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B3LYP density functional treatment is reported for the [3]- to [6]-radialene. For the first two
molecules the corresponding Dnh symmetry resulted from the treatment. For the [5]-radialene, the
completely planar D5h structure was found energetically a non-minimal configuration showing two
imaginary vibrations. An almost planar C1 structure of [5]-radialene emerged as the stable species.
As for [6]-radialene, the planar D6h structure proved to be a non-minimal structure too, showing three
imaginary vibrations. The D3d chair form was most stable, followed by a twisted boat form of the
molecule. The chair form of [6]-radialene was more stable than the twist boat form by 0.9 kcal/mol.
Variation of the bond lengths, of A1g (νCC and νCH) vibration frequencies as well as of the total (ρtot)
and σ (ρσ ) electron densities for the four molecules, compared with those of ethylene, is discussed.
To explain the results, a bonding model for the radialene rings is suggested, which assumes an sp hy-
bridization of the ring atoms in [3]- and [4]-radialenes going over to sp2 hybridization in [5]- and
[6]-radialenes.
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1. Introduction

Radialenes are organic molecules of considerable
chemical interest due to their high reactivity, mole-
cular strain and cross conjugation of their π-bonds,
which might enable their technical applications in the
future [1]. It was shown in [2] that the C-C chemical
bonding in [3]-radialene may be described properly in
terms of a “modified Förster-Walsh” model [3 – 6], in
which the ring carbon atoms possess an sp hybridiza-
tion. Both the calculated geometry and vibration fre-
quencies are consistent with such a model. Due to the
formerly shown similarity of the chemical bonding in
3- and 4-membered rings [6], similar sp hybridized car-
bon atoms of [4]-radialene are expected.

Going to [5]- and [6]-radialenes, the C-C-C bond
angles diverge towards 120◦ [7, 8], and a gradual tran-
sition to sp2 hybridization is expected.
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The suggested bonding model for radialenes should
allow proper explanation of their different properties,
as they result from measurements and quantum me-
chanical treatments. In the following we report density
functional, B3LYP, calculation results for [3]- to [6]-
radialene and an attempt to understand them in the light
of the suggested model.

2. Results and Discussion

Fully optimized geometries of the radialenes were
obtained applying the B3LYP [9] method with the
6-311G basis [10]. For [6]-radialene, three possible
structures were considered: the chair, twist boat and
planar conformation. The calculations showed that
both the chair and twist boat conformation form sta-
ble minima at the energy surface of the molecule. The
planar (D6h) structure is an unstable structure showing
three imaginary vibrations; B2g (−118.7 cm−1) and a
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Table 1. B3LYP calculated bond distances in [3]- to [6]-radialene and ethylene, compared with the corresponding experimen-
tal values.

[3]-Radialene [4]-Radialene [5]-Radialene [6]-Radialene (chair form) Ethylene
C=C 1.332 (1.343) [12] 1.332 (1.326) [13] 1.342 1.343 (1.337) [14] 1.331 (1.337) [11]
C-C 1.454 (1.451) [12] 1.488 (1.484) [12] 1.493 1.493 (1.495) [14]

Table 2. B3LYP calculated vibration frequencies of A1g (νC=C ,νC−C and νC−H) for [3]- to [6]-radialene and ethylene.

[3]-Radialene [4]-Radialene [5]-Radialene [6]-Radialene (chair form) [6]-Radialene (twist boat form) Ethylene
νC=C 1854 (1800) [15] 1774 (1681) [16] 1685 — 1649 (1650) [17] 1651 1722 (1666) [18]
νC−C 774 (779) [15] 706 (683) [16] 631 — 574 —- 579 —
νC−H 2988 (3000) [15] 3065 (2988) [16] 3147 — 3142 — 3149 3117 (3083) [18]

Fig. 1. Suggested sp hybridization of the ring C atoms in [3]-
and [4]-radialenes.

degenerate E2u (−86 cm−1). The stability of the chair
over the twist boat conformation corresponds to an en-
ergy difference of 0.9 kcal/mol. As for [5]-radialene,
two conformations were considered: planar (D5h) and a
twist planar conformation of C1 symmetry. The density
functional treatment showed that the planar D5h struc-
ture is energetically non-stable with two imaginary vi-
brations, a degenerate E2” (−20.39 cm−1). The stable
twist form is almost planar with one carbon atom tilted
out of the plane formed by its three neighbored ring
atoms by ±3 – 5◦. The calculated C=C and C-C bond
distances of the four radialenes are listed in Table 1.

It is seen that all the external C=C bonds show
bond lengths that are approximately equivalent to that
of ethylene. A significant change is noticed on go-
ing to [5]- and [6]-radialenes. Much more obvious
is the change in the ring C-C bond distances, which
vary from 1.454 Å ([3]-radialene) to 1.493 Å ([6]-
radialene). The change resembles a transition from the
cyclic bond formation caused by the overlap of the
Förster-Walsh orbitals in the [3]- and [4]-radialenes
(Fig. 1) to the normal π-bonding caused by the olefinic
overlap of the carbon pz orbitals in the [5]- and [6]-
radialenes.

Much more significant is the change in the A1g
(νC=C, νC−C and νC−H) stretching frequencies of the
radialenes, listed in Table 2.

νC−H

Fig. 2. Variation of A1g (νC−H) (cm−1) of radialenes as func-
tion of the ring number.

νC=C and νC−C

Fig. 3. Variation of A1g (νC=C) (cm−1) and A1g (νC−C)
(cm−1) of radialenes as function of the ring number.

Figures 2 and 3 show the variation for the three types
of vibration frequencies due to the change of radialene
ring size.

The values of both CC frequencies decrease on go-
ing from [3]- to [6]-radialene. The change runs parallel
to the decrease in the 2s orbitals’ participation in the
chemical bonding of the ring atoms, in agreement with
our assumption of hybridization shift from sp to sp 2.
For both frequencies the biggest change is found at the
transition from [4]- to [5]-radialene, 90 cm−1 (∆νC=C)
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Table 3. Calculated total electron density ρtot and σ electron density values ρσ for the ring and the external carbon atoms as
well as the electron density values at the H atoms ρH of [3]- to [6]-radialene.

[3]-Radialene [4]-Radialene [5]-Radialene [6]-Radialene (chair form) [6]-Radialene (twist boat form) Ethylene
Cring ρ tot 6.069 6.100 6.027 6.014 6.027 6.313
Cring ρσ 5.084 5.132 5.041 — — 5.332
Cext ρ tot 6.268 6.228 6.290 6.306 6.110
Cext ρσ 5.253 5.212 5.281 — — 5.332
ρH 0.831 0.836 0.839 0.840 0.838 0.843

Fig. 4. Calculated total electron densities, ρ tot, for [3]- to [6]-
radialene; 1−ρ tot

ring; 2−ρ tot
ext .

ρσ

Fig. 5. Calculated σ electron densities, ρσ , for [3]- to [6]-
radialene; 1−ρσ

ext; 2−ρσ
ring.

and 75 cm−1 (∆νC−C). The change of the A1g (νC−H)
vibration runs in the opposite direction to that of A 1g
(νCC). The decrease in the νC=C and νC−C values at a
definite stage of transition, [n]- to [n+ 1]-radialene, is
encountered by an increase in the νC−H frequency at
the same stage. It is noticed too, that the A1g (νC−H)
frequency decreases on going from ethylene to [3]-
radialene. Further increase in the radialene ring num-
ber causes an increase in the vibration frequency of
A1g (νC−H), as the change proceeds towards the car-
bon atom of the normal C=C bond in the chair form
[6]-radialene.

Distinguishing between the ring carbon atoms,
Cring, and the external carbon atoms, Cext, and con-

ρH

Fig. 6. Calculated change in electron densities at the H atoms,
ρH, due to the change of the radialene ring size.

sidering the calculated total electron densities (ρ σ +
ρπ) for each carbon atom, one finds that for all consid-
ered radialenes the values are smaller than that calcu-
lated for ethylene (Table 3, Fig. 4).

Figure 5 shows the calculated σ electron densities
(ρσ ) for [3]- to [6]-radialene. In a similar manner to
that of the total electron density, the σ electron den-
sities at the carbon atoms, both ρ σ

ring and ρσ
ext, show

smaller values than that of ethylene too, the ρ σ
ring val-

ues being smaller than those of ρ σ
ext. No ρσ value is

reported for the twist boat [6]-radialene due to the non-
unified direction of its π-bonds.

Figure 6 shows the calculated change in electron
densities at the hydrogen atoms, ρ H, due to the change
in the radialene ring size. The figure shows a slight but
gradual increase in the ρ H values on going from [3]- to
[6]-radialene.

As stated in the previous paragraph it is found that
the densities at the ring carbon atoms, Cring, are smaller
than those at the external carbon atoms, Cext. This
seems to contradict our assumption of an sp hybridiza-
tion at the ring atoms, which should possess higher
electron affinities than expected. Two factors might ex-
plain this result:

1. the delocalization of the ring electrons, causing a
partial distribution of the electrons in the bond regions
besides the localization at the C atoms, since a Mul-
liken population analysis was drawn to describe the
electron distribution in the molecule;
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2. for the Cext atoms a partial shift of electrons ex-
ists from the neighbored H atoms to C, as might be
viewed considering the calculated electron densities at
the H atoms (Table 3).

Trying to correlate the calculated A1g (νC−H) fre-
quencies with each of the two types of the C elec-
tron densities, ρ σ

ext or ρ total
ext , no significant correlation

was obtained. However sufficient correlation with the
ρH values is expected, as might be concluded on com-
paring the shapes of the curves in Figs. 2 and 6. The

frequency value for ethylene seems to be out of the
correlation scheme, obviously due to clustering of the
CH2 groups in radialenes and the solo motion of the
same group in ethylene.
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