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Using correlated ab initio methods, the polarizability of large [4n þ 2]-annulenes is determined,

showing that there exists an almost linear relation between the exaltation of magnetic

susceptibility (a measure of aromaticity) and an equivalent enlargement of polarizability.

Introduction

According to the pioneering definition by Sondheimer,1 annu-

lenes are fully conjugated hydrocarbon monocycles. Benzene,

[6]-annulene, in addition to being the most prominent aro-

matic molecule, is the smallest representative of the neutral

[4n þ 2] series, while cyclobutadiene represents the absolute

smallest annulene. Like benzene, annulenes have been exten-

sively used as model systems to study aromaticity. In fact, the

last decades have seen a renewed interest in this kind of

compounds, partly motivated by a number of synthetic find-

ings. Moreover, [4n þ 2]-annulenes may serve as prototypes of

one-dimensional metals2 and some annulenes show very inter-

esting properties from a nanotechnological perspective.3 For

instance, Pak et al. have reported a series of site-specific

electron-donor and/or acceptor-functionalized [18]-annu-

lenes,4 some of them presenting nonlinear optical properties.5

In addition, dehydrobenzo[20]annulenes can form ordered

onion- and tube-type nanostructures.6 For some recent review

on the chemistry of annulenes, see the paper by Haley and

coworkers.7 All these findings make research in this kind of

systems very interesting. In this context, theoretical methods

provide a cheap way of predicting such properties, including

molecules of higher molecular weight. Among these proper-

ties, polarizability has an essential function in a variety of

physical and chemical processes. In this work, we report an

ab initio study of static and dynamic polarizabilities of

[4n þ 2]-annulenes for n ¼ 5, 6, 7, 10, 13, and 16 computed

using a CC2 linear response approach.

Calculation details

All the calculations presented here have been done using

Dunning’s aug-cc-pVDZ basis.8 This is a rather small basis

consisting of a [10s5p2d/4s3p2d] contraction for carbon and a

[5s2p/3s2p] contraction for hydrogen, but a larger basis would

make it impossible to carry out the largest computations.

Moreover, in a previous work9 we showed that the effect of

basis set size is less important for the larger annulenes.

Summarizing, the selected basis comprises 704, 832, 960,

1344, 1728 and 2112 basis functions for the annulenes with

22, 26, 30, 42, 54 and 66 carbons, respectively. The geometric

parameters have been taken from the compilation by Wannere

and Schleyer.10 Optimization was done by these authors using

the 6-31G* basis set11 at the B3LYP12 DFT level for the

symmetric aromatic structures but only at Hartree–Fock level

for the non-aromatic conformations. In addition, they im-

posed symmetry restrictions to force planarity and delocalized

or bond alternating structures for the forms aromatic or non-

aromatic, respectively.z
As mentioned in the Introduction, we have employed a

linear response function approach using a CC2 reference wave

function. The CC2 model was introduced by Christiansen

et al.13 as an N5-scaling approximation to the complete CCSD

model. The CC2 total energy is of second-order Møller–Plesset

perturbation theory (MP2) quality, but unlike MP2, excitation

energies and transition moments can be obtained in CC2 since

a response formalism can be established. In the hierarchy of

coupled cluster models, CC2 represents an improvement over

the essentially non-correlated CCS, although CCSD is actually

required to get significantly better results.14

We have calculated the Cartesian components of the polar-

izability and in addition present the average polarizability and

the anisotropy, which are rotational invariant. All polarizabil-

ities in this work are reported in atomic units (a.u.). The

conversion factor from a.u. to S.I. for polarizabilities is

1.648778 � 10�24 C2 m2 J�1. The usual volume polarizability

(in Å3) can be obtained from the a.u. number by multiplying

with a factor of 0.148185.
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The whole study has been carried out using a local version

of the DALTON electronic structure program15 in which we

have implemented the recently developed algorithms based on

Cholesky decomposition of two-electron integrals.16 Based on

former experience,17 we have used a Cholesky decomposition

threshold of 1.0� 10�8, which is enough to warrant that errors

with respect to the conventional CC2 values are below the

reported accuracy of our results. Comparing to experiment, we

showed in a preceding paper9 that for this kind of systems the

CC2 values of polarizability computed using aug-cc-pVDZ

basis8 are expected to have an error of around 5%.

Before discussing our results, a word of caution is needed

with respect to the chosen geometries. A great controversy has

existed about if [4n þ 2]-annulenes prefer to adopt either a

delocalized (aromatic) structure or a less symmetric localized

(p-conjugated bond-alternating) one. It is well known that the

relative stabilization due to delocalization decreases with the

size of the annulenes and that methods lacking electron

correlation favor the less symmetric conformations while

correlation effects tend to stabilize the delocalized structure.

Thus, Choi and Kertesz18 determined at the MP2 and B3LYP

levels of theory that delocalized symmetric forms should be

more stable below n ¼ 30, confirming the predictions done by

Longuet-Higgins and Salem19 already at the end of the fifties.

Conversely, the HF method predicts that the crossover should

occur at n ¼ 10. However, high level CCSD(T) calculations20

conclude that [10]-annulene adopts a twist-shaped conforma-

tion of C2 symmetry instead of the expected aromatic heart-

shaped conformation of Cs symmetry. This issue was recently

revisited by Schleyer and coworkers,21 who showed that also

[14]-annulene prefers adopting a Cs structure despite [18]- and

[22]-annulene being more stable in the geometries of C2

symmetry according to their KMLYP, BHLYP and CCSD(T)

results.

In spite of the discussion in the paragraph above, we have

chosen to keep the planar symmetric structures determined by

Wannere and Schleyer in ref. 10. In this way, the considered

species can serve as a simplified model for assessing the

aromatic properties of large planar p-systems. At the same

time, we can easily make comparison with previous results

found in the literature. A theoretical study of the electric and

magnetic properties of the real C2 and Cs isomers is left for a

subsequent publication.

Results and discussion

Fig. 1 shows the variation of the difference in energy between

the localized and delocalized planar structures with the num-

ber of carbons; the dashed lines represent the corresponding

values per carbon atom (scaled by a factor of 10 for the sake of

clarity). Similar to previous findings, we have established that

from [10]-annulene the Hartree–Fock method determines the

localized structure as the most stable. We have also found that

the correlated CC2 method predicts that from [22]-annulene

the delocalization stabilization energy per atom is decreasing

(in absolute value). However, at the CC2/aug-cc-pVDZ level

of theory, the changeover to localized structures is not yet

observed for nC ¼ 30. In any case, the above-mentioned trend

of the stabilization energy per atom to decrease makes us

expect that the cross point should be near nC ¼ 30. Anyway,

we again point out that the structures considered here are

idealized planar forms and not the real ones, as discussed at

the end of the previous section. Moreover, observe that the

employed geometries were optimized with a different theore-

tical model and a different basis set and, therefore, they are not

necessarily optimal for CC2/aug-cc-pVDZ. At this level of

calculation, a geometry optimization is unfeasible because of

the size of the considered species. We have restricted ourselves

to check that for the smallest [4n þ 2]-annulene, i.e. benzene,

the differences between the optimized geometries at the

CC2/aug-cc-pVDZ and the B3LYP/6-31G* levels are negli-

gible. The effect of such differences on the calculated polariz-

abilities is considerably less than the expected error and does

not modify the conclusions of this study. As we anticipated,

CC2 optimization of the corresponding localized partner, the

hypothetical cyclohexatriene, converges to the stable aromatic

benzene. We predict similar behavior for the annulenes with nc
less than 30.

In Table 1 we have collected the elements of the polariz-

ability tensor as well as the average polarizabilityy and the

anisotropyz of the considered annulenes in their delocalized

conformation. Similarly in Table 2 the corresponding results

for the smallest localized partners are presented. The perpen-

dicular component of polarizability (chosen as the z direction)

is essentially the same independently of whether the p bonds

are conjugated or delocalized along the whole ring. From the

data in Table 1, the same behavior is encountered for the zz

component of the dynamic polarizability at the frequency of

the sodium D-line (l ¼ 589 nm). Nevertheless, the dynamic

polarizability grows slightly faster than the static one in the

delocalized annulenes series. Likewise, the static polarizability

increases more rapidly in the delocalized set than in the

localized one. In all the cases, there exists a perfect linear

Fig. 1 Difference in absolute energies between the delocalized and

localized conformers. The dashed lines represent the corresponding

values per carbon atom (scaled by a factor of 10).

y
aave ¼

1

3
ðaxx þ ayy þ azzÞ:

z Da ¼ 1
2
½ðaxx � ayyÞ2 þ ðaxx � azzÞ2 þ ðazz � ayyÞ2�

n o1
2
:
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fitting of the polarizability with respect to the number of

carbons (or, equivalently, of double bonds) of the annulene.

The situation with respect to the in-plane polarizability (the

average of the xx and yy components) is entirely different. An

analysis of the variation of the polarizability with respect to

the square of the number of carbons, which in turn is roughly

proportional to the area delimited by the ring, reveals that

while the static polarizability of the delocalized conformers

grows almost linearly, it grows in a sub-linear manner in the

case of the bond-alternating structures. In Table 3 we present

the results of a least-square fitting of the data calculated in this

paper. The set has been increased by including the values

(nc less than 22) reported in our previous work,9 which were

computed at the same level of approximation.

On the other hand, the dynamic parallel polarizability

increases very quickly. Since at the same time the HOMO–

LUMO gap decreases with the size of the annulene, already for

the [42]-annulene the dynamic polarizability at l ¼ 589 nm

cannot be computed in our approach, because this frequency is

too close to the first excitation energy. The decrease of the

HOMO–LUMO gap has been proposed18 as the leading factor

for the tendency of larger annulenes to localization, as it

favors the appearance of pseudo-Jahn–Teller effects, also

known as Peierl’s transition.

A closer inspection of the in-plane component of the aro-

matic structures’ polarizability behavior reveals that it is not

exactly linear but rather quadratic, although the linear term

gives the dominant contribution even for the largest consid-

ered annulene. We must mention that a quadratic extrapola-

tion of the values corresponding to the smallest annulenes

(nC r 30) gives a prediction for a | | of [66]-annulene that is

10% in error with respect to the computed value. This error

can be related to the above-mentioned decrease of the

HOMO–LUMO gap with the size of the annulene ring, since

it produces some multireference character in the wave function

of the largest annulenes and consequently reduces the relia-

bility of the CC2 approximation. However, the perpendicular

polarizability predicted by the linear fitting differs only by 2%

from the calculated estimation.

The exaltation of the magnetic susceptibility8 (i.e. the

difference between the isotropic susceptibilities of the deloca-

lized and the localized isomers) is a classical measure of the

aromatic character of organic molecules. An equivalent ex-

altation of the electric dipole polarizability** can be defined.

Although magnetic criteria are definitely preferable, it has

been pointed out that polarizability could serve as a measure

of relative aromaticity in similar compounds.22 However, as

highlighted by Fowler and Soncini,23 the use of polarizability

as an aromaticity index is limited to non-clamped systems that

fulfil Hückel’s rule. Interestingly enough, excluding [6]-annu-

lene, there is a nearly linear relation between the exaltations of

polarizability computed in this work and the exaltations of

susceptibility reported in ref. 10, as can be seen in Fig. 2.

Furthermore, even including the benzene values in a quadratic

Table 2 Static polarizability components of localized annulenes in
atomic unitsa

nC Symmetry axx ayy azz ay Daz

22 C2v 596 485 152 411 400
26 D3h 756 639 180 525 527
30 D3h 868 868 209 648 659

a Calculated at the CC2/aug-cc-pVDZ level.

Table 3 Fittings of the static polarizability of delocalized annulenes
(6 r nC r 30) and exaltation of static polarizabilitya

y x a0 a1 a2 r2

a> nC 3.2857 6.9721 — 0.9997
a | | nC

2 45.337 1.3214 0.0003 0.9999
X** �L8 �15.264 20.41 0.1987 0.9986

a y ¼ a0 þ a1x þ a2x
2.

Table 1 Static (dynamica) polarizability components of delocalized annulenes in atomic unitsb

nc Symmetry axx ayy azz aavey Daz

22 D2h 850 (1350) 668 (1070) 156 (159) 558 (860) 623 (1078)
26 D2h 1193 (2351) 981 (1981) 185 (189) 786 (1507) 921 (2002)
30 D6h 1502 (4157) 1502 (4157) 214 (219) 1072 (2844) 1288 (3938)
42 D6h 3326 3326 300 2318 3026
54 D6h 6203 6203 387 4264 5816
66 D6h 10 342 10 342 474 7052 9868

a Frequency of the sodium D-line (l ¼ 589 nm). b Calculated at the CC2/aug-cc-pVDZ level.

Fig. 2 Relationship between the exaltations of static electric polariz-

ability** (X, computed in this work) and magnetic susceptibility8
(L, taken from ref. 10) of annulenes. Benzene data have not been

included in the linear fit.

8 L ¼ wdelave � wlocave.
** X ¼ adelave � alocave.
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fitting, the coefficient of the linear term is two orders of

magnitude larger than that of the quadratic one. From a

computational point of view, this is a rather significant

observation, since the calculation of electric polarizability is

less demanding than that of magnetic susceptibility, as only

one-half of the first order response equations need to be

solved. In addition, complications arising from gauge invar-

iance are obviously eliminated. Nevertheless it must be re-

called that while the exaltation of polarizability is caused by

the in-plane components of the tensor, the exaltation of

susceptibility is fundamentally due to the component in the

direction of the external magnetic field, which is perpendicular

to the mean plane of the molecule. Indeed, the anisotropy of

the magnetic susceptibility itself24 has been proposed as a

quantitative index to measure aromaticity.25 According to

Bilde and Hansen,26 the observed increment of the perpendi-

cular component of the magnetic susceptibility in aromatic

compounds has to be attributed to the absence of para-

magnetic currents and it is then governed by the diamagnetic

contribution. Since such diamagnetic contribution depends on

the electric second moment of charge, the relationship between

the exaltations of polarizability and susceptibility might be

understood by taking into account that both the electric

polarizability and the second moment of charge are related

to the molecular size. Moreover, this also makes us expect that

a parallel behavior should be encountered in other compounds

as long as these properties can be directly connected to the

molecular size, as it happens in families of related species.

Conversely, if the induced currents are of paramagnetic type

or if diatropic currents are quenched by interaction with p
systems such correlation should not be expected.23 That is the

case of antiaromatic [4n] annulenes.

The same argument is also enough to justify why the

obtained relationship between the exaltations of electric

polarizability and magnetic susceptibility should not depend

on the theoretical method used to compute such quantities

because although the numerical values could be different, in

fact the same physical situation is described. In Table 4, we

present the magnetic susceptibilities of [4n þ 2]-annulenes—

with n from 1 to 6—as well as the corresponding exaltations

computed with several theoretical procedures. In particular,

using the CTOCD (continuous translation of the origin of the

current density) method25 to keep gauge origin independen-

ce,ww we have used CC2 (as we did for the reported polariz-

abilities) and B3LYP reference wave functions. It is easy to

check that the linear relationship found earlier in Fig. 2 is still

maintained. Nevertheless, for n ¼ 7 the linearity is broken due

to a huge increment of the perpendicular component of the

susceptibility of localized C30H30. Similarly, for nC larger than

30 Schleyer and coworkers10 detected an analogous effect

when studying the ring currents contribution to total magnetic

susceptibility.

Conclusions

We have reported the polarizabilities of large [4n þ 2]-annu-

lenes in both localized and delocalized structures computed at

the CC2/aug-cc-pVDZ level of theory. As in the case of small

annulenes, we have found a linear behavior of the perpendi-

cular component of the polarizability with respect to the

number of double bonds. Moreover, an almost linear relation-

ship between the exaltations of magnetic susceptibility and

electric polarizability has been determined.
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