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Introduction

Double aromaticity, as originally conceived by Chandrase-
khar, Jemmis, and Schleyer in 1979,[1] is defined as the exis-
tence of two mutually orthogonal cyclically delocalized elec-
tronic systems in a single molecule, both of which provide
significant stabilization. Thus, the usual H'ckel 4n+2 p elec-
tron system, comprised of p AOs perpendicular to a ring,
may be augmented by an in-plane 4n+2 electron system
comprised of radial (rad; inward-pointing) p AOs. The
C6H3

+ ion (Figure 1) provided the first theoretical predic-
tion of double aromaticity. This cation benefits from six-p-
electron aromaticity, as well as from its in-plane two-elec-
tron three-center (2e-3c) delocalization involving the three
radial p AOs on the bare one, three, and five carbon atoms,
similar to the topology found in Dewar2s s-aromaticity
model.[2] Nelson and Kent5amaa2s later mass spectral ex-
periments identified this species.[3] The C6H3

+ ion, along
with other early suggestions, opened the fields of double as
well as radial in-plane aromaticity.[4,5] These concepts contin-

ue to receive considerable theoretical and experimental at-
tention.[4,6–33]

Further early conceptual examples of double aromaticity
included the illustrative C10H5

� (10 p + six rad) and C8H4

(10 p + two rad) proposals (Figure 2); numerous in-plane
candidates were also suggested.[4] The trannulenes (cyclically
conjugated trans polyenes; an example is shown in Figure 2)
were predicted as a class of in-plane aromatics[4,11,32–34] and
an increasing number of experimental verifications now
exist.[33,35–37]

More recently, Schleyer et al.[38] re-examined and analyzed
the structures and magnetic properties of the 3,5-dehydro-
phenyl cation (C6H3

+) and the closely related cyclo[6]car-
bon (C6) in greater detail. The six-membered rings of both
species had equal C�C bond lengths,[5,39,40] and enhanced
magnetic susceptibility anisotropy.

Carbon clusters have been studied extensively experimen-
tally;[41–55] in particular, larger clusters may serve as precur-
sors to fullerenes and nanotubes.[56–58] Mass spectrometry re-
veals the presence of “magic peaks”, stoichiometries with
above average abundances. Photoelectron spectra of mono-
cyclic Cn

� anions also have shown clear differences between
clusters with n=4N and n=4N+2 carbon atoms.[59–61] Such
distinctive patterns suggests that certain stoichiometric
structures have an enhanced stability.

Complimentary theoretical computations of carbon clus-
ters have probed their geometries, electronic structures, and
properties. The first notable investigation, by Pitzer and
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Clementi,[62] employed a refined H'ckel p-electron model
and predicted that smaller neutral Cn clusters would have
linear geometries; rings might be favored around n=10.
Hoffmann2s extended H'ckel theory[63] corroborated these
predictions in 1966. In 1977, Slanina and Zahradnik consid-
ered Cn (n=4–7) clusters comprehensively for the first time
by using Dewar2s MINDO/2 method.[64] Three dimensional
and monocyclic structures nearly always were preferred
over linear species. In the middle 19702s, the Schleyer–Pople
group undertook ab initio investigations of carbon clusters
and were particularly interested in the possibility that rings
with 4N+2 carbon atoms might be doubly aromatic, due to
stabilization by both perpendicular and in-plane H'ckel sys-
tems. This work was hampered by the limited computational
resources of the day. E. M. Engler did succeed at IBM in
computing C10 at STO-3G,[65] but exploration of this idea at
reliable, far more sophisticated ab initio levels lay many
years in the future.

Extensive ab initio studies confirmed that linear (triplet)
and cyclic (singlet) isomers of medium-size Cn clusters com-
pete energetically.[66] The most recent theoretical analyses
have shown that the monocyclic C6 and C10 singlet states are
lower in energy than their linear counterparts.[14,41, 66–78] Inter-
estingly, the lowest energy C6 and C10 rings favor bond angle
alternating D3h and D5h symmetries with equal C�C lengths,
rather than polyacetylenes with equal angles but unequal
lengths or polyallene structures with the highest possible D6h

and D10h point groups. The most symmetrical forms are tran-
sition states. Despite showing sizable HOMO–LUMO gaps,
the symmetry of the frontier molecular orbitals of these

highest symmetry rings allows
second-order Jahn–Teller distor-
tion.[15,79,80] Alternatively, rings
with 4N carbons are expected
to be doubly antiaromatic ac-
cording to the H'ckel rule and
to undergo first-order Jahn–
Teller distortion to C2nh polyinic
geometries.[74, 78,81] However, a
formally doubly antiaromatic
(4n+4m) ring might be doubly
aromatic with an alternative
4n+2 and 4m�2 electron con-
figuration involving the two or-
thogonal systems.[1]

Boron rings also can exhibit
double aromaticity. Boldyrev
and co-workers[26] have identi-
fied B3

�, the simplest possible
example, B4 and B5

+ as 2+2
doubly aromatic systems, con-
taining a totally symmetric p

(HOMO�1) and radial
(HOMO), see Scheme 1, (the
other occupied MOs are in-
volved in conventional ring
bonding).

A comprehensive recent review of boron clusters[26] did
not identify any other monocyclic boron rings as being
doubly aromatic, as polycyclic geometries typically featuring
deltahedral bonding were more stable. However, the double
aromaticity in these alternative species bonding arrange-
ments was emphasized.[26] The larger rings can be stabilized,
in effect, by the inclusion of one or more atoms inside.[26]

However, this does not change the basic double aromatic
character of the bonding. In another approach, Hofmann
and Berndt[27] used the B3 framework in B3H3

2� and its isoe-
lectronic analogue as a scaffold on which to build other
doubly aromatic compounds. Moreover, double aromaticity
need not be confined to small systems or simple rings; sever-
al double-aromatic structures, including boron wheels[28,29]

and trannulene-type double boron rings,[30] have also been
investigated.

Figure 1. The planar C6H3
+ doubly aromatic 3,5-dehydrophenyl cation comprised of six p electrons in three

benzene-like MOs (one is depicted above) and two electrons in the radial in-plane MO shown.

Figure 2. Illustrative double aromatic structures and an in-plane [10]trannulene as proposed by McEwen and
Schleyer in 1986.[4] In the configurations shown, C10H5

� has 10 p + six radial electrons, C8H4 has 10 p + two
radial electrons, and [10]trannulene has 10 radial electrons occupying MOs comprised of inward pointing p
AOs.

Scheme 1. B3
(1�) radial HOMO and p HOMO�1.
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Unlike carbon[41–55] and boron clusters,[25,82–84] borocarbons
are practically unknown as a class, despite several examples
of remarkable structures.[85–89] Thus, three C3B4 isomers have
planar hexacoordinate carbons.[89] In contrast, binary combi-
nations of carbon with hydrogen, lithium, nitrogen, oxygen,
fluorine, silicon, and other main-group elements have been
studied in detail. Boron carbide[90–102] is one of the hardest
materials known and has a number of important uses. Dia-
tomic and larger BC clusters have been studied by using
mass spectrometry[103,104] and EPR.[105–107] Other studies have
probed the structure of BnCm (n+m=2–5) clusters.[108–118]

Park[119] described structural and bonding trends in a series
of isoelectronic borocarbon compounds. Potential energy-
surface investigations reveal that the global isomers of
B7C1

1�, B6C2, and B5C3
1+ all prefer monocyclic rings sur-

rounding a heptacoordinate boron atom. Many other boro-
carbons have been found computationally to have planar
terta-, penta-, and hexacoordinate carbon struc-
tures.[28,85,86, 89,120–124]

Electronic structure analyses reveal that many of these
molecules benefit from electron delocalization in orthogonal
planes and are doubly aromatic. Recently, MartOn-Santama-
rOa and Rzepa[16] employed nucleus-independent chemical
shifts (NICS) to study the double aromaticity (C10 and C14)
and double antiaromaticity (C12) of small carbon rings. In-
troduced in 1996 by Schleyer et al.,[125] NICS provides a
simple and effective magnetic aromaticity index; negative
(diatropic) NICS values indicate magnetic aromaticity, while
positive (paratropic) values indicate magnetic antiaromatici-
ty. Typically, the magnetic environments of molecules are
probed by computing a number of NICS points; those desig-
nated NICS(0) are computed at the geometric centers of
rings, while NICS(1) are computed at 1 P above the geo-
metric center. Based on isotropic NICS(0) results, MartOn-
SantamarOa and Rzepa suggested that D5h-C10, D7h-C14, 1,6-
C8N2, 1,7-C10B2, Cs-quintet C12, C11H2, and bicyclic C19 were
doubly aromatic. However, NICS(0)iso values do not reveal
the contributions of the p and radial systems individually,
and the data for some of these systems are ambiguous. The
interpretations depend on the reference system chosen. For
example, the bond angle alternating polyallene D5h form of
C10 is clearly aromatic, but its NICS(0)iso value, �28.9, is not
significantly larger that that of the singly aromatic C2v

[10]annulene (�28.6).[126] However, the D10h symmetrical
C10H10 H'ckel reference molecule has a much smaller NIC-
S(0)iso value (�13.2), only half as large as that of the doubly
aromatic D5h-C10. The difference can be attributed to the
NICS(0)iso contribution of the in-plane radial 10-electron
system present in D5h-C10, but not in C10H10. Likewise, the
NICS(0)iso value (�35.6) of the 14-membered doubly aro-
matic polyallene ring (D7h-C14) is much larger than that of
both the D2h (�13.4) and the D14h C14H14 (�15.8) forms of
the singly (p) aromatic [14]annulene, evidently due to the
contribution of the radial in-plane aromatic system of D7h-
C14. Hofmann and Berndt[27] examined the double aromatici-
ty of small boron-containing systems, by using enhanced iso-
tropic NICS values as a criterion, and concluded that two-

electron in-plane delocalization was a key feature in their
unusual structures. They designed double aromatic mole-
cules containing anionic B3, neutral B3, and CB2 frameworks
with two in-plane delocalized electrons (Figure 3).

Much more refined NICS methods are now avail-
able,[127–130] which allow the clear-cut analysis of double aro-
maticity by determining the contributions of individual mo-
lecular orbitals as well as those associated with the “ring
current” (the out-of-plane tensor component of NICS). We
have now applied these refined methods to investigate the
nature of a number of carbon, boron, and borocarbon ring
systems.

Methods

Carbon rings are difficult to compute reliably because of the
diversity of structures and the possibility of having pro-
nounced multireference character. Rings with an even
number of carbon atoms may have polyacetylene geometries
with alternating single and triple bonds or they may be poly-
allenes with equal bond lengths. However, cyclic polyallenes
may either be “regular” with equal bond angles or “kinked”
with unequal angles. The structure of the global minimum
and the relative energy of linear and cyclic Cn isomers are
generally extremely sensitive to the computational level.
Nevertheless, DFT geometries and relative energies are in
reasonable agreements with results using high-order correla-
tion methods (for example, coupled-cluster expan-
sion).[68,74, 76] MP2 results were found to be qualitatively in-
correct.[76] We optimized structures with the B3LYP[131,132]

hybrid density functional and 6-311+G(d) basis set (6-
311+G ACHTUNGTRENNUNG(d,p) for C6H6, C10H10, C14H14, and C6H3

+) by using
Gaussian 98.[133] Comparisons with available CCSD(T) data
are provided. The computed vibrational frequencies at the
same DFT level characterized the nature of the stationary
points. NICS(0), NICS(1), and the dissection of NICS into
contributions of individual canonical molecular orbitals
(CMO–NICS)[134] were performed at the GIAO-PW91[135]/
IGLO-III level by using the NBO 5.0 program.[136,137] Be-
cause isotropic NICS(0)iso values at ring centers do not re-
flect the “ring current” exclusively, we employed NICSzz
(the out-of-plane component of the NICS tensor) as a supe-
rior aromaticity measure due to its more accurate response
to magnetic properties arising only from a magnetic field ap-
plied perpendicular to the molecular plane.[127,128,130,138,139]

Figure 3. Double aromatic structures proposed by Hofmann and
Berndt.[27]
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The monocyclic and generally higher-symmetry carbon,
boron, and borocarbon rings selected for this study had two
potential double aromatic 4n+2 or double antiaromatic 4n
electron systems (p and in-plane radial) based on simple
electron counting expectations. Two valence electrons of
both boron and carbon are assigned to the s framework,
leaving boron with one and carbon with two available elec-
trons for p and in-plane radial bonding.

Results and Discussion

The C6H3
+ ion : The distorted[79] C6H3

+ ion (Figures 1
and 4), the doubly aromatic prototype, was predicted by
Chandrasekhar, Jemmis, and Schleyer in 1979[1] and comput-
ed at higher levels in 1994.[38] We have now re-examined D3h

C6H3
+ by using a combination of NICS, NICSzz, and CMO-

NICSzz to quantify the extent of its aromatic and doubly ar-
omatic character. A large negative isotropic NICS(0) of
�42.3 and �19.1 for NICS(1) (isotropic NICS taken at 1 P
above the ring center, Table 1) indicates the presence of a
diatropic ring current. The large difference between isotrop-
ic NICS(0) and NICS(1) values indicates that the system
contains a diatropic H'ckel system in the molecular plane.
If no diatropic in-plane radial system were present, one
would expect the isotropic NICS(1) to be slightly larger
than NICS(0) (as is the case for benzene NICS(0)=�7.5,
NICS(1)=�9.6). The individual canonical molecular orbital
contributions to NICS (CMO-NICS) as well as each out-of-
plane NICS tensor component (CMO-NICSzz), summarized

in Table 1 and Figure 5, do indeed show the presence of a
strongly aromatic six-electron p system perpendicular to the
molecular plane, NICSp=�32.8 and a weakly diatropic two-
electron in-plane radial system, NICSrad=�3.6 (Figure 5).
The out-of-plane component of the NICS tensor for the p

system in C6H3
+ (NICSpzz=�34.3) is slightly weaker than

that of benzene (NICSpzz=�36.1), while the NICSradzz of
C6H3

+ contributes an additional �5.3. The remaining nega-
tive contributions to the out-of-plane component (NICSzz=
�72.4) arise from the balance of positive and negative con-
tributions from low-lying orbitals. The NICSzz value of ben-
zene is reduced owing to an additional set of filled s orbitals
with a higher number of nodes which give large positive
CMO-NICS values.[127] As shown by both grids of NICSzz
values and current density maps, low-lying orbitals have
little or no effect on ring currents and mostly affect local
magnetic shieldings.[140] (see the Supporting Information
Figure 1). One expects C6H3

+ to be slightly more aromatic
than benzene based on NICSradzz and NICSpzz, but there is
no straightforward way to compare the aromatic stabiliza-
tion energies directly.

Are the C6
4+ and C4B4

4+ monocycles further examples of
6+2 doubly aromatic systems (see Figure 13) akin to C6H3

+?
All three possess a single diatropic in-plane radial orbital,
which is more diatropic in the tetracations (NICSradzz �
�15) than in C6H3

+ (NICSradzz=�5.3). However, the overall
aromatic character is dominated by the diatropic 6p electron
systems, which are similar in all three ions (NICSpzz ��34).
As a result, the three species have relatively similar NICSzz
(>�56) values and are doubly aromatic.

Table 1. Point groups, NICS, and dissected NICS for relevant compounds. NICSp and NICSrad represent total contributions from the p and the radial or-
bitals. NICSpzz and NICSradzz represent the out-of-plane component of the NICS tensor from p and radial orbitals.

Compound Point group Electrons NICS(0) NICS(1) NICSzz NICSp NICSrad NICSpzz NICSradzz

p rad

C6H3
+ D3h 6 2 �42.27 �19.09 �72.44 �32.76 �3.59 �34.32 �5.30

C6
4+ D6h 6 2 �63.28 �17.72 �67.53 �49.79 �9.82 �38.51 �15.99

C4B4
4+ D4h 6 2 �41.41 �20.56 �56.11 �34.85 �7.17 �29.64 �13.45

C6H6 D6h 6 – �7.52 �9.61 �14.92 �25.03 – �36.12 –
C6 D6h 6 6 �36.93 �17.58 �68.36 �33.66 +1.29 �39.52 �15.17
C6 D3h 6 6 �23.97 �11.44 �31.57 �32.69 +11.98 �38.48 +19.36
C5B2 C2v 6 6 �22.11 �13.41 �42.23 �25.15 +6.01 �29.52 +5.91
C4B4 D4h 6 6 �29.94 �19.67 �66.14 �23.43 �7.63 �29.99 �23.78
C2B8 D2h 6 6 �24.43 �18.74 �57.60 �16.86 �9.01 �24.40 �23.82
B10

2� D10h 6 6 �25.03 �19.89 �62.33 �17.89 �6.07 �26.29 �19.27
B12 D12h 6 6 �21.76 �18.25 �55.15 �13.91 �9.63 �23.89 �25.32
C7 C2v 6 8 �12.51 �11.99 �27.55 �25.59 +14.30 �36.68 +27.36
C8 D4h 8 8 +48.84 +40.14 +169.34 +38.16 +11.87 +151.53 +28.86
C9 C2v 10 8 +5.65 +0.51 +49.23 �30.09 +36.60 �53.37 +108.47
C10H10 D10h 10 – �13.23 �12.27 �39.42 �29.21 – �46.19 –
C10

[a] D5h 10 10 �28.2 �21.1 �69.5 �25.09 �3.86 �39.04 �13.89
C9B2 C2v 10 10 �24.81 �19.45 �62.85 �19.90 �6.77 �40.29 �21.11
C8B4 D4h 10 10 �30.40 �24.62 �79.25 �18.22 �14.81 �37.20 �42.92
C7B6 C2v 10 10 �22.04 �18.50 �56.53 �14.75 �9.15 �29.33 �26.16
C6B8 C2v 10 10 �22.46 �19.36 �59.36 �13.84 �10.16 �28.61 �28.39
C12 C6h 12 12 +56.92 +47.05 +180.56 +38.52 +16.79 +131.10 +49.43
C14H14 D14h 14 – �20.11 �20.27 �45.98 �19.56 – �45.24 –
C14 D14h 14 14 �40.84 �34.34 �114.11 �22.93 �21.28 �56.71 �63.95
C14

[a] D7h 14 14 �35.44 �29.93 �97.98 �22.78 �15.03 �56.26 �44.46

[a] Polyallene structure.
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Even-numbered monocyclic carbon clusters : The most
recent theoretical investigations conclude that cyclic C6 pre-
fers D3h symmetry over both the D6h and the linear chain

forms (Figure 4).[68,77] This geo-
metrical preference can be at-
tributed to a second-order
Jahn–Teller effect.[79] At the
CCSD(T) level, Hutter and
L'thi[68] predicted the D3h

global minimum to lie
8.3 kcalmol�1 below the regular
hexagon D6h transition-state
structure and obtained good
agreement at the BP86/TZVP
level for both geometries and
energies. At the B3LYP/6-
311+G(d) level, the intercon-
version barrier between the D3h

and D6h structures is 13.6 kcal
mol�1.

The magnetic behavior of the
global D3h minimum is peculiar.
The out-of-plane component of
the NICS tensor for the p

system (NICSpzz) is slightly
larger than that of benzene, yet
the in-plane system is paratrop-
ic at the ring center. This sug-
gests that D3h-C6 is p aromatic
and radial antiaromatic. How-
ever, a grid of NICSzz points,
dissected into p and radial con-
tributions, shows a clear change
from paratropic within the cen-
tral triangle to diatropic within
the outer triangles and, as ex-
pected for aromatic systems, a
deshielding zone outside the
molecular framework (Figure 6,
an isotropic grid is given in
Figure 2 in the Supporting In-
formation). A possible explana-
tion for this peculiar behavior is
the presence of local diatropic
ring currents within the three
outer triangles, which necessari-
ly causes the central triangle to
be paratropic (Figure 7). Alter-
natively, similar paratropic
NICSradzz patterns are observed
at the center of cyclopropane
and, more generally, at the
center of six s-electron D3h aro-
matic rings.[141] Akin to this set
of s-aromatic D3h three-mem-
bered rings, the paratropic
shielding at the center of D3h-C6

arises essentially from the degenerate set of HOMOs with
Mçbius topology, as shown in Figure 8. While further analy-
sis on this seemingly pathological NICS behavior are pending,

Figure 4. Geometries, point groups, and isotropic NICS values (black indicates diatropicity while grey indicat-
ed paratropicity) of carbon clusters.

Figure 5. CMO-NICS plot of C6H3
+. CMO-NICS and CMO-NICSzz contributions are listed on the right side in

ppm; the total listed at the bottom represents the contributions of all orbitals, not just those pictured. MO en-
ergies in a.u. are given on the left side.
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the computation of isotropic NICS(0) (or even better, dis-
sected NICS) grids at several points is strongly recommend-
ed in order to characterize overall magnetic character of
atypical molecules. The NICSzz grid reveals the doubly aro-
matic nature of D3h C6.

We also investigated the magnetic properties of the regu-
lar D6h-C6 structure, which is a transition state for the inner–
outer interchange of carbon atoms. Surprisingly, the isotrop-
ic NICS(0) value of the less stable D6h C6 (�36.9) is appreci-

ably larger than the �24.0 NIC-
S(0)iso of the D3h minimum
(Table 1). The NICS(0)iso values
do not predict the relative sta-
bility of the two forms. Several
studies indicate that different
aromaticity measures may pro-
vide divergent informa-
tion.[129,142] For instance, the
lowest-energy fused heterobicy-
cles are not the most aromatic
isomers.[143]

Akin to C6, the C10 molecule
has long been recognized to
considerably favor a ring struc-
ture (with D5h symmetry, see
above) over the lowest-energy
linear isomer (Figure 9).[66, 71]

The equivalent D5h minima in-
terconvert through the D10h

transition structure with an
energy barrier of only
1.0 kcalmol�1 at the CCSD(T)/
cc-pVTZ level.[74] B3LYP/6-
311+G(d) optimization also re-
sults in a polyallene D5h-C10 sta-
tionary point with a
2.5 kcalmol�1 interconversion
barrier. While C4n+2 clusters
larger than C10 have been stud-

ied at less accurate theoretical levels, experimental electron-
ic spectra[144] suggest their structures to be monocyclic rings
exhibiting double aromaticity. At B3LYP/6-311+G(d), the
D14h transition state of C14 is essentially isoenergetic with
the D7h cumulenic energy minimum.

NICSpzz of both C10 and C14 are similar to those of their
parent annulenes[145] (for example, C10H10 and C14H14), but
their enhanced total NICSzz indicates the presence of an ad-
ditional diatropic subsystem. CMO-NICS and CMO-NICSzz
analysis indeed confirms that both carbon monocyclics are
doubly aromatic.[15,16] Note the p MOs of both Cn and CnHn

(n=10,14) systems contribute nearly equally; thus, the
NICSpzz values for both Cn and CnHn are nearly identical.
However, C10 and C14 also contain a diatropic in-plane
radial system, thus their total NICSzz is much greater
(>30 ppm) than that of their annulene analogues (Table 1).

C8 is an interesting example of a double antiaromatic pol-
yinic ring,[66,67,70,74, 81] possessing orthogonal eight radial +

eight-p-electron systems (Figure 4). CCSD(T)/cc-pVDZ cal-
culations predict the C4h cyclic form to lie only 4 kcalmol�1

below the linear structure.[74] Alternatively, Slanina et al.
identified a boatlike nonplanar D4d structure as a mini-
mum.[146,147] The energy difference between these two struc-
tures, less than 1 kcalmol�1 at the B3LYP/aug-cc-PVTZ
level,[67] again reflects the fluxional character of these sys-
tems. Both the C4h and D4d minima have small HOMO–
LUMO gaps (only 1.21 eV at PW91/IGLO-III//B3LYP/6-

Figure 6. NICSpzz and NICSradzz grids of C6 (D3h and D6h). The NICSpzz grids indicate the p systems to be dia-
tropic inside rings. The NICSradzz grids of D3h C6 indicate the radial system to be paratropic in the central trian-
gle and diatropic in the outer triangles. In contrast, the NICSradzz grids for the D6h form are diatropic overall.

Figure 7. Proposed local ring current model for the radial system of D3h

C6.
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311+G(d)) resulting in a large paratropic HOMO-NICS
(see the Supporting Information Figure 3 for the D4d struc-
ture).[148] As expected, the highest lying p MO (the
HOMO), and the highest in-plane radial orbital
(HOMO�1), dominate the overall molecular paratropicity
(Figure 10). The +60.70 HOMO-NICS contribution
(HOMO-NICSzz : +186.58) is very large, while the highest
lying occupied orbital of the in-plane radial system is also

strongly paratropic (CMO-NICS: +16.47, CMO-NICSzz :
+45.09). Not surprisingly, C8 has a smaller ionization poten-
tial than C6 or C10.

[149] The polyynic C6h ring was found to be
lower in energy than the other C12 isomers at several DFT
levels. However, uncertainties as to which structure is the
minimum at higher theoretical levels remain.[75] Regardless
of the relative energies, the C6h ring structure exhibits the
same double antiaromatic character as C8 (see Figure 11 and

Figure 8. D6h (A) and D3h (B) CMO-NICS plots of C6. CMO-NICS and CMO-NICSzz contributions are listed on the right side in ppm; the total listed at
the bottom represents the contributions of all orbitals, not just those pictured. MO energies in a.u. are given on the left side.

Figure 9. B3LYP/6-311+G(d)-optimized bond
angles of cyclopolyallenes, D5h C10 and D7h C14.

Figure 10. CMO-NICS and CMO-NICSzz of doubly antiaromatic C8. CMO-NICS and CMO-NICSzz
contributions are listed on the right side in ppm. The total values given represents the sum of all or-
bitals, not just those depicted. MO energies in a.u. are given on the left side.
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Table 1), no electronic rearrangement to a double aromatic
configuration (4n+2, 4m�2) is seen.

Odd-numbered monocyclic carbon clusters : Martin et al.[76]

showed by using DFT and CCSD(T) calculations that small
monocyclic rings containing odd numbers of carbon atoms
(Cn, n=5–9) are higher in energy than the corresponding
linear structures. However, experimental evidence for cyclic
C7

+ exists[49] and small linear–cyclic isomerization energies
(<15 kcalmol�1 at the CCSD(T) level) have been computed
for C7 and C9.

[76] The p and radial electron counts of such
odd carbon monocycles are not easy to assign a priori.
Mixed aromatic/antiaromatic electronic structures are possi-
bilities. Cyclic C7 and C9 prefer C2v over planar structures at

both the CCSD(T) and B3LYP levels.[150] Triplet Dnh species
are less stable than the singlets (CMO-NICS values for the
C7 and C9 C2v monocycles are given in Figure 4 and Table 1).
The negative overall isotropic NICS values of C7 indicate a
diatropic ring current, but CMO-NICS/CMO-NICSzz reveals
a mixed aromatic/antiaromatic 6p/8 in-plane system (Sup-
porting Information, Figure 1). Similarly, C9 has mixed p ar-
omatic/in-plane antiaromatic character with a 10+8 system.
These systems parallel the mixed aromatic/antiaromatic sys-
tems recently reported by Hofmann and Berndt
(Figure 12).[27]

Boron and borocarbon clusters : The previously described
NICS analyses also establishes double aromaticity in the
two boron and eight borocarbon rings studied here (see
Figure 13 and Table 1). C4B4 illustrates a 6+6 doubly aro-
matic borocarbon system (Figure 14). In contrast to C6, an-
other 6+6 system (Figure 8) with somewhat smaller isotrop-
ic NICS(0) and NICS(1) values, the NICS(0)zz of all three
in-plane (radial) orbitals of C4B4 are diatropic. The en-
hanced diatropicity of the radial system compensates for the
reduction in diatropic character of the C4B4 p system (see
the CMO-NICSpzz data) as compared to both isomers of C6

(Figure 8). Degenerate in-plane radial HOMOs offer the
possibility of forming a 6+2 doubly aromatic system by re-
moving four electrons from C4B4. Indeed, CMO-NICSzz
shows C4B4

4+ to be doubly aromatic like C6
4+ . C4B4

4+ has
slightly longer bond lengths than C4B4 (Figure 13), likely at-
tributable to increased Coulomb repulsion and decreased in-
plane bonding character. The in-plane radial system, which
now has only two electrons, shows a significant decrease
(10 ppm) in diatropic character of the out-of-plane compo-
nent of the NICS tensor (NICSzz). The two-electron in-
plane radial system has enhanced diatropicity (CMO-
NICSradzz : �13.45) relative to the prototype double aromatic
C6H3

+ (�5.30) and is closer to the C6
4+ value (�15.99).

Like D3h-C6, C5B2 has two orthogonal six-electron systems,
with both diatropic (the p system) and paratropic (in-plane
radial system) character. Furthermore, NICSzz grids show
behavior similar to C6; the in-plane radial system is para-
tropic at the center but becomes strongly diatropic at distan-
ces as close as 0.5 P away (Supporting Information,
Figure 2). The perpendicular p system remains diatropic at
all positions within the ring. The NICSzz grid shows that
C5B2, like D3h C6, is doubly aromatic. C6 and C5B2 are atypi-

cal cases requiring NICS grids
to identify their double aroma-
ticity; in general, dissection of
NICS(0) values suffice for this
purpose.

The larger borocarbons, with
10+10 double aromatic systems,
show widely varying NICSpzz

values, all of which are smaller
than those of D10h [10]annulene
(�46.2). C9B2 has the most dia-
tropic p system (NICSpzz=

Figure 11. CMO-NICS and CMO-NICSzz of doubly antiaromatic C12.
CMO-NICS and CMO-NICSzz contributions on the right side are in ppm.
The total values given represents the sum of all orbitals, not just those
depicted. MO energies in a.u. are given on the left side.

Figure 12. Mixed aromatic/antiaromatic systems reported by Hofmann and Berndt.[27]
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�40.3), but these values de-
crease in magnitude as more
boron atoms are inserted into
the ring (C8B4 �37.2, C7B5

�29.3, and C6B8 �28.6). In con-
trast, the in-plane radial system
(NICSradzz) values for C9B2,
C7B6, and C6B8 range from
�21.1 to �28.4. The highly sym-
metric D4h C8B4 possesses an
exceptionally diatropic in-plane
radial system (NICSradzz �42.9).

As expected from their 6+6
electron count, the B10

2� and
B12 monocyclic boron rings are
doubly aromatic; their NICSzz
values for both the perpendicu-
lar p and the in-plane radial
systems are similar to those of
6+6 borocarbons. Unlike the
C10 carbon monocycle, the fron-
tier orbital symmetry of B10

2�

does not result in a second-
order Jahn–Teller distortion;
the highest possible D10h ring
symmetry is favored. However,
polycyclic B10 (as well as B12)
structural alternatives are more
stable than the monocyclic
forms.[26] These polycyclic iso-
mers also exhibit double aro-
maticity.

General trends : NICSiso,
NICSzz, and CMO-NICSzz
values show the overall diatrop-
ic character of doubly aromatic
compounds is greater than their
singly aromatic counterparts.
The second additional set of in-
plane delocalized electrons in-
creases the total diatropicity.
Increasing ring size and the
number of H'ckel electrons of
carbon clusters results in larger
NICSzz values for each system
(for example, C14>C10>C6).
For borocarbons the larger
rings have smaller NICSpzz

values (C6B8<C7B6<C8B4<

C9B2). The NICSradzz values cor-
relate weakly with the number
of radial electrons. The
NICSradzz values of systems with
two in-plane radial electrons
overlap with those containing
six in-plane radial electrons.

Figure 14. CMO-NICS and CMO-NICSzz from canonical molecular orbitals of C4B4. CMO-NICS and CMO-
NICSzz contributions are listed on the right side in ppm. The total values given are the sums of all orbitals, not
just those depicted. MO energies in a.u. are given on the left side.

Figure 13. Geometries, point groups, and isotropic NICS values (black signifies diatropic) of various rings.
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The 10 radial electron C8B4 shows remarkable in-plane dia-
tropic character, nearly equal to that of the 14 in-plane elec-
tron C14. Overlap of NICSpzz values is also seen in systems
containing six and 10 p electrons. The six p and 10 p elec-
trons range from �23.9 to �39.5 and from �28.6 to �40.3,
respectively. However, the 14 p and radial electron C14 has
both the largest NICSpzz (�56.7) and the most diatropic in-
plane radial system (NICSradzz=�44.5). For antiaromatic
systems, smaller ring systems possessing fewer radial elec-
trons have smaller NICSradzz values than larger ring systems
with more radial electrons. In contrast, the NICSpzz values
decrease with an increasing electron number and increasing
ring size (for example, the p system of C12 is less paratropic
than that of C8; Scheme 1).

Conclusion

The concept of double aromaticity, originally conceived by
Chandrasekhar, Jemmis, and Schleyer,[1] has been subjected
to detailed NICS analysis. While many of the monocyclic
boron, carbon, and borocarbon rings examined in Table 1
have negative isotropic NICS(0) values, the individual p and
s (in-plane radial) MO contributions (CMO-NICS) reveal
diverse behavior. In particular, their out-of-plane NICSzz
tensor components (NICSpzz and NICSradzz) provide clear
evidence not only for double aromaticity (C6, C6

4+ , C10, and
C14), but also for double antiaromaticity (C8 and C12, each
containing two orthogonal eight electron systems) and for
mixed aromaticity/antiaromaticity (C7 and C9; Table 1).
B10

2� and B12 monocyclic rings also exhibit double aromatici-
ty, but are not the most stable isomers.[26] The doubly aroma-
ticity of the C4B4

4+ , C4B4, C5B2, C2B8, C9B2, C8B4, C7B6, and
C6B8 borocarbon rings should result in considerable stability,
at least as local minima, and encourage abundance mass
spectrometric investigations and further studies of their po-
tential energy surfaces.
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