluci-
date the interplay and competition between the B=0O, OBO,
boroxol B303 ring, and BB bonding in the boron oxide clusters
and to demonstrate how a single charge can change the global-
minimum structures drastically.

In the current contribution, we have carried out detailed
structural searches and electronic structure calculations for
the BsOs™, BsOs, and B5sOs~ clusters. We report their global-
minimum structures and chemical bonding patterns. Our re-
sults show that the BsOs* and BsOs species share nearly the
same architecture that consists of a boroxol B3;O; ring and
two terminal BO units, which can be alternatively formulated
as B303(BO)," (1, Ca,, 'A) and B305(BO); (2, Cap, 2Ay),

©2015 AIP Publishing LLC
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respectively. These are boron oxide analogs of the organic
phenyl cation and phenyl radical, C¢Hs*/°, which are all
perfectly planar with an aromatic m sextet, akin to benzene.
On the other hand, the BsOs~ anion cluster possesses a three-
dimensional global-minimum structure, which is characterized
with a tetrahedral B~ center attached by three BO groups and
one OBO unit. This anion can be formulated as B(BO)3(OBO)~
(3, C,, 'A); it is readily constructed from T,; B(BO),~ via the
substitution of one terminal BO by an OBO.** Due to the BO/H
isolobal analogy (both are monovalent o radicals)?® and the
fact that an OBO unit is a typical superhalogen,* the B5sO5~
(3, Cy, 'A’) cluster may be considered as a boron oxide analog
of chloromethane or methylchloride (CH3Cl). The above-
mentioned analogies to organic molecules are firmly estab-
lished through chemical bonding analyses. To facilitate their
experimental characterizations, the infrared (IR) absorption
spectra of B5O5* (1), B5sOs (2), and B5Os~ (3) and anion photo-
electron spectrum of BsOs™ (3) are predicted computationally.
The current results complete the B,0,"’ 0/~ series (n =1-6)
and enrich the analogous relationship between boron oxides
and hydrocarbons.

Il. THEORETICAL METHODS

The global-minimum structural searches for Bs05*/0/~
clusters were conducted at the density-functional theory (DFT)
level using the Coalescence Kick (CK)** program, aided
with manual structural constructions. The candidate low-lying
structures were fully optimized at the B3LYP/aug-cc-pVTZ
level.’! Harmonic vibrational frequencies were calculated at

J. Chem. Phys. 143, 064303 (2015)

the same level to verify that the reported structures are
true minima. Single-point coupled-cluster calculations
(CCSD(T))*>* were done at the B3LYP geometries to further
evaluate the relative energies of the top low-lying structures
within 40 kcal/mol in different charge states. Adaptive nat-
ural density partitioning (AANDP)*> and canonical molec-
ular orbital (CMO) analyses were performed to understand
the chemical bonding patterns. Natural bond orbital (NBO)
analysis was carried out to get the natural atomic charges
and the Wiberg bond indices.® Photoelectron spectrum of
global-minimum BsOs~ anion cluster was simulated at the
time-dependent B3LYP (TD-B3LYP)7-8 level, along with the
predicted IR spectra of the BsOs™/%~ clusters. The AINDP
analyses were performed using the AANDP program®® and
all other calculations and analyses were performed using the
Gaussian 09 package.”

lll. RESULTS

Global-minimum searches using the CK program have
identified the low-lying isomeric structures for BsOs/%/~,
which are fully reoptimized subsequently at the B3LYP/aug-
cc-pVTZ level’!' The cluster structures are collected in the
supplementary material as Figs. S1-S3,%° along with their
relative energies. The relative energies for top low-lying struc-
tures within 40 kcal/mol are further refined at the single-point
CCSD(T)//B3LYP/aug-cc-pVTZ level. The relative energies
and vibrational frequencies for key relevant structures of
BsOs*/%~ are listed in Table I. The global minima of B5sOs/%/~
clusters are all reasonably well-defined from their nearest

TABLE 1. Relative energies and vibrational frequencies for all optimized planar and tetrahedral isomeric structures of BsOs*/%/~ clusters at the B3LYP/aug-cc-

pVTZ level.
Charge state Cation® Neutral Anion
: !
it b L L. BE
f (k «/g'\ %o g e
Relative energy (kcal/mol) 0.00 0.00 75.31 0.00 29.92
Frequency (cm™!)° 77 (a) 79 (by) 68 (a”) 103 (2) 136 (by)
79 (by) 81 (ay) 86 (a") 192 (a’) 153 (ba)
284 (by) 152 (by) 132 (') 433 (') 347 (by)
418 (a;) 263 (by) 143 (a”) 435 (a”) 451 (ay)
472 (by) 368 (by) 192 (a') 494 (a’) 497 (by)
509 (b;) 444 (ay) 358 (a”) 520 (a) 681 (by)
550 (ay) 498 (by) 381 (a') 525 (a”) 697 (by)
660 (b;) 596 (a) 387 (a) 532 (a”) 727 (by)
736 (a;) 694 (by) 473 (a') 578 (') 756 (a)
884 (by) 702 (by) 496 (a”) 821 (a’) 885 (a)
1017 (ay) 1096 (a;) 523 (a”) 1187 (a’) 1144 (a;)
1178 (ay) 1196 (ay) 529 (a) 1926 (a’) 1239 (by)
1337 (by) 1199 (by) 843 (a’) 1926 (a”) 1408 (a;)
1840 (by) 1350 (a;) 1308 (") 1941 (') 1970 (by)
1367 (by) 1907 (2”) 2043 (') 1971 (a;)
2026 (by) 1942 (a')
2027 (ay) 1987 (a’)
2046 (a’)

4For the cationic charge state, the CH3Cl-like structure dissociates during the structural optimization.

bFrequencies with intensities of less than 5.0 km/mol are not shown.
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(a)

A28
1 C2, BsOs" ('Ay)

alternative isomer, and thus the zero-point energy (ZPE) cor-
rections were not pursued. For BsOs*/” clusters, the global
minima B505+ (1, sz, IA]) and B505 (2, Czu, 2A]) (Flg 1) are
at least 16 kcal/mol lower in energy at the B3LYP level, which
are refined to at least 12 kcal/mol at the single-point CCSD(T)
level.

The potential energy surface for the BsOs™ anion cluster
is slightly more complicated (supplementary Fig. $3).°° The
global minimum BsOs~ (3, C, 'A’) (Fig. 1) is followed by
a competitive isomer, (Cy,, 'A}), which is about 6 kcal/mol
above the global minimum at the B3LYP level, further refined
to about 2 kcal/mol at the single-point CCSD(T) level. How-
ever, beyond these two structures, all other isomers are signifi-
cantly higher in energy, by at least 12 kcal/mol (supplementary
Fig. $3).%° The competitive (C,,, 'A) isomer is thus also an
important structure for the BsOs™ anion.

Detailed structures and bond distances for the global
minima of BsOs*/%~ (1-3) at the B3LYP level are illustrated in
Fig. 1; also shown are those of their hydrocarbon counterparts.
The global minima of the BsO5*/ O clusters are 1 (Cow, 'A)D)
and 2 (Cy,, %A)), respectively, which both contain one B;03
ring and two terminal BO groups (Fig. 1 and supplementary
Figs. S1 and S2).%° The terminal BB and BO distances can be
classified as single B—B and triple B=0 bonds,**~% which
are very similar for 1 and 2. However, the BO distances within

J. Chem. Phys. 143, 064303 (2015)

FIG. 1. Optimized global-minimum
structures of BsOs™/%~ (1-3) at the
B3LYP/aug-cc-pVTZ level, as com-
pared to those of CgHs*/% and CH3CI.
Bond distances (in A) are indicated. The
B atom is in blue, O in red, C in thick
gray, and H in light gray.

Cav CeHs (A1)
(f)
1.80
.0

Csv CH3CI ('Aq)

the B30j3 ring differ markedly from 1 to 2. In 2, all these BO
distances are roughly equal (1.37-1.38 A), resulting in a nearly
perfect hexagon. In sharp contrast, the BO distances within
the B3O3 ring in 1 are highly uneven, ranging from “regular”
distances for BO and BO (1.37 A), to significantly elongated
ones for BO and BO (1.48 A), and to significantly shortened
ones for BO and BO (1.28 /f\); the latter value is rather close to a
typical double B=0 bond.®> As a consequence, the hexagonal
ring in 1 is structurally distorted. The situation is the same in
C¢Hs* and CgHs, where a single positive charge distorts the
cationic structure (Fig. 1(d)).

Upon electron attachment, the three-dimensional
Cs BsOs™ (3) anion structure becomes the global minimum
(Fig. 1(c)), in which the center B atom features tetrahedral
hybridization, being terminated by three BO groups and one
OBO unit. The B1B2, B1B3, and B1B4 distances (1.69 A) are
typical B—B single bonds, and the terminal BO groups can be
assigned as B=O triple bonds. The BO distances within the
OBO unit are uneven: 1.23 A versus 1.29 A, which are close to
the B=0 and B=0 bonds, respectively.**%* The B1-O5 bond
should be roughly considered as a single bond, although the
distance (1.51 A) is markedly longer than a typical single bond;
see Section IV B for further discussion. The Cy BsOs™ (3) an-
ion structure can be constructed from 7,; B(BO)4~ by inserting
an O atom into one of the B—B o bonds in the latter.**
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@)

HOMO (a,)

IV. DISCUSSION

A. Planar B303(BO),"° clusters: Boron oxide analogs
of hydrocarbons CgHs*°

The global-minimum structures 1 and 2 for BsOs™/* are

rather similar (Fig. 1), except for the distortion of the B3O3
ring in 1. Indeed, the electronic structure of the two species
is nearly the same, which differs by a single electron. The
lowest unoccupied molecular orbital (LUMO) of 1 becomes
the single occupied molecular orbital (SOMO; supplementary
Fig. S4)% in 2. All other CMOs in 1 and 2 show one-to-one
correspondence with each other. A boroxol B;Oj3 ring, such
as that in D3, BeOg or D3, B3OsHs, is known to possess a 7t
sextet,”® which makes use of three O 2p lone pairs for three
completely delocalized & bonds. These BO based species are
therefore considered to be “inorganic benzenes”. The current
1 and 2 clusters provide new examples for this analogy. To
be specific, 1 and 2 are comparable to phenyl cation (CgHs™)
and phenyl radical (C¢Hs), respectively (Fig. 1). Figure 2(a)
depicts the three 1 CMOs of 1, which are compared to those
of C¢Hs" (Fig. 2(b)), showing close analogy between the two

J. Chem. Phys. 143, 064303 (2015)

FIG. 2. Comparison of the st canonical
molecular orbitals (CMOs) of (a) Ca,
B505Jr (1) and (b) CQU C6H5+.

HOMO-4 (b,)

species. Both of them possess a 7 sextet and are thus m aro-
matic, following the (4n + 2) Hiickel rule. Furthermore, our
calculated nucleus-independent chemical shift (NICS) values,
NICS(0)/NICS(1), for the B3O3ring in 1 and 2 are —5.12/-3.06
and —1.29/-2.61 ppm, respectively, which are consistent with
the nature of st aromaticity. Here, NICS(0) and NICS(1) are
calculated at the center of the ring and at 1 A above the
center, respectively. Itis stressed that aromaticity in the boroxol
ring is relatively weak?® with respect to that in the organic
hydrocarbons, because the former originates from three O
2p lone pairs and the extent of delocalization is poor. For
comparison, the NICS(0)/NICS(1) values are —17.47/-11.97
and —11.19/-10.91 ppm for C¢Hs* and C¢Hs, respectively, at
the same level of theory.

The SOMO of 2 (supplementary Fig. S4)°° is mainly
localized on the B1 atom in B303 ring, with very minor inter-
actions with other atoms. Intuitively, when removing the single
electron from this SOMO, the nature of bonding in the system
should remain intact, except for a change in the natural charge
on B1 (supplementary Fig. S5(a) versus supplementary Fig.
S5(b)).%% It is thus quite remarkable to observe a significant

(a) ©)
092 1.47
1.17 1.59 FIG. 3. Wiberg bond indices for
(a) BsOs* (1) and (b) BsOs (2), as
1Co B5O5+ (1A1) Coy CGH5+ (1A1) compared to those of (¢) CgHs™ and
(d) C¢Hs. The B* or C* center in the
(b) (d) cationic clusters results in unevenness
of bond distances in the hexagonal
0.90 1.45 cores.
0.92 1.41
0.83 1.47
2 sz 8505 (2A1) C2v CGHS (2A1)
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structural change within the B;O3 ring between 1 and 2 (Fig.
1). As shown in Fig. 3(a), the calculated Wiberg bond indices
within the B3Oj3 ring in 1 are highly uneven: 0.92, 0.70, and
1.17, the latter appearing to be beyond a typical single bond.
These Wiberg bond indices are perfectly in line with their
bond distances (Fig. 1(a)). We believe the unevenness and
distortion of the ring are due to the highly positive nature
of the B1 center in 1, which is formally B* for the extra
charge in B5sOs* (supplementary Fig. S5(a)). The B1 center
is thus electrophilic and effectively attracts the O 2p electrons
from OS5 and O6, enhancing the BO and BO ¢ bonds while
weakening the BO and BO o bonds. The BO and BO ¢ bonds
are “normal” and can serve as a reference for the unevenness.
Not surprisingly, the same structural distortion occurs between
C¢Hs and C¢Hs* (Figs. 1 and 3). All other natural charges in 1

(@)

8x2c-2e B-O o-bonds
ON=1.92-2.00|¢|

five lone pairs on O
ON=1.90-1.99]¢e|

4x2¢-2e B-O m-bonds
ON=1.96-1.99|¢|

3x6c-2e -bonds
ON=2.00|e|

(b)

6x2¢c-2e B-O o-bonds
ON=1.98-2.00|¢|

four lone pairs on O
ON=1.97-1.98|e|

10x2c-2e B-O m-bonds
ON=1.93-2.00|e|

J. Chem. Phys. 143, 064303 (2015)

and 2 (supplementary Fig. S5)% are consistent with the polar
nature of B-O bonding: B +0.7 to +1.0 |e| and O —-0.6 to —0.9
le|, which are generally in line with previous data on the B¢Og
cluster.?®

The AANDP represents the bonding of a molecule in terms
of n-center two-electron (nc-2e) bonds, with n ranging from
one to the total number of atoms in the system. The ANDP
analysis thus includes the classical Lewis bonding elements
(lone pairs and 2c-2e bonds), as well as the nonclassical de-
localized nc-2e bonds, which is particularly useful for the
electron-deficient and aromatic clusters.’ The AANDP pattern
of BsO5* (1) is shown in Fig. 4(a). A 2s/2p lone pair is revealed
for every O center and each of the terminal BO group is
associated with a B=O triple bond and a B—B single bond.
This leaves a total of 18 valence electrons for bonding in

ke d

2x2c-2e B-B o-bonds

ON=1.98]e|

FIG. 4. AANDP bonding patterns for
(2) BsOs™ (1, Cz,) and (b) BsOs™ (3,
Cy). The occupation numbers (ONs)
are shown. The lower BO ¢ “bond”
within the OBO unit in 3 is not real and
can be traced back to an O 2s lone pair;
see text for details.

3x2c-2e B-B o-bonds
ON=1.94-1.95|e|
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. .'O\ .o O

Os ;5 SB_ -9~ _B#
{®) (@)
N 0520

(@) CoyBsOs" (1) (b) C2, BsOs (2)

the B3O ring, 12 of which are used for the six 2c-2e B—O
o bonds. The remaining 6 electrons are responsible for the
global, delocalized it bonding (Fig. 4(a); the third row), which
conform to the (4n + 2) Hiickel rule for aromaticity, consistent
with the CMO analysis (Fig. 2(a)). The above bonding pattern
for 1 is illustrated as the Lewis presentation in Fig. 5(a), where
the circle represents the delocalized mt sextet; a similar bonding
pattern for 2 is shown in Fig. 5(b).

B. Tetrahedral B5O5™ anion cluster: An analog
of chloromethane and the dual 3c-4e x hyperbonds

Chloromethane (CH;3Cl; Fig. 1(f)) is widely used in indus-
trial manufacture and is always the favorite for scientists in
experiment and theory.®7% Simply speaking, the tetrahedral
hybridized C in CH;3Cl forms four single covalent bonds with
three H and one Cl. Delightedly, our global minimum BsOs~
(3) can be considered as the boron oxide analog of CH;Cl.
Indeed, 3 is readily constructed from CH3Cl based on the BO/H
isolobal analogy and the isovalency between C and B~ (that is,
the so-called “electronic transmutation”).333%3%44 The substi-
tutional relationship between Cl and BO, unit is due to the fact
that the latter is a well-known superhalogen with an electron
affinity 4.46 eV.** Superhalogens are molecules whose elect-
ron affinities far exceed those of the halogens (Cl: 3.61 eV).
NBO analysis shows that the tetrahedral hybridized B center
in 3 carries a negative charge of —0.64|e| (supplementary Fig.
$5(c)).%%2 This is markedly different from other B centers,
which carry positive charges (+0.9 to +1.2]e|). Additional
negative charge is distributed on the OBO unit, whereas the BO
groups are practically neutral. The NBO analysis thus clearly
establishes a tetracoordinate B~ center in 3.

The calculated bond distances (Fig. 1(c)) fully support the
analogy between 3 and CH;Cl. First, the BO groups possess the
distances of 1.21 A, which maintain the structural integrity as
a boronyl ligand with B=O0 triple bond.?® Second, the B-(BO)
distance, 1.69 A, is typical for a B—B single bond, consistent
with the BO/H analogy as monovalent ¢ radicals. Third, the
B-(OBO) distance, 1.51 A, may be roughly assigned as a
B—O single bond. The elongation of this B—O single bond
with respect to a typical one (~1.4 Ain2; Fig. 1(b)) is due to
the intramolecular Coulomb repulsion, where both B and O are
negatively charged (—0.64 |e| versus —0.85 |e|; supplementary
Fig. $5(c)).?*-%2 Note that B is the only B atom in 3 that carries a
negative charge. The above assignments are based on the latest
recommended atomic radii,%® which give the upper limit of the
B=O0 triple bond and B=0 double bond as 1.26 and 1.35 A,
respectively.
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The OBO block in structure 3 possesses asymmetric BO
distances of 1.23 A versus 1.29 A. The shorter distance is
typical for a B=0 triple bond,?’ while the longer is consistent
with a B=0 double bond,* as illustrated in the approximate
Lewis structure (Fig. 5(c)). Key CMOs that are responsible for
the OBO bonding in 3 are depicted in supplementary Fig. S6.%
Although these CMOs are highly mixed in nature, their contri-
bution to the bonding in the OBO unit can be roughly analyzed.
Here, the highest occupied molecular orbital (HOMO) and
HOMO - 14 are derived from 2p, atomic orbitals (AOs) of
05/07. The former is essentially nonbonding within the OBO
unit, with 28% and 26% O 2p, contribution from the two O
centers; whereas the latter is a completely bonding 1 CMO.
HOMO and HOMO - 14 thus form a 3c-4e m hyperbond for
the OBO unit in the p, manifold, which is reminiscent of the
prototypical 3c-4e ¢ hyperbond (w-bond) in XeF, or FHF~.”!
It is noted that our 3c-4e hyperbond is a m bond in the p,
manifold, while that in XeF, and FHF~ is a 6 bond. Concur-
rently, the bonding/nonbonding combination of HOMO - 1
and HOMO - 15 forms another 3c-4e m hyperbond for the
OBO unit, which is responsible for bonding in the py mani-
fold: HOMO - 1 is contributed from O7 (22%) and O5 (19%)
with negligible contribution from B6, whereas HOMO — 15 is
completely bonding. These two sets of bonding/nonbonding
combinations define the dual 3c-4e m hyperbonds in 3. In
addition, HOMO - 10 represents the B6—O7 o bond. In sum-
mary, the dual 3c-4e st hyperbonds and the B6—O7 o bond
collectively generate the triple B6=07 and double B6=05
bonds in 3, which are consistent with their bond distances
(1.23/1.29 A). NBO analysis indicates that the Wiberg bond
indices for three terminal BO groups in 3 are 1.81, compared
to 1.70/1.07 for the BO bonds within the OBO unit, which are
in line with the CMO analysis and the bond distances.

The above bonding picture for 3 is basically born out from
the AANDP analysis.”®> As shown in Fig. 4(b), three B—B o
bonds (B1—B2, B1—B3, and B1—B4), three 2c-2e terminal
B=O0 triple bonds (B2=08, B3=09, and B4=010), and
another B—O o bond (B1—05) are revealed, as are the lone
pairs on the four terminal O centers. In terms of the bonding
within the OBO unit, the AANDP results clearly recover the
B6=07 triple bond. It appears that the AANDP data for the
bonding between B6 and OS5 are different from the CMO anal-
ysis, with the former also suggesting a B=0 bond between B6
and O5. When tracing back the B6—O5 o “bond” to the CMO,
we can resolve this contradiction easily. The corresponding
CMO is in fact based on the O 2s AO from the O5 atom (83%),
nearly identical to the O 2s lone pairs on the O7, O8, O9, and
010 atoms (95%, 86%, 86%, and 83%, respectively). Hence,
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the B6—OS5 o “bond” in AANDP is actually an O 2s lone pair
and the BO bonding should be viewed as a double bond, as
illustrated in Fig. 5(c).

Finally, the global-minimum structural changes from
cation/neutral (1/2) to anion (3) (Fig. 1) are quite interesting,
which demonstrates the close interplay between the B=O,
OBO, B—0, B—B, and boroxol ring in the chemical bonding
in BsOs™/%~. In these electron-deficient boron oxide clus-
ters, every electron counts and a single electron can make a
difference. We believe the key to the energetic reverse of 2 as
global minimum for B5Os neutral versus 3 as global minimum
for BsOs™ anion lies in the nature of their frontier CMOs:
The LUMO of the hexagonal isomer of B5Os is B based and
primarily localized (supplementary Fig. $4),%° whereas that
of the tetrahedral isomer is O based and fully delocalized
(supplementary Fig. $6).°° Adding a single electron to either
the B based or O based orbital is anticipated to make a huge
difference of up to a couple of eV for the anion isomers, leading
to enhanced stability for the tetrahedral anion.

C. Predicted vibrational and electronic
properties of BsO5*' %~

The calculated IR absorption spectra of BsOs*/%~ clusters

are shown in supplementary Fig. S7,%° which should facilitate
the forthcoming experimental characterizations of these clus-
ters. The intensities of most IR active modes are very weak.
For cationic BsOs* (1), the main features are four characteristic
vibrational peaks at 1840 (b,), 1337 (by), 1178 (a;), and 1017
(a;) cm™!. For the neutral BsOs (2), which also features a
boroxol B30j3 ring, only the two modes at 1367 (b,) and 1350
(a;) cm™! exhibit strong intensities. Note that the strongest
vibrations for both 1 and 2 are associated with the B;O5 core,
which is the main skeleton of the structures. As a result of the
distinct structural difference between BsOs*/° (1, 2) and BsOs~
(3), it is easy to differentiate between the BsOs~ and B505*/0
clusters on the basis of their vibrational modes (supplementary
Fig. S7(a)/S7(b) versus supplementary Fig. $7(¢c)).%° Accord-
ing to our calculations, the main modes for 3 are due to the
stretching vibrations of the four terminal BO units, 2043 (a’),
1940 (a’), 1926 (a”), and 1926 (a’) cm™". The first a’ mode is
predominant.

Photoelectron spectroscopy (PES) is a powerful tool to
characterize anion clusters. The ground-state adiabatic and
vertical detachment energies (ADE and VDE) of 3 are calcu-
lated to be ADE/VDE = 6.28/6.77 eV at the B3LYP level and
6.42/7.19 eV at the single-point CCSD(T) level. The higher
VDE:s for excited-state transitions are also predicted using the
TD-B3LYP method. A simulated photoelectron spectrum of 3
is shown in Fig. 6. Overall, the spectrum shows extremely high
electron binding energies, implying a remarkably stable anion
cluster for 3.

Note that a potential, competitive isomeric structure for
BsOs~ anion cluster is Cs, ('A}) (supplementary Fig. $3),60
which is ~2 kcal/mol above the global minimum 3 at the single-
point CCSD(T) level. This isomer has a thombic B,0, core
with three terminal B=0O groups, whose bond distances and
natural charges are shown in supplementary Fig. S8.%° The
key bonding elements based on CMO and AdNDP analyses
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FIG. 6. Simulated photoelectron spectrum of the anion global-minimum,
B50s5~ (3), on the basis of TD-B3LYP calculations. The labelled states are
the ground state and excited states of the corresponding tetrahedral neutral
species. The simulations were done by fitting the distribution of the calculated
VDEs with unit-area Gaussian functions of 0.04 eV half-width.

are presented in supplementary Fig. $9.° The rhombic B,O,
core features a 4c-4e 7t bond (supplementary Fig. $9(a)),%’ due
to the HOMO — 1/HOMO - 13 combination. Here, HOMO
— 13 is delocalized and completely bonding, whereas HOMO
— 1 is essentially nonbonding. Such a nonbonding/bonding
system is recently described as an o-bond.**** The o-bond
differs from a typical 4st antiaromatic system; the latter features
an antibonding/bonding combination for the two w CMOs,
which leads to a rectangular structural distortion. The HOMO
of Cy, ('A)) is also localized around the tetracoordinate B
atom, suggesting an approximate “B~ center. Indeed, the
calculated natural charge on this B center (+0.06 |e|) is the
smallest of all B centers, compared to the “normal” values of
+0.65/ + 0.79/ + 0.86 |e| on other B atoms. The calculated
first VDE is 6.54 eV at the B3LYP level, which is smaller than
that of the global-minimum structure 3.

D. Growth pattern of the whole B,0, (n = 1-6) series

The current BsOs/%~ clusters complete the B,0, (n
= 1-6) series. The structures of B,0,”~ (n = 1,2) clusters
were studied sufficiently in the past years.?!=3* Boronyl borox-
ine, D35, BgOg [B303(BO)3], is a boron oxide analog of borox-
ine and benzene, which was reported in 2013.?% Subsequently,
we reported a computational study on the structural and bond-
ing properties of a series of B30, /%" (n =2-4) clusters,
as well as a joint experimental and theoretical study on the
B,404"~ clusters.*®*8 Now it is time to discuss the structural
and bonding evolution along the whole B,O, (n = 1-6) series.
Figure 7 summarizes the structures and cohesive energies
of these clusters. The cluster structures follow this trend:
linear clusters (BO and B,0O,) — structures containing a B,O,
rhombic ring (B3O and B4O,4) — structures with a boroxol
core (BsOs and B¢Og). The terminal BO groups feature the
B=O triple bonds, the BB bonding is single ¢ bond in nature,
whereas the rhombic or hexagonal rings are held together by
B—O single bonds.
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FIG. 7. Calculated cohesive energy for B,0,, (n = 1-6) clusters at the B3LYP
level, as a function of cluster size n. The optimized global-minimum struc-
tures are shown. The cohesive energy is evaluated with respect to n B=0
groups.

In fact, all these B,O, clusters are readily constructed
from n B=O groups. To form a B, 0, cluster, the nth B=0
group may attach straightforwardly to B,_,;0,_; via a B—B
single bond. The nth B=0 group may also be converted to two
B—O single bonds, which combine with another B=0O group
for a rhombic B,0, unit and concurrently generates two O 2p
lone pairs; the latter can further delocalize for a 4c-4e &t bond
(that s, the o-bond). Alternatively, the nth B=0O group may be
inserted into the core BO ring, expanding the latter in size and
contributing an extra O 2p lone pair for delocalized t bonding
in the new core.

In terms of the cohesive energy of a B, O, cluster with
respect to n BO groups, the size trend follows a rough linear
relationship (Fig. 7). We can calculate the normalized coef-
ficient and the expression is as follows: E = 3.86n — 3.48 (n
= 1-6; with standard slope error of 0.20). Meanwhile, the
expressions for the odd and even species are E = 3.58n — 3.81
(n=1,3,5andE = 3.52n - 2.41 (n = 2,4, 6), with a standard
slope error of 0.20 and 0.23, respectively. The average cohesive
energy per BO group is evaluated to be ~3.8 eV. Notably, the
cohesive energy increases sharply at B,O,, B4O4, and B¢Og,
suggesting enhanced electronic and/or structural stabilities for
these clusters.

V. CONCLUSIONS

In conclusion, we report on theoretical predictions of the
global-minimum structures and chemical bonding of a series
of boron oxide clusters, BsOs™/%~ (1-3), at the B3LYP and
single-point CCSD(T) levels. The planar Bs05*/° (1, 2) clus-
ters feature a boroxol ring as core with two terminal boronyl
groups, which are shown to be close inorganic analogs of
C¢Hs"'*. The three-dimensional BsOs~ (3) anion cluster has
a tetrahedral B~ center, terminated with three boronyls and
one OBO group, analogous to chloromethane (CH3Cl). Chem-
ical bonding analyses reveal dual three-center four-electron
(3c-4e) whyperbonds in 3. It is interesting that a single electron

J. Chem. Phys. 143, 064303 (2015)

can markedly change the structural and electronic properties
of a molecular system, turning the species from an analog of
CeHs™/ O to that of CHj;Cl. The present results offer new exam-
ples for the structural and chemical analogy between electron-
deficient boron oxide clusters and hydrocarbons. Such clusters
may be generated directly in the gas phase under appropriate
oxidizing conditions using the laser vaporization technique.
Alternatively, they may be produced using boronyl boroxine
as the precursor, provided that the latter is available as a gas-
phase cluster or synthetic compound.
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