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Bond length alternation (δ ) Rsingle- Rdouble) of π-conjugated
systems has been recognized as one of the good measures of
π-electron delocalization, or aromaticity. The famous Hu¨ckel
rule of aromaticity1 dictates thatπ-conjugated systems with (4n
+ 2) π-electrons are aromatic and, consequently, their C-C
bond lengths are supposed to be close to that of benzene,1,
1.40 Å (δ ) 0). Recent studies2 have suggested that theD6h

symmetry of benzene originates from the dominatingσ-electrons
rather thanπ-electrons which tend to localize. On the other
hand, the application of Peierls’ theorem3,4 on the nonexistence
of a 1-dimensional metal to theπ-electrons of an infinite
π-conjugated polyene,14, implies that in the limit ofn f ∞
the ground state should be the symmetry breaking (bond length
alternating) structure (δ * 0). Although the actual value ofδ
in polyacetylene (the polymeric form of polyene) is still
somewhat uncertain, it is generally believed to lie between 0.055

and 0.086 Å.
It has been widely assumed that all conjugated annulenes

which satisfy the Hu¨ckel 4n+ 2 rule, except benzene, can have
both bond alternating (bond localized) and nonalternating
(aromatic) structures, as suggested by theoretical studies with
various semiempirical,7 molecular mechanics,8 and HF methods9

(6, 11). However, inclusion of electron correlation effects within
the semiempirical methods7,10 and MP2 single point energy
evaluation at HF optimized geometry11aprefer the nonalternating
structure (7, 12). Recently, Yoshizawa et al.10 have calculated
large annulenes (up to [66]annulene) using MNDOC (C for
correlation) and have shown that, in [18]annulene,9, and10
the aromaticD6h structure is more favorable, but in [30]annulene
the D6h structure is less stable than the bond localizedD3h

structure. Recent DFT calculations11b also support9 over10.
This possibility of three local minima along theδ (Kekulé)

coordinate,6, 7, 11, and12, has been generally assumed and is

at the core of the controversy regarding the aromaticity of these
simple annulenes. Full geometry optimization of [14]annulene,
4, 5, and [18]annulene withab initio electron correlation
methods has been lacking in the literature except very recently.11b

On the other hand, Paldus et al.12 have done semiempirical
calculations on a series of cyclic polyenes incorporating electron
correlation and have shown that the “transition” from single
minimum (2, 3, 8) to two minima (13) occurs with increasing
size at [14]annulene without the three minima intermediate
situation.
In this paper, two important annulenes, [14]annulene and [18]-

annulene, have been studied with HF/6-311G*, BLYP/6-
311G*,13 B3LYP/6-311G*,14 and MP215/6-31G* methods to
obtain reliable potential energy surface along theδ coordinate.
Chiang and Paul16 determined the X-ray structure of [14]-

annulene in 1972. They found that it is aromatic with significant
nonplanarity originating from the steric hindrance of the four
internal hydrogen atoms in the center of the molecule and that
the C-C bond lengths range from 1.350 to 1.407 Å. However,
1.350 Å is clearly too small to be an aromatic C-C bond length
and equals Dewar’s minimum bond length of nonaromatic
systems.17 Molecular mechanics calculations,8 semiempirical
calculations,7 and our full geometry optimizations (see Table
1) have not reproduced these small bond lengths which is likely
due to the16 small number of reflection data points in the
structure refinement. Gorter et al.18 have discovered unexpected
disorder in the crystal [18]annulene and shown that it has
approximateD6h symmetry with 1.385 Å inner and 1.405 Å
outer C-C bond lengths confirming the aromatic structure in
the crystal. This bond length difference (0.020 Å) is much
smaller than that (0.037 Å) extracted from X-ray data by
Bregman et al.,19 and even smaller than a recent theoretical value
(0.052 Å) by Capponi et al.,20 but it is well reproduced by the
BLYP, B3LYP, and MP2 methods (see Table 1).
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Infrared spectra of [18]annulene have been calculated with
BLYP/6-311G* at the BLYP/6-311G* optimized geometry and
at the HF/6-311G* optimized geometry (localized structure).
These are presented in Figure 1 and compared with experi-
ment.21 The frequencies as calculated at the BLYP optimized
structure are in better agreement with experiment than those
obtained at the localized structure lending further support to
the delocalized structure of [18]annulene. A similar conclusion
has been reached for the symmetry breaking problem in azulene
by Kozlowski et al.22 using B3LYP.
One important result of our electron correlation calculations

on [14]annulene and [18]annulene is that, irrespective of the

chosen starting symmetry, the geometry optimizations invariably
ended up with the delocalized, more symmetrical structures,
indicating that the potential surfaces of these two annulenes have
only one minimum,3, 8 along theδ coordinate, in complete
agreement with experiment.
This observation casts doubt on the validity of using HF and

semiempirical methods for determining relative stabilities of
localized and delocalized structures of conjugated molecules.
To study the potential energy surface along theδ coordinate,

a numerical scheme connecting the HF/6-311G* optimized
structures of theD6h and D3h symmetry of [18]annulene is
proposed, that is,Ri

δ ) QRi(D3h) + (1- Q)Ri(D6h), whereRi is
the i-th C-C bond length of [18]annulene andQ ranges from
0 to 1. Except forRi

δ, all other geometric parameters have
been optimized with HF/6-311G* followed by a single point
energy evaluation with MP2/6-31G* and B3LYP/6-311G* at
the HF/6-311G* optimized geometry (see Figure 2). This path
connects the minima of the HF/6-311G* potential surface,
staring at the aromatic minimum and ending at the localized
one. This is an unambiguous way to define the hypothetical
localized structure, and this linear path offers a viable qualitative
description. HF clearly overestimates the stability of the
localized structure (Q) 1). We have not found in the correlated
calculations any barrier between the two structures. The B3LYP
curve is gradually increasing showing no sign of a minimum,
or even an inflection aroundQ ) 1 or any otherQ * 0 value.
The MP2 curve raises sharply for even just 25% distortion along
Q, and then further raises gradually, not showing any sign of
another minimum. The pathological behavior disappears for
largerQ values, and the MP2 and B3LYP curves run parallel
above Q≈ 0.5.
In summary, the general picture of the three minima along

the δ (Kekulé) coordinate of annulenes that has been implied
by most earlier computations is being disputed in this com-
munication. As far as [14]- and [18]annulenes are concerned,
there is only one minimum in complete agreement with
experiment. We do not yet know at which size the “transition”
to the other type of potential surface occurs and whether the
potential surface will have two or three minima. “Transition”,
which is a consequence of Peierls’ theorem is expected to occur
in annulenes larger than C18H18.
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Figure 1. Experimental21 and theoretical IR spectra of [18]annulene.
The theoretical peaks are identified with the corresponding wavenum-
bers.

Table 1. Experimental and Theoretical Bond Lengths and Relative
Energies of [14]- and [18]Annulenes

aa ba ca da E(rel)b

[14]Annulene
exptlc 1.407 1.350 1.382 1.395
SINDO1d (C2h) 1.423 1.418 1.424 1.422 0

(Cs) 1.368 1.484 1.368 1.509 6.6
MINDO/3e (Ci) 1.410 1.399 1.398 1.403 18.0

(Cs) 1.354 1.476 1.355 1.483 0
HF/6-311G*f (Ci) 1.399 1.388 1.388 1.401 18.6

(C2h) 1.399 1.388 1.388 1.401 18.6
(Cs) 1.337 1.462 1.331 1.478 0

BLYP/6-311G* f (Cs)g 1.416 1.404 1.404 1.420
B3LYP/6-311G*f (Cs)g 1.404 1.393 1.393 1.407
MP2/6-31G*f (Cs)g 1.408 1.398 1.397 1.410

[18]Annulene
exptlh 1.405 1.385 1.385 1.405
SINDO1d (D3h) 1.358 1.495 1.361 1.502 11.5

(D6h) 1.423 1.418 1.418 1.423 0
MNDOCi (D3h) 1.348 1.455 1.349 1.470 6.4

(D6h) 1.400 1.398 1.398 1.400 0
HF/6-311G*f (D3h) 1.342 1.457 1.333 1.477 0

(D6h) 1.401 1.386 1.386 1.401 22.2
BLYP/6-311G* f (D6h)j 1.419 1.402 1.402 1.419
B3LYP/6-311G*f (D6h)j 1.409 1.392 1.392 1.409
MP2/6-31G*f (D6h)j 1.411 1.395 1.395 1.411

aDefined in5, 10 (in Å). bRelative energy in kcal/mol within the
same system and the same method.cReference 16.dReference 2a.
eReference 7c.f Fully optimized, this work.gGeometry optimizations
starting with Ci and C2h structures converged to theCs structure.
hReference 18.i Reference 10.j Geometry optimizations starting with
D3h structures converged to theD6h structure.

Figure 2. Relaxed potential energy surface scan along the Q coordinate
with the optimized HF/6-311G* method and with nonoptimized B3LYP/
6-311G* and MP2/6-31G* single point energy evaluations at each HF/
6-311G* optimized geometry.
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