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Introduction

The discovery of fullerenes [1] and subsequent characteri-
zation of carbon nanotubes [2] have generated an upsurge of
interest in conjugated systems with a curved surface [3].
Several beautiful arrangements of carbon atoms as cage struc-
tures and as their fragments, such as bowls and belts, have
caught the imagination of synthetic chemists [4]. Particu-
larly noteworthy are the highly symmetrical belt-shaped
compounds primarily constructed using hexagons, such as
[0n]paracyclophanes (1a, n=5; 1b, n = 6) [5], [mn]paraphenyl-

n-acetylenes (2, n = 6) [6], [n]cyclacene (3, n = 6) [7], and
π-spherands (4a, n = 2; 4b, n = 3) [8] (Scheme 1). They are
of interest not only from synthetic and theoretical points of
view but also as host molecules having a rigid cavity lined
with π bonds. Some of these molecules may have unusual
and useful properties, which could lead to applications such
as providing a vehicle for delivering drugs, artificial cell
membranes, molecular sieves and molecular electronic de-
vices [9].

Among the belt shaped molecules 1-4, the class of
[0n]paracyclophanes represent an important conceptual link
between planar graphitic sheets and spheroidal fullerenes
[10]. While graphite is the prototypical aromatic system,
different rings of fullerenes exhibit varying degrees of con-
jugation [11], often attributed to the disrupting influence of
the pentagons necessarily present in these molecules. In 1,
conjugation occurs over a curved surface, but without the
distracting influence of pentagons. It is therefore useful to
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examine how the π system in a belt-like topology responds
to varying degrees of strain.

The relation between fullerenes and belt- or tube-shaped
molecules becomes clear by considering the fully character-
ized molecular structures of fullerenes. For example, the struc-
ture of C70 can be viewed as two corannulene units held to-
gether by a belt of five phenyl units (Figure 1). This descrip-
tion accounts for the bond length variation found in C70 and
also provides the basis for understanding the reactive sites in
C70 as well as relative stabilities of addition products [12].
The belt-shaped subunit with five phenyl units joined in para-
para positions is [05]paracyclophane. Larger analogs form
the building blocks of carbon nano-tubes.

Experimentally, relatively little is known of the molecu-
lar and electronic structures of [0n]paracyclophanes, although
Guha et al. attempted to synthesize the derivatives correspond-
ing to n = 3-6, as far back as in 1934 [13]. Recently, Tsuji et
al. were successful in generating and trapping tricyclo-
[4.2.2.22,5]dodeca-1,3,5,7,9,11-hexaene, 5, which is the small-
est representative in [0n]paracyclophane, with n = 2 [14]. The
tetrabenzo derivative tetradehydrodianthracene (TDDA), 6,
is a more stable compound closely related to 5. Viavattene et
al. successfully synthesized 6 and determined its structure
through X-ray diffraction [15]. The central hexagons do not
have benzenoid character as in 5b. The connecting links are
essentially double bonds as in 5a. Thus, the molecule is a
fully unsaturated variant of tricyclo-[4.2.2.22,5]dodeca-1,5-
diene, 4a, the π-spherand with n = 2. The observed bond
localization can readily be attributed to the preferred
benzenoid character of the outer hexagons of the two anthra-
cene units. Recently, Kammermeier et al. showed that 6 is
very useful in the synthesis of pico-tubes ([04]paracyclo-
phanes) by ring expansion and metathesis process [16]. The
outer benzo units would again force bond localization around
the belt. The structure of [010]paracyclophane, one of the
higher analogues of [0n]paracyclophane 1, has been consid-
ered and synthesis of this molecule as well as other members
of the series with n = 6-10 have been proposed by Vögtle [5].

Computational methods are particularly suited for the
study of these molecules, which suffer from considerable
strain. We have examined [05]paracyclophane, 1a (n = 5),

since it is a fragment of C70 (Figure 1), and its higher analog
[06]paracyclophane, 1b (n = 6). We have investigated the elec-
tronic structures of the two compounds with D5h and D6h sym-
metry respectively, at various levels of theory. The rotational
barrier on twisting a single phenyl ring in [0n]paracyclophanes
and its effect on the electronic structure, the aromatic char-
acter of each ring as well as of the whole system are studied.
The calculations reveal the intrinsic nature of delocalization
around these belts, without any constraints imposed by addi-
tional pentagons or benzo fusion. We have also estimated the
band gap for infinitely connected paracyclophanes from the
two small parent structures using a semiempirical method,
by performing limited CI calculations. Approximate band
structures were derived for both the compounds at both semi-
empirical and ab initio methods.

Computational details

Geometry optimizations were carried out using the semiem-
pirical MNDO and AM1 Hamiltonians [17] and ab initio
Hartree-Fock procedure with the split-valence 3-21G basis
set [18]. The four structures, [05]- and [06]paracyclophanes
with D5h and D6h symmetry and corresponding rotational iso-
mers, obtained by twisting a single phenyl ring in
[0n]paracyclophanes, with C2v symmetry were considered.
Additional computations were also performed at HF/6-31G*
and B3LYP/6-31G* levels [19]. The Nucleus Independent
Chemical Shifts (NICS) [20] values were computed for 1a
and 1b, at the center of each structure as well as at the center
of the six-membered rings using the HF/3-21G method to
assess the aromatic nature of the whole system as well as the
individual phenyl moieties. Approximate band structures were
derived at both AM1 and HF/3-21G levels. The procedure
for the derivation of band structure from the calculations on
oligomers, proposed by Chandrasekhar and Das [21], is as
follows.

It is known that many physical and chemical properties of
polymers can be extracted from the theoretical and experi-
mental results on the corresponding oligomers [22]. Band

Figure 1 Two views of the
structure of C70 . Note the saf-
fron colored belt of five hexa-
gons holding together two
corannulene skeletons
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structures of polymers can also be obtained from finite oli-
gomer calculations. Cui et al. [23] suggested a procedure
which involves the assignment of k values of a continuous
energy band to each of the discrete orbital energies obtained
from oligomer calculations. The procedure was refined by
Chandrasekhar and Das [21], who suggested the use of peri-
odic boundary conditions to eliminate some of the problems
associated with calculations on oligomers.

In HMO theory, the π orbital energies for a ring of N or-
bitals are given by:

Ej(ring) = α + 2βcos(2πj/N) (1)

where α is the coulomb integral, β is the resonance integral,
and j = 0, ±1, ±2, …. N/2 for even N or ±N/2 for odd N. The
corresponding expression for a linear polyene chain of length
M is:

Ej(linear) = α + 2βcos(πj/(M+1)) (2)

The orbital energies of an infinite polymer chain are con-
tinuous and vary as α + 2β cos(ka), where a is the separation
between successive interacting orbitals (unit cell length in
one-dimension). Cui et al. argued that a sufficiently long lin-
ear chain can be used as a model for an infinite polymer [23].
They pointed out that the orbital energies of a finite chain are
contained in the band structure of the corresponding infinite
chain. Each of the discrete molecular orbital energies ob-
tained for the finite chain corresponds to a unique k vector
point on the band structure of the polymer. The k values for
each of the MO’s of the oligomer can be obtained by using
the following analogy. The orbital energies of the chain are
related to those of the ring by choosing the latter in such a
way that N = 2 (M+1). Thus, Eq. 1 and Eq. 2 can be com-
bined as follows:

Ej(ring) = α +2β cos(π j/(M+1)) (3)

This analogy can be extended to the infinite polymer. Then
the orbital energies of the finite chain correspond to k vector
points given by:

kq = π q/(M+1)a q = 1,2,3, …M (4)

A more direct comparison between the k vector points of
a polymer and the discrete orbital energies of a ring-like oli-
gomer is possible via Eq. 1, leading to the expression:

kq = 2π q/Ma q = 0, ±1, ±2, … (5)

The procedure can be illustrated with a specific example.
Polyacetylene may be approximated by a chain containing 5
C=C double bonds connected by alternating single bonds and
terminated by hydrogen atoms (decapentaene, M = 5). The
model would result in 5 π MO’s and 5 π* MO’s, derived
from linear combination of π and π* orbitals on the indi-
vidual C=C units. Each level corresponds to a k value 1/6, 2/

6, 3/6, 4/6, and 5/6 in units of π/a, where a is the separation
between successive double bonds. If the same 5 C=C double
bonds are used with periodic boundary conditions and with-
out the terminating hydrogen atoms, one would get orbital
energy levels corresponding to k values of 0, ±2/5, and ±4/5.

An important step in the computational procedure, espe-
cially in all-electron calculations, is to determine the nature
of a molecular orbital and to obtain its k value. The degree to
which a molecular orbital n corresponds to a given k vector
value q can be determined using the expression:

( ) ( )X C n q j Nq rj

jr

= ∑∑ sin 2 π (6)

The computed Xq is the maximum for a unique q value
for each MO. In practice, the Xq values are virtually zero for
all but one q. The summation r is over the AO’s.

Scheme 1Structures 1 – 7
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Table 1 Calculated heats of formation (kcal mol-1) and total energies (negative Hartree) of 1a and 1b. Relative energies
(kcal mol-1) of rotamers 1ar and 1br are given in parentheses

Structure MNDO AM1 HF/3-21G// HF/6-31G*// B3LYP/6-31G*//
(Point group) HF/3-21G HF/3-21G HF/3-21G

1a (D5h) 244.67 (0.0) 253.76 (0.0) 1141.05172 (17.39) 1147.47832 (1.51) 1155.01867 (19.75)
1ar (C2v) 269.81 (25.14) 259.70 (5.94) 1141.07944 (0.0) 1147.48073 (0.0) 1155.05015 (0.0)
1b (D6h) 258.12 (0.0) 242.19 (0.0) 1369.40548 (0.0) 1377.10082 (0.0) 1386.17313 (0.0)
1br (C2v) 267.65 (9.53) 259.24 (17.05) 1369.39042 (9.45) 1377.07836 (14.09) 1386.14619 (16.91)

Band gap is another interesting property of a polymer.
Unfortunately, frontier orbital energy difference obtained
through SCF calculations is not a particularly reliable meas-
ure of this quantity. If no orbital degeneracy is involved, a
reasonable estimate of the optical gap (S1-S0) can be obtained
through limited configuration interaction, such as single and
pair excitations spanning a space of 18 frontier orbitals. Al-
though this procedure does not quantitatively yield the ex-
perimentally measured band gaps, the trends are often nicely
reproduced.

Results and discussion

Structure, bonding and energetics

The optimized geometries (HF/3-21G) of 1a and 1b as well
as the corresponding C2v structures, 1ar and 1br, obtained by

twisting one of the phenyl units by 90º are shown in Figures
2 and 3, respectively. Heats of formation (kcal mol-1) and
total energies (negative Hartree) as well as relative energies
(kcal mol-1) of all the systems considered are given in Ta-
ble 1.

The heats of formations were calculated at semiempirical
levels to be in the range 242.2 to 269.8 kcal mol-1 for the
structures considered. Since a single C6H4 unit in linear poly-
paraphenylene is estimated to contribute only 30.9 kcal mol-1

(MNDO) [21,23], the computed values indicate the substan-
tial amount of strain in 1a and 1b. In the preferred geometry,
the strain energy per C6H4 unit is estimated to be 18.0 kcal
mol-1 for 1a, but drops to 12.1 kcal mol-1 for the larger cycle
1b. The symmetric belt-like structures with D5h and D6h sym-
metry are calculated to be the most stable conformers at both
semiempirical levels. For [06]paracyclophane, the barrier for
rotation of a single phenyl ring is computed to be 9.5 and
17.1 kcal mol-1 using MNDO and AM1 methods, respectively.
The barrier is calculated to be higher for the smaller analog

Scheme 2Optimized geome-
tries of [05]- and [06]para-
cyclophanes (1a and 1b),
with the three unique C-C
bond lengths in Å and angle
of puckering of the six-mem-
bered rings in degrees



230 J. Mol. Model. 2000, 6

[05]paracyclophane at the MNDO level (25.1 kcal mol-1), but
lower (6.0 kcal mol-1) at the AM1 level.

The conformational preference obtained at higher level
theory for 1a is opposite to that obtained with the semiem-
pirical methods. The preferred structure corresponds to the
C2v form with one phenyl ring twisted out of conjugation
with the rest of the belt. While the energy difference is fairly
small at the HF/6-31G* level, a clear preference for the C2v
structure is obtained at both the HF/3-21G level and the more
reliable B3LYP/6-31G* level, which includes a fair amount
of dynamical correlation effects. The higher level theoretical
results for [06]paracyclophane 1b are however similar to those
obtained using semiempirical methods. The D6h isomer is

calculated to be preferred and the barrier is computed to be
in the range 9.5 to 16.9 kcal mol-1.

The computed structures provide some clues about the
variations in computed energy differences. The optimized
geometric parameters are fairly similar for all the structures
at both semiempirical and ab initio levels. The length of bond
‘a’ connecting the phenyl rings (see Scheme 2) is quite short
(1.34 Å) in the case of 1a, indicative of a double bond. On
the other hand, the corresponding length in the case of 1b is
1.51 Å, resembling a single bond. The other bonds of the
hexagon units in the case of 1b are partial double bonds (b =
1.38; c = 1.39 Å). In marked contrast, for 1a ‘b’ is a double
bond (1.36 Å) and ‘c’ is a single bond (1.48 Å). Thus, the D5h

Scheme 3Optimized geome-
tries of C2v isomers of [05]-
and [06]paracyclophanes
(1ar and 1br), with the unique
C-C bond lengths in Å and
angle of puckering of the six-
membered rings in degrees
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structure 1a is essentially a quinonoid form, while the D6h
structure 1b is benzenoid in character. Thus, the six-mem-
bered rings are presumably nonaromatic in the case of 1a,
but aromatic in 1b.

The hexagonal rings are not flat in both 1a and 1b. The
rings are puckered to different extents. How much bending
can a benzene ring withstand without giving up its aromatic
character? This question has been keenly debated using vari-
ous [n]paracyclophanes, 7 (a benzene ring connected at the
para positions by n methylene units), as models. Both ex-
periment [24] and theory [25] reveal that bond alternations
are fairly small despite angle deformations as much as 30°.
However, ab initio calculations reveal a large reduction in
resonance energy as a result of bending [25]. Interestingly,
the bond lengths are predicted to respond strongly to the ex-
tent of bending in [05]paracyclophane, in contrast to the ef-
fect seen in [n]paracyclophanes (n > 3). In the D5h structure,
1a, the six-membered units are bent from planarity by about
25-30°. The optimized bond parameters suggest that the rings
are quinoidal and hence non-aromatic. The strong deforma-
tion of the benzene rings diminishes the overlap of π-orbit-
als, resulting in non-aromatic units. In the case the D6h struc-
ture 1b also, the phenyl moieties are deformed from planarity
by about 12.5-17.5°. But the bond lengths are comparable to
values found in aromatic systems. Thus, in 1b, the deforma-
tion of six-membered rings to the boat conformation does
not preclude aromaticity of the rings.

The fundamental difference in the electronic structures of
1a and 1b has several interesting consequences. The varia-
tions in strain and aromaticity associated with connected
chains of quinonoid rings in 1a are not reproduced equally
well at the various theoretical levels employed. The problem
is less severe in the case of the higher analog 1b. Another
important result concerns the bond length variations in the
conformers in which one phenyl ring is twisted out of conju-
gation. In the C2v structures (Scheme 3), the six-membered
units are benzenoid. While this is expected for 1br , the
benzenoid character of the six-membered rings of 1ar indi-
cates substantial bond reorganization accompanying the ring
rotation. Interestingly, the six-membered rings of 1ar are
puckered to a lesser extent by around 14-17º compared to 1a,
the D5h isomer. Thus, 1ar is calculated to be more stable at
all the higher levels of theory. The six-membered units gain
aromatic character compared to the D5h isomer 1a. A similar
trend is observed for the rotational isomer 1br also. The phe-
nyl moieties of 1br are benzenoid and the rings are puckered
to a smaller extent (11º to 13º) than in the D6h form.

The computed NICS values at the center of the structures
1a and 1b confirm the above interpretations, based primarily
on bond length variations. Both the structures are indicated
to be overall non-aromatic, with small NICS values of 0.6 δ
and –3.3 δ at the center of the belt. There is relatively less
extended conjugation around the belt. The NICS at the center
of each phenyl unit confirms the difference in the aromatic
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Figure 2 Band structures of [0n]paracyclophane with (a) quinonoid and (b) benzenoid structures
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character of the six-membered rings in 1a and 1b. The values
are –0.1 δ and 9.2 δ, respectively, implying that the rings of
1a are non-aromatic while the phenyl subunits of 1b are aro-
matic.

It is interesting to contrast the nature of bonding in the
free belt 1a with that of the pentaphenyl belt in C70. In the
fullerene system, the equatorial belt has considerable
benzenoid character. This is reflected in the bond lengths,
which fall in the aromatic range, and in the ability to un-
dergo addition to bonds which are formally part of a penta-
gon [11]. Evidently, the additional connectivity along both
the polar axes, especially to pentagons, as well as curvature
in these directions alter the intrinsic preference for a quinonoid
structure of a pentaphenyl unit. Larger [0n]paracyclophane
units found in nanotubes should retain the benzenoid charac-
ter predicted for the isolated molecular entity.

Band structures

The approximate band structures for an infinite polymer
[0n]paracyclophane with quinonoid structure as well as with
benzenoid structure were obtained at AM1 and the ab initio
HF/3-21G levels from the oligomer orbital energies of 1a
and 1b. The k values were assigned to all π and π* molecular
orbitals of the individual hexagonal units. The band struc-
tures at the two theoretical levels are quite similar. The ab
initio data are shown in Figure 2.

The band structures can be understood from the nature of
nodes in the various π molecular orbitals (Figure 3). The vari-
ations in each band are almost the same irrespective of the
method used for obtaining the band structure. The lowest band
derived from combinations of the lowest energy π MO of
benzene smoothly increases in energy with increasing k. This
is understandable since the interactions between adjacent frag-
ment orbitals become increasingly less favorable as the phase
changes occur more frequently (Figure 3a). A different
behavior is seen for the next set of bands. One of the doubly
degenerate MO’s has a node going through the translation
axis (Figure 3b). Hence, relatively little interaction along the
cycle is possible. The corresponding band is extremely nar-
row. The other component of the degenerate filled orbital of
a six-membered ring has large coefficients on the connecting
atoms of the C6H4 units (Figure 3c). This results in strong
interaction along the chain, resulting in a well spread out
band. Since this orbital has opposite phases on either con-
necting end, arranging the orbitals without introducing any
sign change leads to maximum destabilization. Hence, the
corresponding band has the highest energy at k = 0. The shapes
of the bands resulting from the unoccupied orbitals can be
similarly rationalized.

The computed optical gap of 1b is calculated to be as low
as 1.8 eV (PECI = 18). For 1a, a marginally higher optical
gap of 2.5 eV is obtained. Both these values suggest that the
infinite polymer may well be an organic semiconductor [21].
Of course, the results correspond to an isolated infinite belt
and the effects of intermolecular interactions have not been
taken into account.

Conclusions

The electronic structures of [05]- and [06]paracyclophanes
are fundamentally different. The smaller pentaphenylene is
predicted to have a quinonoid structure, presumably to re-
duce the overall strain the system. In contrast, the hexagons
in cyclic hexaphenylene have benzenoid character. The dif-
ferences are reflected in the computed barriers to rotation of
a single phenyl unit as well as in the NICS values of indi-
vidual rings. Approximate band structure calculations indi-
cate that [0n]paracyclophanes have relatively small band gaps
and hence may behave like organic semiconductors.

Supplementary material available HF/3-21G optimized ge-
ometries of 1a, 1ar, 1b and 1br in pdb format.
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