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ABSTRACT: Boron clusters and their oxides are electron-deficient species
with (π and σ) aromaticity and antiaromaticity, enabling a structural and
bonding analogy between them and the aromatic hydrocarbons. s-Indacene
C12H8 is normally considered as a border system between the classes of
aromatic and antiaromatic hydrocarbons. We show herein, via computer
global-minimum searches and B3LYP and single-point CCSD(T)
calculations, that boron oxide clusters D2h B8O8 (1, 1Ag) and D2h B8O8

−

(2, 2B2g) adopt planar tricyclic structures, which feature fused heterocyclic
B3O2/B4O2/B3O2 rings and two boronyl (BO) terminals, a structural pattern analogous to the C5/C6/C5 rings in s-indacene.
Bonding analyses indicate that B8O8 (1) is a formally antiaromatic 12π system, the molecular orbitals of which are largely similar
to those of s-indacene. Infrared and ultraviolet−visible spectra of B8O8 (1) neutral, as well as the photoelectron spectrum of
B8O8

− (2) anion, are predicted computationally. The latter spectrum shows a sizable energy gap of 3.5 eV for 2, demonstrating
the electronic robustness of 1. Our bonding analyses also shed critical light on the nature of bonding in s-indacene.

1. INTRODUCTION

Boron has a high affinity for oxygen, and the combustion of
boron and boranes as highly exothermic processes has been
actively pursued for the development of boron-based
propellants over the past 60 years.1 Boron oxide clusters are
not only relevant to mechanistic understanding of the
combustion processes at the molecular level but also exotic
species in terms of molecular structures and chemical bonding,
which are being extensively studied lately.2−32 Boron clusters
are electron-deficient themselves,33−47 and thus boron oxide
clusters are anticipated to be even more electron-deficient,
offering opportunities to explore novel chemical bonding. A
main finding in boron oxide clusters is that boronyl (BO)
serves as a robust ligand,2,7−9 which governs cluster structures
in the gas phase and in synthetic compounds. Another finding
is the analogy8,9,19,38,39,41−43 between boron-based clusters and
hydrocarbons, including polycyclic aromatic hydrocarbons
(PAHs).
To facilitate such a chemical analogy, boron oxide clusters

utilize electrons that would otherwise be merely O 2p lone-
pairs for delocalized π bonding within polygonal B−O rings
(typically rhombic, pentagonal, or hexagonal).19,24,25,27−29 This
bonding situation helps stabilize boron oxide clusters, as well as
makes polygonal B−O rings the key structural units. For
instance, boronyl boroxine, D3h B6O6, was found to be a 6π
system with a boroxol (B3O3) ring as the core and three
boronyl groups as terminals, rendering it an inorganic analogue
of benzene.19 The C2v B5O5

+/0 clusters also feature a boroxol
ring with two boronyl terminals and can be viewed as analogues
of phenyl cation (C6H5

+) and phenyl radical (C6H5),

respectively.28 Furthermore, D2h B2O2H2 and D2h B4O4

clusters25,27 were shown to have a rhombic B2O2 core, with
two H atoms (or two boronyls) attached terminally. These two
species are 4π systems with a four-center four-electron (4c-4e)
π bond (that is, the so-called “o-bond”),24,27 in which two
canonical molecular orbitals (CMOs) are in a nonbonding/
bonding combination, in contrast to antibonding/bonding in a
typical 4π antiaromatic hydrocarbon such as cyclobutadiene
(C4H4). An o-bond system is considered aromatic despite its 4π
electron-counting, because the upper π CMO is essentially
nonbonding and should not be counted with respect to either
aromaticity or antiaromaticity. The o-bond concept was
reinforced lately in ternary B3S2H3

0/− and B3N2H5
0/−/2−

clusters,48,49 in which a 4π (rather than 6π) species is
electronically robust.
Up to now, a variety of boron-rich boron oxide clusters have

been studied experimentally or computationally, indicating that
boronyl dominates their structures.2 Relatively little appears to
be known about oxygen-rich BnOm (n < m) clusters4,5,23,24 and
those with equal content of boron and oxygen (n = m). As for
the BnOn clusters, two systems (B4O4

0/− and B6O6
0/−/2−) were

studied in our recent works.19,27,29 In these clusters, rhombic
B2O2 and hexagonal B3O3 rings were shown to be structural
cores, with the rest of the components being attached as
boronyl terminals.
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What are the structures of larger BnOn clusters? How do they
grow with increasing size? Do the larger BnOn clusters possess
multiple B−O rings, and do they show chemical analogy to
PAHs? These remain the open questions to be addressed.
Building upon existing knowledge in the field, the B8O8

0/−

clusters are interesting targets for computational study, which
have an equal content of boron and oxygen. Their global-
minimum (GM) structures and nature of bonding are still
unknown. We have undertaken a theoretical study on structures
and bonding of B8O8

0/− clusters, making use of an array of
computational tools: computer GM searches, electronic
structure calculations at density-functional theory (DFT) and
coupled-cluster theory (CCSD(T)) levels, natural bond orbital
(NBO) analyses for Wiberg bond indices (WBIs) and natural
atomic charges, and bonding analyses via CMOs and adaptive
natural density partitioning (AdNDP).50

In this contribution, we shall report on the geometric
structures and chemical bonding of B8O8

0/− clusters using
quantum chemical calculations, through which we firmly
establish their planar, tricyclic GM structures. The structures
consist of two pentagonal B3O2 rings and one hexagonal B4O2
ring, fused together by sharing two B2 units and terminated by
two boronyl groups. A proposal is put forward that B8O8

0/−

clusters are inorganic analogues of s-indacene (C12H8),
51−53

which all have the characteristic pentagon/hexagon/pentagon
structural pattern, as well as six delocalized π CMOs that
formally fulfill the 4n Hückel rule for antiaromaticity. Our
analyses also shed light on the nature of bonding in s-indacene,
a puzzling issue in the literature with “mixed aromatic and
antiaromatic character”.52 The B8O8

0/− clusters complete the
(B2O2)n

0/− series for n = 1−4, which follow a uniform growth
pattern as suggested herein.

2. METHODS

The GM structural searches for B8O8 were conducted using the
coalescence kick (CK)54−56 and basin hopping (BH)57

algorithms, aided with manual structural constructions. Full
structural optimizations and frequency calculations were carried
out for the low-lying isomers using the hybrid B3LYP
method58,59 with the 6-311+G(d,p) basis set, as implemented
in Gaussian 09.60 Top structures identified for B8O8 were used
as the initial structures for B8O8

− during their structural
searches. To check for consistency, relative energies were also
calculated using the PBE1PBE functional with symmetry
constraints.61 Furthermore, the energetics were refined for
low-lying isomers using single-point CCSD(T) calcula-
tions62−65 at the B3LYP geometries, that is, at the CCSD-
(T)/6-311+G(d,p)//B3LYP/6-311+G(d,p) level.
Chemical bonding in B8O8, B8O8

−, and their relevant PAH
species (s-indacene, C12H8) was elucidated using the CMO
analyses and AdNDP.50 The NBO 5.0 program66 was used to
calculate the WBIs and natural atomic charges. Adiabatic and
vertical detachment energies (ADE and VDEs) of the B8O8

−

anion cluster were calculated using the time-dependent DFT
(TD-B3LYP) method.67,68 Multiwfn69 was used to perform the
orbital composition analyses.

3. RESULTS

3.1. Potential Energy Surfaces and Isomeric Struc-
tures. The GM structures of B8O8 neutral and B8O8

− anion
were established, via global searches and B3LYP/6-311+G(d,p)
and single-point CCSD(T) calculations, to be 1 (D2h,

1Ag) and

2 (D2h,
2B2g), respectively, as illustrated in Figure 1. Alternative

low-lying structures of B8O8
0/− at B3LYP are shown in Figure 2

and in the Supporting Information (Figure S1), in which their
relative energies at the B3LYP and CCSD(T) levels are
documented, along with complementary data at PBE1PBE/6-
311+G(d,p); the latter serve to check for consistency of the
B3LYP method.
As shown in Figures 2 and S1, the low-lying structures of

B8O8 and B8O8
− clusters are dominated by a polygonal B−O

ring, or fusion of two to three polygonal B−O rings, as the
structural core. The B−O rings consist of from four up to eight
atoms, with B3O2, B4O2, and B3O3 being the most popular.
Heptagonal B4O3 and octagonal B4O4 rings are present in a
number of isomers, but these are typically quite high in energy.
Rhombic B2O2 ring also appears in one isomer. The existence
of B−O polygons governs the planar geometries of these
isomers, which also hints that π bonding owing to O 2p
electrons plays a crucial role in stabilizing the systems.

Figure 1. Global-minimum structures of (a) D2h B8O8 (1,
1Ag), (b)

D2h B8O8
− (2, 2B2g), and (c) C2h C12H8 (3, 1Ag) at the B3LYP/6-

311+G(d,p) level. Also shown is a transition-state structure (d) D2h
C12H8 (4, 1Ag) at the same level. Bond distances are labeled in
angstroms. Red color represents the O atoms.
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In all isomers, polygonal BO rings as the structural core
are attached by BO terminals. Among the terminals, boronyl
(a monovalent σ radical with a BO triple bond)2 is frequently
observed and it normally makes the structures low in energy.
The BO group can also be attached to the core via the O site,
which leads to an isomer that is markedly higher in energy. The
BO2 group is present in a couple of isomers, albeit those are not
competitive with the GM structure. Lastly, a dangling O ligand
is observed in one isomer.
3.2. Global-Minimum Structures: B8O8 1 (D2h,

1Ag) and
B8O8

− 2 (D2h,
2B2g). The energetics at all three levels of theory

are consistent with each other, suggesting that the GM
structures of B8O8

0/− (1 and 2; Figure 1a and b) are reasonably
well-defined on their potential energy surfaces.70 At CCSD(T),
our highest level of theory, structures 1 and 2 are 0.48 and 0.21
eV, respectively, lower in energy than their nearest competitors.
GM 1 is perfectly planar. It is a tricyclic system with two

B3O2 pentagons and one B3O3 hexagon, which are fused
together by sharing two B2 units. The tricyclic core is
terminated by two BO groups at the far ends. The overall
shape has D2h symmetry, which is significantly elongated, in
particular with respect to the D4d isomer (Figure 2).14 For the
bond distances in 1 (Figure 1a), terminal BO groups are 1.20

Å and can be assigned as BO triple bonds (that is,
boronyls).2 The latest recommended covalent radii71 give the
upper bound of BB single, BB double, and BB triple
bonds as 1.70, 1.56, and 1.46 Å, respectively. Thus, the BB
distances in 1 (1.68 and 1.70 Å) are close to single bond. The
BO distances within tricyclic rings fall in the regime of 1.38−
1.40 Å, which are quite uniform. These values are in between
single (1.48 Å) and double (typical distance,24 1.28 Å; upper
bound,71 1.35 Å) bonds, suggesting a delocalized ring system in
addition to BO σ single bonds.
The GM of B8O8

− anion cluster, 2 (D2h,
2B2g), is remarkably

similar to B8O8 (1). They differ only in slight variations of bond
distances. Terminal BO bonds expand by 0.01 Å from 1 to 2,
and 8 out of 12 BO bonds in the tricyclic core also expand by
0.01−0.02 Å. In contrast, BB bonds shrink by 0.02−0.04 Å.
The above data indicate that cluster 2 is similar to 1 in terms of
bonding and the extra charge in 2 enhances the BB bonding
within four B2 units.

4. DISCUSSION

4.1. Planar Tricyclic D2h B8O8
0/− Clusters, Wiberg Bond

Indices, and Natural Atomic Charges. As shown in Figure
1, B8O8 and B8O8

− clusters have similar D2h GM structures: (1,

Figure 2. Alternative low-lying isomeric structures of the B8O8 cluster at the B3LYP/6-311+G(d,p) level. Relative energies with zero-point energy
(ZPE) corrections are shown in eV, at the B3LYP/6-311+G(d,p), PBE1PBE/6-311+G(d,p) (in italic), and single-point CCSD(T)//B3LYP/6-
311+G(d,p) (in bold) levels, respectively. Red color represents the O atoms.

Figure 3. Wiberg bond indices (WBIs) and natural atomic charges in |e| of (a and b) D2h B8O8 (1) and (c and d) C2h C12H8 (3).
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1Ag) and (2, 2B2g). Both species exhibit an elongated tricyclic
core (with a pentagon/hexagon/pentagon pattern), which is
terminated by two boronyls. Four B2 units are present in each
cluster. According to analyses in section 3.2, the classical Lewis
bonding elements in 1 and 2 are rather simple and
straightforward. First, each O atom has one 2s/2p lone-pair,
collectively consuming 16 electrons. Second, two BO triple
bonds localize 12 electrons. Third, 12 BO single bonds in the
tricyclic core consume 24 electrons. And fourth, four BB
single bonds use eight electrons. These Lewis elements
consume 60 electrons in total. Since cluster 1 has 72 valence
electrons and 2 has 73, the delocalized π bonding in 1 and 2
only involves 12 and 13 electrons, respectively.
The Lewis elements (30 of them) largely define the

structural skeleton of clusters 1 and 2. This is understandable
using a simple argument. Under the assumption that O and B
are in their formal charge states of O2− versus B3+ and the B/O
atoms are interconnected via terminal BO triple or bridging
B−O single bonds, the B8O8 cluster should have eight excess
electrons on B centers. These electrons thus form four BB
single bonds, dictating GM structure 1. The same argument is
true for B8O8

− (2), except for one extra delocalized electron.
NBO analyses provide quantitative data on the WBIs and

natural atomic charges in clusters 1 and 2 (see Figure 3, Figure
S2, and Table S1). Three general observations can be made.
First, the B and O atoms in 1 and 2 carry a substantial amount
of charges. Specifically, B has a positive charge of +0.7 to 0.8 |e|
in 1, whereas O is negative (−0.7 to −0.8 |e|). Intramolecular
charge transfers appear to be rather local processes. Second, the
BO bonding is of mixed covalent and ionic character,
resulting in relatively low WBIs for single BO (WBI: 0.87−
0.90) and triple BO (WBI: 1.83−1.96) bonds in 1 and 2. In
contrast, the BB single bonds are nearly perfect (WBI: 0.95−
1.02). Third, going from 1 to 2, WBIs increase only for BB
bonds (by 0.03−0.04) and those of BO/BO bonds either
decrease or stay unchanged. Note that, with the addition of an
extra electron, the amount of positive charge on eight B centers
collectively drops by 0.74 |e| from 1 to 2, suggesting that the
extra charge in 2 primarily contributes to the BB bonding
(vide inf ra).
4.2. Chemical Bonding in D2h B8O8

0/− Clusters: Boron
Oxide Analogues of s-Indacene. The nature of bonding in
clusters 1 and 2 can be further elucidated using the CMO and
AdNDP analyses.50 Since 1 and 2 are similar in structures and
bonding, we focus on cluster 1 only. As mentioned earlier, the
classical Lewis elements are conceivable solely on the bases of
cluster geometries and bond distances (Figure 1). Such 30
Lewis elements in 1 are elegantly recovered via the AdNDP
analysis (Figure 4), including 1 lone-pair for each O center (8
in total), 2 BO triple bonds (6 bonds in total), 12 BO
single bonds, and 4 BB bonds.
The delocalized bonding in 1 relies on a set of six π CMOs

(Figure 5a). Orbital component analyses (Table 1) indicate
that the π CMOs are dominated by O 2p components, from
69.1% in HOMO−18 up to 99.5% in HOMO−6. In total, O 2p
contributes to approximately 84% of these π CMOs, with B
balancing the remaining 16%. Thus, at zeroth order, the π
framework stems from six O 2pz lone-pairs (one from each O
center), which extend and combine to form six delocalized π
CMOs. Actually, O 2pz lone-pairs can be roughly traced back to
the CMOs. For example, HOMO−12 has a major component
from the constructive combination of O 2pz from O1 and O2 in
the central B4O2 hexagon (56%, including 3.5% from B),

whereas HOMO−15 has a 77.5% contribution from the
hexagon (including 15.5% from B) and yet in a destructive
combination between O1 and O2. The constructive/destructive
pair helps recover the main portion of two O 2pz lone-pairs on
O1 and O2 (of course, other CMOs such as HOMO−6 and
HOMO−18 also make nonnegligible contributions, if one
wants to fully recover the lone-pairs). Likewise, HOMO−18
and HOMO−17 may recombine to generate a pair of
completely bonding π bonds on two B3O2 pentagons, and
HOMO−6 and HOMO−7 for their corresponding pair of
partially bonding/antibonding π bonds. In this way, each
pentagon has a bonding π bond and a partially bonding/
antibonding one, which further recombine to recover the O 2pz
lone-pairs on O7/O8/O9/O10. The above analysis suggests
that the B3O2/B4O2/B3O2 rings each have a (moderately
delocalized) 4π system, conforming to the 4n Hückel rule for
antiaromaticity.
The elongated shape, pentagon/hexagon/pentagon pattern,

and 12π electron-counting of cluster 1 are reminiscent of s-
indacene (C12H8), one of the PAHs. Similar to a prior report,52

our calculations at B3LYP/6-311+G(d,p) indicate that the C2h
(3) structure of s-indacene is more stable than D2h (4) (Figure
1); the latter is a transition state (336.4i cm−1). However, in
terms of bonding, D2h (4) and C2h (3) are essentially the same.
Indeed, the CC distances in 3 and 4 differ by only 0.00−0.03
Å. All peripheral CC distances in 3 (1.38−1.44 Å) are close
to that in benzene (1.39 Å) and yet deviate significantly from
CC single (1.54 Å) and CC double (1.33 Å) bonds. In
particular, the “longer” CC bonds in C2h (3) are 1.42−1.45 Å
(Figure 1c), well in between typical single and double bonds.
The calculated WBIs and natural atomic charges of 3 and 4 are
presented in Figures 3 and S3; it is stressed that WBI values for
the “shorter” CC links are far less than double bonds. For
reference, benzene has WBIs of 1.44 for CC links at the same

Figure 4. Lewis bonding elements of D2h B8O8 (1) as recovered from
adaptive natural density partitioning (AdNDP). (a) O lone-pairs, one
for each O center. (b) Two terminal BO triple bonds. (c) Peripheral
BO σ single bonds within the tricyclic core. (d) Four BB σ single
bonds. Occupation numbers (ONs) are shown.
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level of theory (as compared to the formal bond order of 1.50).
In short, both 3 and 4 should be considered “delocalized”
systems. The notion of C2h (3) being localized with alternative
single and double bonds is an oversimplified picture for s-
indacene. We thus choose to present the bonding of s-indacene
using D2h (4), for the sake of simplicity.
According to Figure 6a, the bottom five π CMOs of D2h (4)

show one-to-one correspondence to those of B8O8 (1) (Figure

5a). The only difference between 4 and 1 is the top π CMO:
HOMO−6 for 1 (Figure 5a) versus HOMO for 4 (Figure 6a).
The former CMO is formally antibonding in the three rings with
electron clouds orienting perpendicular to the boronyl groups,
whereas the latter is bonding in this direction. This difference
has an important consequence in the nature of bonding; see
section 4.3. Other than this, B8O8 (1) and B8O8

− (2) should be
viewed as inorganic analogues of s-indacene.

Figure 5. Illustration of π canonical molecular orbitals (CMOs) of (a) D2h B8O8 (1), compared with (b and c) their selected AdNDP schemes. (b)
Five-center two-electron (5c-2e) and 6c-2e π bonds, 4π electrons for each pentagon or hexagon. (c) Delocalized 12c-2e π bonds. Parts b and c are
equivalent to each other. ONs are shown.

Table 1. Orbital Composition Analysis for the π Canonical Molecular Orbitals (CMOs) in B8O8 (1, D2h,
1Ag) Cluster

CMOa,b O1/O2 O7/8/9/10 O totalc B3/4/5/6 B11/12 B total

HOMO−6 26.7 72.8 99.5
HOMO−7 93.0 93.0 6.7 6.7
HOMO−12 52.5 32.8 85.3 3.5 8.8 12.3
HOMO−15 62.0 22.3 84.3 15.5 15.5
HOMO−17 74.2 74.2 10.6 14.0 24.6
HOMO−18 26.1 43.0 69.1 23.4 6.9 30.3

aOnly those components greater than 1% per B or O atom are included. All numbers are in percentages (%). bAtoms are labeled as in Figure 1a.
cShown in bold are collective contributions from six O centers in the tricyclic core.

Figure 6. π CMOs of (a) D2h C12H8 (4) and (b and c) their selected AdNDP schemes. (b) The “hybrid” 3c-2e/8c-2e π scheme; two 8c-2e π bonds
are delocalized within two pentagons and cannot be further localized. (c) Delocalized 12c-2e π bonds. Parts b and c are equivalent to each other.
ONs are shown.
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4.3. AdNDP π Schemes of D2h B8O8 (1) and D2h C12H8
(4) and Chemical Bonding of s-Indacene Revisited.
AdNDP offers an in-depth understanding of bonding in D2h
B8O8 (1) and s-indacene. One advantage of AdNDP is the
flexibility to partition natural density into n-center two-electron
(nc-2e) bonds, where value n can be varied manually to
produce different AdNDP schemes: from the more localized
ones to the completely delocalized one. Comparison of these
schemes allows the capture of bonding essence in a molecular
system. For D2h B8O8 (1), the 12π system is readily partitioned
into at least four AdNDP schemes (Figures 5 and S4): (i) six
1c-2e O 2pz lone-pairs; (ii) six 3c-2e B−O−B π bonds; (iii)
three sets of 5c-2e or 6c-2e π bonds, that is, a 4π subsystem for
each B−O ring; (iv) the 12c-2e π scheme. Scheme i is the
extreme, localized version, and yet its occupation numbers
(ONs) are reasonably high (1.65−1.68 |e|; Figure S4a), which
confirms that the π framework is indeed derived from six O 2pz
lone-pairs. To the other extreme, scheme iv is delocalized,
giving perfect ONs (2.00 |e|; Figure 5c) and yet the least insight
into bonding.
In between the extremes, schemes ii and iii offer somewhat

localized views, showing that three B−O rings in 1 each have
4π electrons, which form 5c-4e/6c-4e subsystems, or
equivalently two 3c-2e π bonds for each ring (Figures 5b and
S4b). Note that a 5c-4e π bond is similar to the “o-bond” in
rhombic B2O2 systems;24,25,27,31 the key to the o-bond is that
the upper bond has little antibonding overlap and is essentially
nonbonding. For polycyclic systems such as 1 and 2, it is more
complex to assess whether the upper bond is nonbonding or
antibonding and thus the o-bond concept is somewhat fuzzy
here. Nevertheless, HOMO−6 and HOMO−7 (Figure 5a) are
closer to nonbonding between the O centers,72 hinting that two
pentagons can be o-bond subsystems. These rings thus have
local aromaticity despite the 4π electron-counting.25,31

Surprisingly, the π framework in C12H8 (4) is challenging for
AdNDP analyses (Figures 6 and S5). We have attempted to
generate a number of schemes: (i) six localized 2c-2e π bonds,
which represent one of two equivalent resonance structures;
(ii) mixed 3c-2e/4c-2e π bonds; (iii) isolated 5c-2e/6c-2e π
bonds for triple rings; (iv) the “hybrid” 3c-2e/8c-2e π scheme;
(v) the ultimate 12c-2e π scheme. Schemes i−iii are less than
ideal, with certain ON values being low (<1.5 |e|). On the basis
of our understanding of s-indacene, we prefer schemes iv and v;
see Figure 6b and c. A key point is that, of the six π CMOs in 4
(Figure 6a), only HOMO−5/HOMO−11 and HOMO−2/
HOMO−3 roughly form constructive/destructive pairs. These
CMOs can be islanded as two 5c-2e π bonds (one completely
bonding bond on each pentagon) and two 6c-2e π bonds (on
the hexagon: one completely bonding and one partially
bonding/antibonding, in the spirit of 4π antiaromaticity). In
contrast, HOMO and HOMO−1 do not form a genuine
constructive/destructive pair, which in principle cannot be
islanded and have to be delocalized in AdNDP. With this
argument, localized schemes ii and iii are distorted from true
bonding in s-indacene. The only reasonable, localized AdNDP
scheme is iv, which is “hybrid” due to the above argument.
Note that scheme iv is a reasonable approximation of v. The
formal 12c-2e bonds in v indeed show a certain degree of
localization as reflected in iv.
s-Indacene is an elusive molecule, with “mixed aromatic and

antiaromatic character”.52 Its π CMOs have never been fully
analyzed, to our knowledge. This is perhaps the reason why the
bonding of s-indacene has remained a puzzling issue. On the

basis of the above analyses, we shall propose a simple bonding
picture (Figure 7). Briefly, we consider that π CMOs of s-

indacene are inherited from hexagonal and pentagonal
complexes (for example, C6H6 and C5H5

+). The C6 ring
contributes 4π electrons via a completely bonding π orbital and
a partially bonding/antibonding one. The shapes of these π
orbitals are maintained in s-indacene, but their relative energies
reverse due to interactions with two pentagons (Figure 7a). On
the other hand, each C5 ring offers four π electrons via three
orbitals: two electrons from a completely bonding orbital and
one electron from each of a pair of partially bonding/
antibonding orbitals, sort of in the spirit of a π2π*1π*1 triplet
configuration (Figure 7b). Two “triplet” C5 rings then couple to
form four π CMOs of s-indacene, including two kinds of π*
CMOs (HOMO versus HOMO−1; Figure 6).
This unique feature distinguishes s-indacene from B8O8

0/− (1
and 2), despite the fact that their overall π pattern looks similar.
A π2π*1π*1 triplet system is aromatic according to the reversed
4n Hückel rule for aromaticity.73 Thus, while pentagon/
hexagon/pentagon rings each have 4π electrons, the pentagons
are aromatic (at least formally) and the hexagon is antiaromatic.
By manually adding four electrons to B8O8 (1), the D2h B8O8

4−

tetraanion becomes well-behaved for AdNDP analysis, yielding
a perfect, islanded 6π/4π/6π pattern in tricyclic rings (Figure
S6). We believe this understanding shall solve the puzzle with
regard to bonding in s-indacene.52

4.4. Predicted Electronic Properties of D2h B8O8
−/0

Clusters. To aid future experimental characterizations of D2h
B8O8 (1) and D2h B8O8

− (2), we predict their electronic
properties. The ionization potential (IP) of B8O8 (1) is

Figure 7. Schematic of a bonding model of s-indacene (C12H8), using
the D2h C12H8 (4) structure. The hexagon in part a inherits two π
orbitals from a C6 hydrocarbon (such as C6H6), with a slight reverse in
energy order due to interactions with two pentagons. The left and
right panels in part b show that the π2π*1π*1 configurations from two
C5 hydrocarbons (triplet C5H5

+) combine to generate four π orbitals
in s-indacene (central panel), which are associated with two
pentagonal rings. This picture explains why s-indacene has mixed
aromatic and antiaromatic character; see text for details.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.7b12479
J. Phys. Chem. A 2018, 122, 2297−2306

2302

http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b12479/suppl_file/jp7b12479_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b12479/suppl_file/jp7b12479_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b12479/suppl_file/jp7b12479_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b12479/suppl_file/jp7b12479_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b12479/suppl_file/jp7b12479_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b12479/suppl_file/jp7b12479_si_001.pdf
http://dx.doi.org/10.1021/acs.jpca.7b12479


calculated to be 11.01 and 11.15 eV at the B3LYP/6-
311+G(d,p) and CCSD(T)//B3LYP levels, respectively. At
the same levels, IP values of s-indacene C2h C12H8 (3) are 7.22
and 7.23 eV, respectively, suggesting that D2h B8O8 (1) is a
relatively stable species. The calculated infrared (IR) and
ultraviolet−visible (UV−vis) spectra of B8O8 (1) are shown in
Figure 8. The intensities of most IR modes are weak. The main

features are four characteristic IR peaks at 1255 (b1u), 1389
(b1u), 1222 (b2u), and 1168 (b1u) cm

−1, which are all associated
with the tricyclic core. For the UV−vis spectrum, there are two
strong absorptions in the UV region: 283 and 213 nm.

Photoelectron spectroscopy (PES) is a powerful tool to
characterize anion clusters. Ground-state ADE and VDE of
B8O8

− (2) are calculated to be 2.04 and 2.11 eV, respectively, at
the B3LYP level, where the first value is the electron affinity of
neutral B8O8 (1) cluster. Higher VDEs for excited-state
transitions are also predicted using TD-B3LYP (Table S2). A
simulated PES spectrum is presented in Figure 9, which
features an energy gap of 3.49 eV. This is an indication of a
remarkably robust neutral cluster, B8O8 (1). The HOMO of 1
is primarily O based (56%) and completely bonding between
six bridging O atoms, whereas the LUMO is B based (92%) and
formally antibonding between four B2 units. A large HOMO−
LUMO gap is therefore anticipated for B8O8 (1), as reflected
from the simulated anion PES spectrum.

4.5. Growth Pattern of the (B2O2)n (n = 1−4) Series.
The geometries of (B2O2)n

0/− (n = 1, 2) clusters were studied
earlier.74−76 We performed a PES and computational study on
B4O4

0/− clusters more recently.27 A D3h B6O6 cluster as a boron
oxide analogue of boroxine and benzene was also reported.19

The present study thus completes the (B2O2)n (n = 1−4)
cluster series. Figure 10 presents a proposed growth pattern, as
well as the cohesive energies, of these clusters. The clusters
evolve from linear, rhombic, hexagonal, to tricyclic structures.
Here we consider that all (B2O2)n (n = 1−4) clusters are
constructed from B2O2 units, which were observed in low
temperature matrixes.4 Polar π bonds in boronyl groups make
B2O2 reactive and facilitate the growth of (B2O2)n clusters. The
processes are driven by the formation of two B−O σ bonds and
a delocalized π system (using O 2p lone-pairs) in each step, in
exchange of the conversion of one boronyl to a B−O single
bond, which is overall exothermic. The cohesive energies, with
respect to isolated B2O2 units, are evaluated to be −25.71,
−91.84, and −141.27 kcal mol−1 for B4O4 (D2h,

1Ag), boronyl
boroxine, and D2h B8O8 (1), respectively, at the B3LYP level.

5. CONCLUSIONS
We have reported on theoretical predictions of cluster
structures of B8O8

0/− via computational global searches and
electronic structure calculations at the B3LYP and single-point
CCSD(T) levels. It is shown that these boron oxide clusters
adopt perfectly planar, tricyclic geometries: B8O8 (1, D2h,

1Ag)

Figure 8. Predicted infrared (IR) and ultraviolet−visible (UV−vis)
spectra of D2h B8O8 (1).

Figure 9. Simulated photoelectron spectrum of the D2h B8O8
− (2) anion cluster using time-dependent B3LYP (TD-B3LYP) calculations. Labeled

electronic transitions correspond to the ground state and excited states of D2h B8O8 (1) neutral. Also depicted are the HOMO and LUMO of D2h
B8O8 (1) that define the energy gap in the simulated spectrum.
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and B8O8
− (2, D2h,

2B2g). Both clusters exhibit an elongated
tricyclic core and two terminal boronyl groups, in which the
structural core consists of two B3O2 rings and one B4O2 ring
that are fused together via sharing two B2 units. In terms of
bonding, these are 12π delocalized systems, similar to (albeit
not identical with) s-indacene. An updated bonding model is
also proposed for s-indacene. The present finding of structural
and bonding analogy between boron oxide clusters and s-
indacene shall encourage further exploration and rational
design of novel boron oxide clusters, using the strategy of
isolobal analogy.
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