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A concentric planar doubly p-aromatic B19
2 cluster

Wei Huang1, Alina P. Sergeeva2, Hua-Jin Zhai1, Boris B. Averkiev2, Lai-Sheng Wang1* and

Alexander I. Boldyrev2*

Atomic clusters often show unique, size-dependent properties and have become a fertile ground for the discovery of novel
molecular structures and chemical bonding. Here we report an investigation of the B19

2 cluster, which shows chemical
bonding reminiscent of that in [10]annulene (C10H10) and [6]circulene (C24H12). Photoelectron spectroscopy reveals a
relatively simple spectrum for B19

2, with a high electron-binding energy. Theoretical calculations show that the global
minimum of B19

2 is a nearly circular planar structure with a central B6 pentagonal unit bonded to an outer B13 ring.
Chemical bonding analyses reveal that the B19

2 cluster possesses a unique double p-aromaticity in two concentric
p-systems, with two p-electrons delocalized over the central pentagonal B6 unit and another ten p-electrons responsible
for the p-bonding between the central pentagonal unit and the outer ring. Such peculiar chemical bonding does not exist
in organic compounds; it can only be found in atomic clusters.

A
romaticity in chemistry manifests itself as enhanced stability,
high symmetry, low reactivity, bond-length equalization,
enhanced anisotropy of diamagnetic susceptibility, diatropic

(low-field) 1H NMR shifts, large negative nucleus-independent
chemical shift (NICS) values and high-electron detachment ener-
gies in photoelectron spectra1–3. Aromaticity in conjugated hydro-
carbons follows Hückel’s (4nþ 2) p-electron rule, which was
developed on the basis of the symmetry of molecular orbitals of
monocyclic CnHn (where n is an even number) hydrocarbons,
known in chemistry as annulenes. The prototypical aromatic mol-
ecule with six p-electrons that satisfies the 4nþ 2 rule is benzene
or [6]annulene (n¼ 1). The next uncharged homologue of benzene
with n¼ 2 is [10]annulene (C10H10, planar monocyclic cyclodeca-
1,3,5,7,9-pentaene) (Fig. 1a,i). However, [10]annulene was shown to
be neither planar nor aromatic4–6. Masamune and co-workers isolated
two crystalline forms (A and B) of [10]annulene and came to the
conclusion that both possessed non-planar geometries4,5.

The most recent ab initio calculations6 showed the three isomers
of lowest energy for C10H10, all as non-planar species: a ‘twist’
structure (the most stable), and a ‘naphthalene-like’ structure
and a ‘heart-shaped’ structure (each with 1.4 kcal mol21 and
4.2 kcal mol21, respectively, more energy than the twist structure),
all calculated at a high level of theory. Price and Stanton demon-
strated that the ‘twist’ isomer corresponds to the crystalline form
B of C10H10 by comparing experimental NMR shifts with theoretical
calculations7. The planar monocyclic [10]annulene (Fig. 1a) is sub-
stantially higher in energy and not even a local minimum on the
potential energy surface. The concept of aromaticity has long
been extended to realms outside those of organic chemistry2,3,8.
The question is whether we can find analogous ten p-electron
systems among other classes of chemical species. Boron clusters
could potentially offer such an opportunity, as a number of hydro-
carbon analogues of boron clusters have been identified recently9–16.

Chemical bonding, structure, reactivity and stability of planar
and quasi-planar boron clusters can be rationalized using concepts
of aromaticity and antiaromaticity9–16. In particular, B8

22 and B9
2

(refs 9,16), B10, B11
2 and B12 (ref. 10), and B13

þ boron clusters11–15

can be viewed as all-boron analogues of benzene on the basis of
their six p-electrons, as they have p-molecular orbital patterns

similar to those of benzene. Early experimental work on boron
clusters involved measurements of appearance potentials and frag-
mentation patterns using collision-induced dissociations17–21,
which revealed that B13

þ has anomalously high stability and low
reactivity in comparison with other cationic boron clusters, consist-
ent with its aromatic nature. Recently, photoelectron spectroscopy
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Figure 1 | Comparison of the structure and chemical bonding of B19
2 with

two hydrocarbon molecules. a–c, All the schemes show localized 2c–2e

s- and p-bonds (C–C s-bonds, B–B s-bonds and C–C p-bonds represented

as single lines, with the C–H s-bonds omitted) and delocalized p-bonds

(represented as circles). a, [10]annulene (C10H10) exists in the non-planar

form (i) and features localized bonding only (classic molecule, non-

aromatic); ii, the model planar [10]annulene (C10H10) has a circular

structure with ten p-electrons delocalized over the peripheral ring of carbon

atoms (4nþ 2¼ 10, n¼ 2, p-aromatic). b, B19
2 consists of two concentric

p-systems with two p-electrons delocalized over the central pentagonal B6

unit (4nþ 2¼ 2, n¼0, p-aromatic) and ten additional p-electrons

delocalized in a circle between the central B6 unit and the outer B13 ring (4nþ

2¼ 10, n¼ 2, p-aromatic), as well as 13 peripheral B–B s-bonds. The six

central boron atoms do not participate in the localized s-bonding, but rather in

delocalized s-bonding. c, [6]circulene, or coronene (C24H12), is composed

of six benzene rings with p-bonding that consists of three parts: (1) six

localized 2c–2e C–C peripheral p-bonds, (2) six p-electrons delocalized

over the central C6 ring (4nþ 2¼ 6, n¼ 1, p-aromatic) and (3) six

delocalized p-electrons responsible for the bonding between the inner C6

ring and the outer C18 ring (4nþ 2¼ 6, n¼ 1, p-aromatic).
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in combination with ab initio calculations enabled detailed struc-
tural characterization of a series of boron clusters9–11,22–25, and led
to the concept of hydrocarbon analogues of planar boron clusters.
The latest example is B16

22 with ten p-electrons, which was
shown to be an all-boron analogue of naphthalene26.

Here we report an experimental and theoretical investigation of
the B19

2 cluster. We found that B19
2 possesses a nearly circular

planar structure (Fig. 1b) with a pentagonal central B6 unit within
a B13 ring and a p-bonding pattern that displays similarities to
those of both the planar aromatic [10]annulene (Fig. 1a,i) and
[6]circulene (Fig. 1c). The representation of the structure and
chemical bonding of [6]circulene given here avoids resonance
description and is consistent with the symmetry of the molecule
(Fig. 1c). It was first proposed by Zubarev and Boldyrev27 and is
not as well-known among organic chemists as the resonance struc-
tures widely used in the literature (see Fig. S1). According to the
Zubarev and Boldyrev representation, in [6]circulene 96 valence
electrons of the total 108 participate in the localized bonding: 60
comprise 30 2c–2e C–C s-bonds, 24 comprise 12 2c–2e C–H s-
bonds and 12 comprise six 2c–2e C–C p-bonds. The other 12
valence electrons participate in delocalized p-bonding. The 4nþ
2 rule is applied to the two p-subsystems separately: six p-electrons

are responsible for the bonding in the internal six carbon atoms
(4nþ 2¼ 6, n¼ 1), and the other six p-electrons are responsible
for the bonding between the peripheral C18 and the internal C6
rings (4nþ 2¼ 6, n¼ 1). p-bonding in B19

2 consists of two con-
centric p-systems, analogous to [6]circulene, with two p-electrons
delocalized over the central pentagonal unit and ten additional p-
electrons delocalized in a circle between the central B6 unit and
the outer B13 ring, reminiscent of the ten p-electrons in the
planar [10]annulene (Fig. 1b).

The experiment was carried out using a magnetic bottle photo-
electron spectroscopy apparatus equipped with a laser vaporization
source (see Methods)28. Photoelectron spectra of B19

2 at two photon
energies are shown in Fig. 2, in which they are compared with the
calculated vertical detachment energies (VDEs). The 193 nm spec-
trum (Fig. 2b) shows five resolved bands. At 266 nm (Fig. 2a) the
band at 4.5 eV resolved into two sharp peaks (A and B).
The ground state band (X) was observed to be fairly broad in the
266 nm spectrum, which suggests a possible geometry change
between the anion and neutral ground state. The adiabatic detach-
ment energy of B19

2 was estimated as 4.2+0.1 eV, which is very
high. The VDEs of all the spectral features are given in Table 1
and compared to the theoretical VDEs (see Methods) of the two
isomers of B19

2 with the lowest energies (isomers I and II).
We searched for the global minimum of B19

2 using two pro-
grams: a Coalescence Kick29 program written by B. B. Averkiev
and a basin hopping search30 program written by W. Huang, both
initially at the B3LYP/3-21G level of theory. The Coalescence
Kick method subjects large populations of randomly generated
structures to a coalescence procedure in which all atoms are
pushed gradually to the molecular centre of mass to avoid the gen-
eration of fragmented structures and then optimizes them to the
nearest local minima. Basin hopping is an unbiased global
minimum search method, in which potential energy transformation
is combined with Monte Carlo sampling. All low-lying isomers
found by both methods were reoptimized at the B3LYP/6-311þ
G* level of theory, with further single-point calculations at the
CCSD(T)/6-311þG* level of theory using the optimized geometry
at the B3LYP/6-311þG* level. The three structures of lowest
energy, together with a tubular structure, are summarized in
Fig. 3. A more extensive set of alternative structures is given in
the Supplementary Information (Fig. S2).

We found that the global minimum of B19
2 (Fig. 3a) is a planar

‘spider-web’ structure with one boron atom at the centre surrounded
by five boron atoms in the first coordination sphere and 13 boron
atoms in the second coordination sphere. The geometric parameters
presented in Fig. S3 suggest an almost perfect planar and circular
structure for the global minimum of B19

2. The distances from the
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Figure 2 | Photoelectron spectra of B19
2. a,b, Shown are spectra at 266 nm

(4.661 eV) (a) and at 193 nm (6.424 eV) (b). The calculated vertical

electron-detachment energies for two isomers of B19
2 are represented as

the vertical bars. The long bars correspond to the VDEs calculated for the

global minimum isomer I and the short bars for the low-lying isomer II.

Table 1 | Comparison of experimental VDEs (VDEexp) and calculated VDEs (VDEtheo) for isomers I and II of B19
2 (eV).

Feature VDEexp Final state and electronic configuration VDEtheo (TD-B3LYP)

Isomer I
X 4.34+0.05 2B1, f. . .1a2

(2)13a1
(2)10b2

(2)3b1
(2)2a2

(2)4b1
(1)g 4.37

A 4.48+0.02 2A2, f. . .1a2
(2)13a1

(2)10b2
(2)3b1

(2)2a2
(1)4b1

(2)g 4.48
B 4.52+0.02 2B1, f. . .1a2

(2)13a1
(2)10b2

(2)3b1
(1)2a2

(2)4b1
(2)g 4.51

C �5.0 2B2, f. . .1a2
(2)13a1

(2)10b2
(1)3b1

(2)2a2
(2)4b1

(2)g 4.88
2A1, f. . .1a2

(2)13a1
(1)10b2

(2)3b1
(2)2a2

(2)4b1
(2)g 4.97

E 6.37+0.04 2A2, f. . .1a2
(1)13a1

(2)10b2
(2)3b1

(2)2a2
(2)4b1

(2)g 6.34

Isomer II
Tail �4.1 2B1, f. . .12a1

(2)9b2
(2)10b2

(2)3b1
(2)2a2

(2)13a1
(2)4b1

(1)g 4.19
2A1, f. . .12a1

(2)9b2
(2)10b2

(2)3b1
(2)2a2

(2)13a1
(1)4b1

(2)g 4.40
2A2, f. . .12a1

(2)9b2
(2)10b2

(2)3b1
(2)2a2

(1)13a1
(2)4b1

(2)g 4.41
2B1, f. . .12a1

(2)9b2
(2)10b2

(2)3b1
(1)2a2

(2)13a1
(2)4b1

(2)g 4.64
2B2, f. . .12a1

(2)9b2
(2)10b2

(1)3b1
(2)2a2

(2)13a1
(2)4b1

(2)g 5.42
D 5.8+0.1 2B2, f. . .12a1

(2)9b2
(1)10b2

(2)3b1
(2)2a2

(2)13a1
(2)4b1

(2)g 5.67
2A1, f. . .12a1

(1)9b2
(2)10b2

(2)3b1
(2)2a2

(2)13a1
(2)4b1

(2)g 6.36
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central boron atom to the peripheral atoms vary from 3.01 to 3.28 Å,
with a maximum deviation from the average distance (3.20 Å) of
0.19 Å or 6%. The appearance of the nearly D5h central B6 unit
(with a maximum of 0.02 Å deviation from the average radius of
1.63 Å) is also quite intriguing as it is reminiscent of bulk boron,
which consists of B12 icosahedral cages with local C5v symmetry31.
This structure is of Cs symmetry (1A0), but after vibrational aver-
aging it is effectively of C2v symmetry (1A1). The difference in
total energies between the Cs and C2v structures is smaller than
the difference in zero-point energy corrections for these two struc-
tures, with the zero-point energy for the Cs structure being slightly
larger. Thus, after zero-point energy correction the C2v effective
structure is of lower energy than the Cs structure.

There is only one low-lying isomer (Fig. 3b), which is
1.75 kcal mol21 higher in energy than the global minimum.
The second low-lying isomer (Fig. 3c) was found to be
7.23 kcal mol21 above the global minimum. The tubular isomer
(Fig. 3d), which was the global minimum for the B19

þ cation32,
was found to be an isomer of B19

2 of very high energy.
The calculated VDEs of the global minimum are in excellent

agreement with the experimental data, as shown in Fig. 2 and
Table 1. The first VDE was calculated as 4.37 eV compared to the
experimental value of 4.34 eV. The next two detachment channels
were calculated to be very close in energy, in exact agreement with
the A and B bands resolved in the 266 nm spectrum (Fig. 2a).
The fourth and fifth detachment channels were also close in
energy and corresponded to the C band, which is fairly broad,
and contained two unresolved bands (Fig. 2b). The next detachment
channel from the global minimum occurred at 6.34 eV, in good
agreement with the observed band E at 6.37 eV. The global
minimum B19

2 had no detachment channel between 5 and 6 eV.
Thus, the D band at 5.8 eV cannot emanate from the global

minimum isomer. However, the sixth detachment channel of
isomer II, with a calculated VDE of 5.67 eV, is in good agreement
with band D, which provides evidence that this isomer was popu-
lated in our experiment. The other detachment channels of
isomer II can also be discerned from the experimental data, as
shown in Fig. 2, although they were not well resolved. In particular,
the first detachment channel of isomer II clearly contributed to the
lower energy tail of band X. Overall, the agreement between the
theoretical and experimental data is excellent, and provides con-
siderable credence to the identified global minimum of B19

2 and
its low-lying isomer.

Molecular orbital analyses showed that 12 p-electrons in isomer
I of B19

2 occupied six p-canonical molecular orbitals (CMOs) of
two types, as illustrated in Fig. 4. We found five CMOs that contrib-
uted to the bonding between the inner pentagonal ring and the
outer B13 ring, namely HOMO-1, HOMO-2, HOMO-5, HOMO-7
and the sum of HOMO and HOMO-15, which results in a
CMO delocalized over the peripheral atoms with no electron
density over the pentagonal B6 unit. The remaining p-bond
derived from the difference between HOMO and HOMO-15 gives
rise to a CMO with electron density across the pentagonal boron
B6 unit and only contributes to the bonding in the inner B6 unit.
The two types of p-bonds can be better interpreted by applying
the recently developed adaptive natural density partitioning
(AdNDP) analysis33, as shown in Fig. S4.

The AdNDP analysis is based on the concept of electron pairs as
the main elements of chemical bonding. It represents the electronic
structure in terms of n-centre two-electron (nc–2e) bonds. The n
values range from one to the total number of atoms in the whole
cluster, and AdNDP recovers both Lewis bonding elements (1c–2e
or 2c–2e objects (that is, lone pairs or conventional two-centre
two-electron bonds) and nc–2e delocalized bonding elements,

I (C2v, 
1A1)

0.00 kcal mol–1

{0.00 kcal mol–1}

II (C2v, 
1A1)

3.73 kcal mol–1

{1.75 kcal mol–1}

III (C2v, 
1A1)

7.95 kcal mol–1

{7.23 kcal mol–1}

IV (Cs, 
1A')

38.83 kcal mol–1

{42.10 kcal mol–1}

a b c d

Figure 3 | Four representative optimized isomers of B19
2. a–d, The relative energies are given at B3LYP/6-311þG* and at CCSD(T)/6-311þG*, with the

optimized B3LYP/6-311þG* geometry given in curly brackets, both corrected for zero-point energies at B3LYP/6-311þG*.

C10H10

(D10h, 
1A1g)

a c

b d

(C2v, 
1A1)

B19
–

HOMO
1e2u

HOMO
4b1

HOMO'
1e2u

HOMO-1'
5e1u

HOMO-1
5e1u

HOMO-1
2a2

HOMO-2
3b1

HOMO-5
1a2

HOMO-7
2b1

HOMO-15
1b1

HOMO-4
1a2u

Figure 4 | Comparison of the structures and canonical molecular orbitals between [10]annulene (C10H10) and the global minimum of B19
2. a–d, The

similarity of the p-system of the planar aromatic [10]annulene (a) to the ten p-electron subsystem of B19
2 (b) is illustrated. c, The canonical molecular

orbitals of [10]annulene (C10H10), HOMO, HOMO0, HOMO-1, HOMO-10 and HOMO-4. d, Five canonical molecular orbitals, HOMO-1, HOMO-2, HOMO-5,

HOMO-7 and the sum of HOMO and HOMO-15, of the global minimum of B19
2 contribute to the bonding between the inner pentagonal B6 ring and the

outer B13 ring, which results in an orbital delocalized over the peripheral atoms with no electron density over the pentagonal B6 unit, reminiscent of those of

[10]annulene (HOMO, HOMO0, HOMO-1, HOMO-10 and HOMO-4, respectively) shown in (c).
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which are associated with the concepts of aromaticity. Both CMO
and AdNDP analyses reveal that the chemical bonding in the
B19

2 cluster consists of two concentric p-aromatic systems: a ten
p-electron system that describes the bonding between the inner
and outer rings as well as between boron atoms in the peripheral
ring and a two p-electron system delocalized over the central B6
unit, both of which satisfy the 4nþ 2 Hückel rule independently.
The ten p-electron subsystem is similar to the p-system in the
planar aromatic [10]annulene (Fig. 1a).

The aromaticity of the circular B19
2 is also confirmed by NICS

analyses34, bond equalization in the outer and inner B13 and B5
rings, and its high VDE of 4.34 eV. In Table S1 we compare the
NICSzz values of the circular B19

2 with those of benzene and the
planar aromatic [10]annulene. The NICSzz value of B19

2 is positive
close to the plane of the cluster, but becomes negative at 0.4 Å, and
attains a maximum negative value of –14.9 parts per million at 0.6 Å
above the plane of the cluster. Although the magnitudes of the
negative NICSzz values of B19

2 are smaller than those for benzene
and [10]annulene (Table S1), they clearly show that the circular
B19

2 cluster is a p-aromatic system.
The concentric aromatic p-systems of the circular B19

2 are remi-
niscent of the p-bonding in circulenes35. Circulenes are cyclic aro-
matic hydrocarbon compounds and they can be viewed as fused
benzene rings; of these [6]circulene (or coronene (Fig. 1c)), which
consists of six benzene rings, is a perfect planar D6h molecule.
Recent analysis of the chemical bonding of coronene27 showed
that its p-bonding consists of three parts: (1) six C–C peripheral
p-bonds, (2) three p-bonds delocalized over the central C6 ring
and (3) three delocalized p-bonds responsible for the bonding
between the inner C6 ring and the outer C18 ring. The difference
between coronene and B19

2 is that the former has six p-electrons
delocalized over the central part of the molecule and six p-electrons
responsible for the bonding between the inner and outer rings,
whereas B19

2 has only two electrons delocalized over its inner six
boron atoms and ten p-electrons responsible for the bonding
between the inner and outer rings. Thus, although there is similarity
between the p-bonding of the B19

2 cluster and coronene, the
p-bonding pattern in the boron cluster is unique and does not
have an exact counterpart in hydrocarbons.

Interestingly, our structure and bonding analyses showed that the
low-lying isomer II of B19

2 (Fig. S5) is also doubly p-aromatic with
two similar concentric p-systems (Figs S6 and S7), as in isomer I,
even though isomer II is much less circular. The key structural
difference between the two isomers is the arrangement of the
central B6 unit. In isomer I, the B6 unit is pentagonal with near D5h
symmetry, which results in its nearly circular structure, whereas in
isomer II the B6 unit forms a triangle, which gives rise to the
overall triangular shape of this isomer. It is conceivable that the less
delocalized p-bonding in isomer II makes it slightly less stable.

In reality, [10]annulene is not a planar species. Our AdNDP
analysis for a planar [10]annulene (Fig. S8) revealed ten 2c–2e
C–C s-bonds, ten 2c–2e C–H s-bonds and five 10c–2e delocalized
p-bonds that look exactly the same as the canonical p-molecular
orbitals in B19

2, if the p orbital on the inner B6 unit is ignored
(Fig. 4). However, the unfavourable C–C–C bond angles (1448
instead of the ideal 1208 for sp2 hybridization) cause substantial
strain energies in [10]annulene (Fig. 1a). Apparently, these strain
energies outweigh the stabilizing resonance energy derived from
p-aromaticity and lead to the out-of-plane distortions in the
cyclic C10H10 molecule. Thus, boron clusters may provide even
more opportunities or flexibility than hydrocarbons for the design
of planar aromatic species.

The concentric p-aromatic systems in the global minimum of
B19

2 can give rise to ring currents either, in the same direction or
in the opposite direction to each other, which would be interesting
to investigate. The current finding suggests that even more

interesting structures and chemical bonding may be discovered in
more complex cluster systems, and so expand established chemical
concepts, and they may find applications in nanotechnology.
In particular, it may be possible to design doubly aromatic hetero-
clusters by replacing the central B6 unit in the global minimum of
B19

2 (for example, by transition metals), which may give rise to con-
centric d-aromatic and p-aromatic systems. Such modifications may
lead to novel boron-based nanosystems with tunable electronic,
optical and magnetic properties.

Methods
Experiment. The B19

2 cluster was produced by laser vaporization of a 10B-enriched
disc target with a helium carrier and was mass-selected using time-of-flight mass
spectrometry. Photoelectron spectra were obtained using a magnetic bottle electron
analyser at two photon energies and calibrated by the known spectra of Au2. The
resolution of our photoelectron apparatus was DE/E� 2.5% (that is �25 meV for
1 eV electrons)28.

Theory. The VDEs of B19
2 were calculated using the time-dependent hybrid density

functional method (TD-B3LYP) with the 6-311þG(2df) basis set at the optimized
B3LYP/6-311þG* geometry. In this approach, the first VDE was calculated at
the B3LYP level as the lowest transition from the singlet state of the singly charged
anion (B19

2) into the final lowest doublet state of the neutral species (B19) at the
optimized geometry of the singly charged anion (B19

2). Then the vertical excitation
energies in the corresponding neutral species (at the TD-B3LYP level) were added to
the lowest VDE to obtain the second and higher VDEs. All calculations were
performed using the Gaussian 03 software package36. Molecular orbital visualization
was achieved using the Molekel 4.3 program37.
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