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Abstract: The 1-, 2-, and 3-dimensional structures obtained from conjugated rings of carbon atoms are reviewed. They
include finite small and large molecules (benzenoids, collarenes, beltenes, cyclacenes, cyclophenacenes, Möbius analogs,
nanotori) and infinite macromolecules, nets and tilings (graphene, defected graphene, fractal benzenoids, nano-tubes,
nano-cones, etc.). A few challenges for future experimental work are also outlined.
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I. INTRODUCTION
Benzenoids have a long history as prototypical “aromatic” species, involving delocalized bonding. Indeed there
have been different theoretical perspectives to describe aromaticity, including the classically based ideas of E. Clar [1],
on which we focus here. But with the great variety of new
conjugated-carbon nano-systems in the last few decades
some extensions of Clar’s ideas are needed, with a natural
starting point being the interpretation of Clar’s ideas in a
quantum theoretic perspective, perhaps most directly by way
of Pauling-Wheland resonance theory [2, 3]. Thence such an
extension is sought here, mostly in a qualitative format.
I.1. Theoretical Perspective
Pauling and Wheland’s theory of benzenoid molecules
goes back a few decades before Clar’s seminal publication,
and has been much more thoroughly investigated in a quantitative mode, though still relatively meager compared to molecular-orbital (MO) theory. Indeed even for resonating valence-bond theory, which is closely related to Clar’s ideas, it
has only been in the last few decades that quantitative treatments have been made for the case of extended systems.
First, about 3 decades ago, there were some resonating VB
computations on polyacetylene [4]. Then soon after, there
followed a resonating VB treatment [5, 6] of the electronic
structure of a general “armchair” class of benzenoid polymers – for which a suggestive 3-periodicity of behavior as a
function of the polymer strip width was found. Indeed this
periodic behavior was indicated and verified to be reflected
[7, 8] in the Hückel model description of this same (infinite)
class of polymers. And later in carbon nano-tubes much the
same 3-periodicity was observed [9], with 1/3 of the nanotubes being conducting. Yet further the triple periodicity
appears also in some form in the leap-frog characterization
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of fullerenes, particularly the icosahedral-symmetry ones
[10]. Recently, several authors have briefly discussed the
Clar-Kekulé structuring in armchair nano-tubes, finding a
correlation of properties to a 3-periodicity [11-17], but without an explanation of why the correlation should be of the
form it is – indeed often a comment is made that the correlation is backward from what is (by these authors) imagined
would be expected from Clar’s classical theory [1]. In particular, the nano-tubes with 0-band-gaps are the ones for
which they interpret Clar’s theory to say that the HOMOLUMO gap is large. In fact, the above authors make several
assumptions beyond Clar, who does not mention HOMOLUMO gaps, but rather speaks of chemical reactivity. Here a
clear (but typically unmentioned) difference appears between
Clar’s (finite) benzenoids and the bucky-tubes these more
recent authors consider: Clar’s favored benzenoids are those
where the “Clar sextets” tend to be frozen into place by the
boundaries, while the bucky-tubes have no such boundaries
to freeze in the locations of the Clar sextets. The seeming
counter-correlation (involving HOMO-LUMO gap) for extended conjugated-carbon networks is out of step with Clar’s
wide success for finite benzenoids. Further with Clar’s theory being viewable as a special case of resonating VB theory, this counter-correlation would seem out of step with the
overall concurrences otherwise found amongst resonating
VB theory, MO theory, and experiment, at least in applications to finite benzenoids, to fullerenes, and even to a select
few of the extended systems [4-8] such as already noted, as
well as some further systems also.
I.2. The Exciting Realm of Conjugated Carbon NanoStructures
The literature of conjugated carbon nanostructures has
grown considerably over the last few decades, starting with
the development of polyacetylene [18] and also other conjugated-carbon polymers (such as poly-para-phenylene) [1922]. Upon the discovery and study of polyacetylene, doped
versions were prepared and found to behave as “synthetic”
metals (H. Shirakawa [23], A. G. MacDiarmid [24], and A.
J. Heeger [25]), and many related polymers followed, with
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an extensive growth of the theory as well. This was seen to
herald a new possibility of molecular engineering of different sorts of nano-circuits. There was perhaps an even more
dramatic nano-structural extension to fullerenes, first with
their detection and characterization [26] (R. F. Curl Jr. [27],
H. W. Kroto [28], and R. Smalley [29]), soon followed by
their preparation (W. Krätschmer, D. R. Huffman, and coworkers [30]). And then further, nano-tubes (S. Ijima [31,
32]) were developed, with a general belief following that
these were to be centrally important in the design and construction of nano-devices – as incredibly strong supports,
and with the possibility of either conduction or semiconduction. Then additional related nano-structures were prepared:
nano-cones (M. Ge and K. Sattler [33]) and nanotori (R.
Smalley and coworkers [34]). At the same time, the classical
field of molecular benzenoids was extended to ever larger
molecules (Müllen and coworkers [35]) and nano-belts (J. F.
Stoddart with coworkers [36-40], and other authors [41-50]).
But still more developed, with the characterization of different types of edges for graphite, and finally the preparation,
manipulation, and study of single graphene sheets (first
made by Geim and Novoselov [51, 52]; see also refs. [53,
54]).
All these various discoveries have triggered the
publication of numerous reviews, books, and journals (too
many to enumerate), concerning fullerenes, nano-tubes,
nano-cones, nanotori, cyclacenes, cyclophenacenes, their
Möbius counterparts, and graphene. Throughout all of this
the theoretical treatments of such extended nano-structures
have almost always been completely within an MO-bandtheoretic framework. And further there are a number of types
of structures which seem not to have yet been realized.
Really the whole range of possibilities has somewhat an appearance of different topological mathematical possibilities
for (locally Euclidean) surfaces embedded in space – just
with hexagon-rich networks embedded on these surfaces.
But even before this fantastic flurry of the last few decades, there is a long history of benzenoids corresponding to
small planar polyhex molecules – that is of the benzenoids,
which were seen as the prototypical example of delocalized
bonding and “aromaticity”. Indeed this idea of “aromaticity”
seems to be perennially developing, with a special issue of
Chemical Reviews recently devoted to the subject [55], but
not containing all the different viewpoints. One theoretical
high point of the theory of benzenoids is found in the books
of Pauling [56] and of Wheland [3], and yet another high
point of the development of simple ideas for benzenoids is
found in Clar’s simple ideas [1]. Indeed Clar rather neatly
explains (and even predicts) qualitative aspects of several
molecular properties – including chemical reactivity, 1HNMR chemical shifts, conjugated C–C bond lengths, and
electronic absorption spectra. And again in the more recent
few decades most treatments of benzenoids have devolved to
MO-theoretic considerations, the simplest following
Hückel’s (also now “old”) ideas. And again even a much
greater proportion of the theoretical work on conjugatedcarbon nano-structures has been via MO-based approaches.
That Clar’s ideas have so far been so little successfully considered for these novel nano-structures seems peculiar – and
especially there has been practically no reasonable attempt to
suitably extend his considerations to the characterization of
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properties including HOMO-LUMO gap, electronic conductivity, or magnetic susceptibility of such species.
I.3. Current Overall Aim
Thus it seems appropriate to examine Clar’s ideas carefully with a view to their extension to the new conjugatedcarbon meso-scale nano-systems, and beyond. Indeed we
have recently already made some of this extension to link
such ideas [57-59] with Pauling-Wheland resonance theory
[2, 3] and also to apply [60] such an extended Clar theory to
meso-scale nano-structures. Thus here we review and yet
further extend such ideas in the framework of a systematic
generalization of Clar’s ideas beyond finite benzenoids, to
attain a fairly comprehensive perspective of conjugated
nano-structures. For instance, we find that there are sextetresonant species (also frequently called “all-benzenoid” or
“fully benzenoid” species) which, in contrast to Clar’s finite
benzenoids, do not have their Clar sextets localized, and
have new “emergent” properties. We show that upon folding
graphene sheets into various 3D-carbon nanostructures, the
properties of the resulting meso-scale structures depend on
the congruence or incongruence of overlap of Clar sextets
from a parent graphene sheet. But also in such foldings to 3dimensional structures (strips cut from graphene, nano-tubes,
nano-tori, nano-cones, etc) various sorts of “defects” naturally enter into the picture, so that they need to be appropriately incorporated in the extended theory. If after such operations the overlapping Clar sextets coincide, then special
properties of the congruently-folded 3D structures become
manifest. In geometrical terms, the result of the operation (i.
e., yielding a 3D-structure) and the structure’s properties
depend on two integer vector-components h and k (h  k)
manifesting a 3-periodicity of the difference h  k . The
analysis encompasses a very wide range of conjugatedcarbon species based upon benzenoids or graphene. In the
present review, conditions for electronic conduction and for
reactivity in polymers and graphene are noted in the context
of this qualitative extended Clar-theoretic picture.
II. FUNDAMENTALS OF CLAROLOGY
Here it is intended to describe first Clar’s classical ideas,
especially with attention to their relation to the quantum mechanically based resonating VB ideas of Pauling and Wheland [2, 3, 56] though often this connection is not pursued.
But such a connection naturally provides an indication of the
direction to be taken for a quantum-theoretically consistent
extension of Clar’s ideas.
II.1. Clar’s Ideas
Clar developed classical ideas of “aromaticity” to a simple elegant form which yet made diverse predictions, surprisingly reasonably for the case of conjugated benzenoid molecules for which he illustrated his scheme [1]. Clar’s ideas
may be viewed as a refinement of the classically based ideas
of Armit and Robinson [61, 62] from 1922, such as indeed
Clar said was the case. In Clar’s approach Kekulé structures
are “condensed” so far as possible into “aromatic sextets”.
More formally, one considers coverings of the -centers in
terms of two types of disjoint subgraph components: 6cycles (or sextets); and lone pairings (i.e., edges) between
adjacent centers. This is done so that amongst the pairings,
no triple occurs around a hexagon – if such a so-called con-
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jugated 6-circuit were to occur it would be recast as an aromatic sextet (i.e., as a Clar-cycle). Thus for naphthalene
there are two such Clar structures, each with a sextet for one
ring and two pairings remaining in the neighboring ring. See
Fig. (1), where following Clar, the ring associated to a sextet
is indicated with a circle inscribed within the hexagonal ring.
One benzenoid may have Clar structures with different numbers of sextets, with those Clar structures having a maximum
number of sextets being favored. These thus-favored Clar
structures are here termed sextet-maximum. Thus for triphenylene in Fig. (2), there are two Clar structures with the first
one in the first formula with the maximum of 3 sextets
significantly favored over the second one with but a single
sextet.
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lengths were identified as shorter (more like those of localized double bonds), and any hydrogen atoms attached thereto
manifested 1H-NMR chemical shifts like those attached to
localized double bonds. More recently the quantum-chemical
NICS aromaticity index [64-66] has been found to correlate
well in a qualitative sense with full and empty rings in the
sextet-maximum Clar structure, and quantitative correlations
have been demonstrated [58] when using the whole collection (including sextet-nonmaximum Clar structures). Indeed
such work using the full set of Clar structures has also been
found [58, 67] to correlate quantitatively with resonance
energies, as computed by different suitable methods. Indeed,
(especially sextet-maximum) Clar structures show some correlation with a range of different aromaticity indices, both
local and global.

Fig. (1). Two equivalent Clar structures of naphthalene, each containing the three Kekulé structures.

Fig. (2). Two nonequivalent Clar structures for triphenylene; only
the first has three Clar sextets.

Clar gave special attention to an exceptional class of benzenoids with a Clar structure consisting entirely of sextets.
These were identified by Clar as especially stable, especially
aromatic, and we have termed them sextet resonant. They
have been also called "all-benzenoid", “fully-benzenoid”,
and “total-resonant sextet”, though here and in a recent article [60] we term them claromatic. For the class of finite
molecules, the sextet covering is unique, and each ring of the
benzenoid is either "full" or "empty" in correspondence with
this sextet covering. In a recent paper, for such sextetresonant structures the triangulated sextet-dualist and the
anti-sextet dualist have been introduced [63]. The latter is
formed by points at the centers of “empty” rings and by lines
connecting such points when they correspond to condensed
benzenoid rings (i.e. rings sharing one edge). As an illustration, Fig. (3) shows the anti-sextet dualist for the sextetresonant hexa-peri-benzocoronene (which was displayed
with its sextet-resonant Clar structure on the cover of Clar’s
book [1]).
For the general case of Kekuléan benzenoids, Clar particularly correlated the (sextet-maximum) Clar structures
with molecular properties, primarily chemical reactivity (for
electrophilic reactions), thermal stability, bond lengths, 1HNMR chemical shifts, and UV/optical spectra. The more
highly reactive positions were identified as the positions
where lone (bond) pairings were located, and these bond

Fig. (3). Anti-sextet dualist graph for hexabenzo-coronene.

But again Clar's ideas (framed in a qualitative manner)
were developed in the context of benzenoid molecules, and
typically fairly small non-radicaloid ones. For these species
the lone double bonds in the sextet-maximum Clar structure
are typically on the boundary, e.g., such as where electrophilic reactions would be plausible and where there were Hatoms to chemically shift their 1H-NMR levels. Thence it is
plausible that if the sextets and double bonds are not so localized on the boundary, then there may be some modification to Clar's argumentation. And notably it is precisely these
altered circumstances which apply not only to radicaloid
species but also to many perfectly stable extended nanostructures – to graphene, to nano-tubes, and to nano-cones.
II.2. Clar Sextets in Chemical Graph Theory
In fact a certain amount of attention was paid to Clar’s
theory, with its incipient novel graph-theoretic definitions
and ideas. Clar’s ideas presented by way of illustration were
thus formalized, with definitions and a few associated consequences. For example, Clar structures were defined [5, 6871] much as above, but on the other hand several authors
defined [72-74] Clar structures to be what we term the “sextet-maximum” Clar structures, in as much as these were
clearly illustrated by Clar as the more important. The Clar
number C has been defined as the maximum number of sex-
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tets, and sometimes related polynomials were introduced.
Often schemes were devised to identify families of “sextetresonant” benzenoids (being those with Clar sextets and no
remnant double bonds). But seldom in most of this work
were correlations drawn to connections either to other wellfounded theoretical pictures or to experiment.
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any such arrows, while the second structure would. That
there is some ambiguity of agreement evidently appears to
depend on just exactly what one understands by a Kekulé
structure, with there being a quite wide range of views, and
what it should be for application of Clar-theoretic ideas has
not yet been well explored.

II.3. Relation to Resonance Theory
In fact, some of the motivations of Pauling and Wheland
were rather like those of Clar, in that they saw how to formalize previous classical ideas, such as those of Armit and
Robinson. The part of their motivation which was different is
that they believed that they saw how to connect [2] this classical work to a quantitative quantum mechanical description,
in terms of a covalent-space valence-bond model, and particularly to use a resonating VB basis of states (following
Rumer [75, 76]). But the then-current difficulty of solution
of this model drew them to suggest resonance theoretic solutions in terms of neighbor-bonded Kekulé structures, and
ultimately even more simply (especially in Pauling’s masterwork [56]) to deal just with enumerations of such Kekulé
structures.
Indeed it is natural to view each Clar-sextet to be comprised from two Kekulé sub-structures involving the two
possibilities for conjugation around the ring of the Clar sextet. That is, for naphthalene, the Pauling-Wheland resonance
theory would consider the three Kekulé structures  a ,  b ,
and  c depicted in Fig. (4), and this natural view of Clar
structures would take the two respective Clar structures  I
and  II of Fig. (1) to correspond to  a +  b and  b +  c .
The ground-state so interpreted in terms of Clar structures
then would be  I +  II , which of course is just
 a + 2 b +  c . There are in fact different approaches which
indicate this central  b to be more important than  a and
 c . This  b is an example of a Fries structure [77] described (for benzenoids) as a favored Kekulé structure manifesting a maximum number of conjugated 6-circuits. Fries
described such favored Kekulé structures as the best by
which to describe a benzenoid, with bonds tending some
towards localization as indicated by his Fries structures.
Such a structure with a maximum of conjugated 6-circuits is
unique for cata-condensed species [78], but otherwise there
generally are more than one. In the Pauling-Wheland VB
theory, the weight of  b for naphthalene is bigger than that
for  a and  c , but in fact much smaller than 2 (it has a
weight of  1.15 ). But for the resonance theoretic model of
Simpson [79], one finds a slightly larger relative weight for
 b , around 1.25 . Also an improved VB model [80] gives
such a slightly higher weight. Yet further the Clar-sextets
need not entail equal weights of the pair of Kekulé substructures with different conjugations around the considered ring
– say with the Clar structures of naphthalene being nonsymmetric as indicated by arrows, which as in Fig. (5) indicate the possibility of a Clar sextet to move, while all the
others remain fixed. Thus for instance, the Clar sextets of the
first structure of triphenylene in Fig. (2), would not entail

Fig. (4). The three Kekulé structures of naphthalene (the Fries
structure is denoted by b).

Fig. (5). Modified (arrowed) Clar structures, for naphthalene.

One view [57] of Clar’s theory [1] is that it provides a
classically based motivation for the structure-resonance theory of Herndon [81, 82] or conjugated-circuits theory of
Randi [83-85] for computing resonance energies of benzenoids, and even related molecular species with a few 4- or 5membered rings. Indeed this theory has been used fairly
widely on ordinary molecular species, as well as on
fullerenes [86-89] and there are several papers dealing with
polymers [90-95] and extended 2-dimensional systems [96,
97].
A general view of Clar’s theory is [99] that it operates
with a reduced-size space in which to model each conjugated-carbon network. In fact, one may view Clar’s theory to
provide but one of a sequence of models, with the HerndonSimpson model (associated with conjugated-circuits theory)
to precede it in terms of the size of the structure space, and
preceding this in terms of the size of the structure space is
the full-covalent space Pauling-Wheland VB model, and yet
further preceding this is the covalent-ionic space VB model.
The situation is summarized in Fig. (6), and the final resultant Clar-theoretic model is anticipated to be similar to that
described by Herndon and Hosoya [99]. But here rather than
focusing on such a quantitative model Hamiltonian, or related invariants representing expectation values, we try to
approach the problem in a manner somewhat like Clar’s (and
Pauling’s less mathematical more chemical presentations) to
seek immediate qualitative insight, covering wide classes of
materials, especially of the novel nano-structural type.
II.3. Extension of Clar’s Theory
For general application to conjugated-carbon nanostructures it is natural to consider some further properties
and further circumstances where the sextets (and possibly
lone spin-pairings) are not localized, say due to a boundary.
As to 1H-NMR chemical shifts, our extended nano-structures
without boundaries then have no H atoms to manifest chemical shifts. As to bond lengths, without localization of sextets
(and lone spin-pairings) there is no fluctuation in bond
lengths. And similarly NICS ring aromaticity indices should
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Fig. (6). Hierarchy of models.

have smeared out aromatic values. Finally resonance energies should retain much the same correlation as in benzenoids with localized sextets and lone pairings in their Clar
structures – that is, the resonance energy should increase
with the number of sextets, and also should be slightly enhanced through their delocalization. This last point indicates
that boundary-less sextet-resonant species are of higher
resonance energy per site than for the conventional (highly
stable) sextet-resonant benzenoids where sextets tend to be
frozen in place. Thence the sextet-resonant nano-tubes with
zero-band-gap should have the greatest resonance energy,
and possibly similar distinctions apply for nano-cones.
Clar’s arguments might even be sought to be quantified,
as we have done in application to ordinary benzenoids [58],
and even benzenoid radicals [59]. In particular, averages
over Clar structures including those with non-maximum
numbers of Clar sextets were needed to attain good quantitative agreement. This can be notably relevant when the sextetmaximum is unique, while at the same time there are very
many Clar structures with but slightly fewer aromatic sextets. That is, though a Clar structure's weight increases with
the number of sextets, those with fewer than the maximum
number still contribute (even as indicated by Clar) and can

perhaps even dominate if their number is suitably larger.
Moreover, this effect can be further exaggerated for extended
systems as it turns out that the boundary facilitates the freezing in of aromatic sextets if things are otherwise favorable.
This final qualification here is usually irrelevant for ordinary
benzenoids, where almost all rings are at or near the boundary. However, for extended species with a large fraction of
the rings away from the boundary, the pattern which the
boundary would tend to freeze in aromatic sextets might turn
out to be inconsistent with the pattern of their delocalization
in the (bulk) interior.
It should be emphasized that for Clar’s “high-lighted”
sextet-resonant benzenoids, the simplified zero-order averages based on the single sextet-resonant Clar structure may
be expected to be quite reasonable so long as the system is
small enough that a major portion of it is on the boundary.
That is, for such a system (as in Fig. 2), a sextet-nonmaximum Clar structure C( b ) turns out to have especially
fewer sextets than can otherwise occur with systems which
are not sextet-resonant. To see this, note that in a sextetresonant molecular benzenoid such a structure C( b ) must
have a sextet in a position which is “empty” in the favored
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Clar structures C( a ) (consisting only of sextets) whence the
three adjacent which are full in C( a ) must be empty in C( b ) ,
so that there is a net cost of two Clar sextets. In contrast for
systems which are not sextet-resonant the net cost from a
sextet-maximum Clar structure can be just one. See, e.g.,
phenanthrene in Fig. (7), where the approximation neglecting the sextet-non-maximum Clar structures is less severe as
involving a cost of just one sextet. This then makes a more
severe correction to the bond and ring indices noted in the
two preceding paragraphs, e.g., as seen on comparing Fig.
(7) to the previous triphenylene results of Fig. (2). Thence
Clar’s singling out of the sextet-resonant species as exceptional is further supported.
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addition to having a small HOMO-LUMO gap, also have
(thermally accessible) unpaired spin density concentrated on
a few sites. Such species should (within an MO framework)
have a notable local density of states for energies near the
Fermi energy ( = 0 for the simple Hückel model) if a species
is to be so radicaloid. Or returning to the question of electrophilic reactivity, this is predicated upon localization of localized double bonds, such as may be induced by boundaries,
but also perhaps if somehow a degree of localization of unpaired sites occurs. A large band gap occurs with localization
of sextets. Further a small band gap occurs either with localized unpaired spins, or possibly with suitably extensively
delocalized bonding, such that slight local modifications of
the manner of delocalization can lead to an excited state of
very nearly the same energy.
The question of electronic conduction within a resonating
VB framework (such as is so close to Clar’s ideas) can be
addressed by either adding or removing an electron, and examining whether there is any subsequent cost of the resonance energy. This idea is elaborated by way of illustration
in the benzenoid polymer section.

Fig. (7). Two nonequivalent Clar structures for phenanthrene; only
the first has two Clar sextets.

The argumentation is a little more subtle for reactivity
and especially its oft-assumed correlation to HOMO-LUMO
gap. Basically we argue that the direct correlation to HOMOLUMO gap is naïve – that is, just because there are no localized double bonds in a sextet-maximal Clar structure, there is
no immediate rationale for a large HOMO-LUMO gap. Generally even if the HOMO-LUMO gap is small, the reactivity
for electrophilic reactions need not be necessarily high – the
reactivity being governed by local values of a reactivity index, which can have a large sum over all vertices while being small at all local positions. That is, the reactivity towards
electrophilic agents is to be correlated to a high bond order
(at the boundary), which does not occur if there is no bond
localization, regardless of the HOMO-LUMO gap. E.g.,
though the HOMO-LUMO gap is zero for graphite, or indeed for any metal, these substances do not always act like a
(zero-gap) radical species. Actual reactive radical species, in

The consideration of unpaired electrons and associated
magnetic properties takes one yet a little farther from Clar’s
discussion [1]. And this extension is delayed to the radicaloid section.
III. “ZERO-DIMENSIONAL” STRUCTURES: MOLECULES
It seems proper to provide some brief discussion of
Clar’s ideas in his original realm of work, on the benzenoids
of say a dozen rings or less – i.e., on systems with no dimension of great extent. Even in this regime if the species is
radicaloid, Clar gave less discussion, so that some discussion
of this case needs to be addressed.
III.1. Benzenoid Molecules
These somewhat extended ideas of Clar may now be applied to different classes of nano-structures. As already noted
in the Introduction, there are a great variety of these to which
Clar's ideas have been little applied, including polymers,
semi-infinite graphite, vacancy defected graphite, nanotubes, defected nano-tubes, and more. Most of our ameliora-

Fig. (8). Peri-fused benzenoids with hexagonal symmetry having 7 rings (coronene), 19 rings, and 37 rings.
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tion of Clar’s ideas extends consideration to HOMO-LUMO
gaps and unpaired spin density, and a main structural elaboration concerns the influence of boundaries. Thus the situation, which notably differs from what Clar considered [1],
involves a lot of boundary. In the two preceding sections
there are found typical examples for a couple of smaller benzenoids (with relatively fractions of the rings on a boundary).
But even if one considers benzenoids which traditionally
would be considered rather large, say such as the hexagonalsymmetry 7-, 19-, and 37-ring benzenoids of Fig. (8), it turns
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out that they still have a considerable fraction of rings on the
boundary: namely 6/7, 12/19, and 18/37 for the three benzenoids of Fig. (8).
Clar's ideas and related arguments may be more comprehensively tested by considering some other extended nanostructures which differ from those of Clar in being infinite
(or even finite if they manifest unpaired electrons). This we
do in the following, starting with those which retain a degree
of similarity with the systems considered by Clar in having a

Fig. (9). Some of the large claromatic benzenoids synthesized by Müllen and coworkers.
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significant extent of boundary (in comparison to the number
of carbons).
II.2. Claromatic Benzenoids
Again these are the (exceptionally stable and aromatic)
benzenoids for which there is a Clar structure which consists
entirely of Clar sextets. In fact many such exceptionally stable hydrocarbons have been recently synthesized and studied
by Klaus Müllen and his coworkers, as illustrated in Fig. (9)
[35]. Their stability have made possible their formation by
Scholl- and Kovacic-type dehydrogenations [20] leading to
the formation of dozens of new C–C bonds in a single step,
exemplified by eliminating H2 from ortho-terphenyl to form
triphenylene.
In principle, long strips of claromatics can be catacondensed (Fig. 10) or peri-condensed (Fig. 11). For perifused strips one can imagine a synthetic approach (Fig. 12)
modeled after Mandelbaum’s known method for obtaining
triphenylene derivatives [100]. On the theoretical side, there
has been much work on different chemical graph-theoretic
characterizations of Claromatic benzenoids, as referenced in
Balaban and Schmalz [63] The nontraditional and extended
structures of focus here have rather infrequently been considered from Clar’s point of view, though we have recently
begun such considerations [58] with some further related
elaboration here.

Fig. (11). Peri-condensed claromatic strips.

II.3. Benzenoid Radicals
Clar [1] was very brief in considering radicaloid species,
but really his ideas apply fairly well [59] in this context also.
Here structures with unpaired electrons are entertained, such
as for perinaphthyl as in Fig. (13). Then in addition to bond
orders (and ring aromaticity indices), counts for unpaired
electrons are appropriate, with the consequent Clar free valence for a site i being

CFVi = A   C wC  ui (C )
with

wC and A as before, and ui(C) the number (= 0 or 1) of

unpaired electrons on site i in Clar structure C. The bondorder and ring-aromaticity indices remain much as before.
For the first of the summary structures of Fig. (13), the component structures are listed in Fig. (14), along with the contributions for the Clar-based bond order, free valence, and
ring aromaticity for each one of these contributing component structures. Thence for peri-naphthyl one Clar-based
obtains overall free valences, bond orders, and ring aromaticity indices as in Fig. (15). The Pauling bond orders in this
case come out to be similar (but slightly different when the
two Kekulé structures with an unpaired electron in the center
site are taken into account).
Fig. (10). Cata-condensed claromatic strips.

As another example, note the benzyl radical which has
just a single sextet-maximum structure, which if used to
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Fig. (12). Putative approach to synthesizing cata-condensed polymer strips via Diels-Alder reactions, to be followed by reductions and
dehydrogenations.

Fig. (13). Representation of radicaloid Clar structures of the perinaphthyl free radical.

compute these various indices give the results in Fig. (16).
But it is emphasized that if we were to include the three different structures with no Clar sextet rings (involving a double bond directly from the ring to the benzyl radical), a
modification to this is obtained, but we are faced with an
assignment of relative weights of different structures with
different numbers of Clar sextets.
Typically only structures with a minimum of unpairing
are considered, as when dealing with Kekulé structures, for
ordinary finite polyhex structures. That is, peri-naphthyl
structures with triples of unpaired electrons are not considered. This rule though is not firm, especially in dealing with
larger systems where the introduction of some small extent
of unpairing achieves a much greater freedom in the remaining mode of pair (and sextet) formation. This is addressed
later in the next section.
The Clar free valence (CFV) is related [59] to the Clar bond
orders (CBO) thusly

1 = CFVi +  e CBOe
@i

where the sum is over edges incident to site i. This is in close
analogy for the Pauling free valences and bond orders.
A further point is that in what might be termed "typical"
radicals, the unpaired electrons occur solely on sites of one
type, starred or unstarred. But this does not always occur, as
for the bis-perinaphthyl species of Fig. (17), where the
maximum-paired Clar structures are indicated – and it is
seen that one unpaired electron is on a starred site while the
other is on an unstarred site.
IV. “ONE-DIMENSIONAL” CASE: POLYMERS
The case of polymer strips provides a nice beginning to
the consideration of nano-structures, where not only unpairing can occur, but also properties such as magnetic susceptibility and electrical conduction become relevant.
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Fig. (14). Resolution of the first radicaloid structure of Fig. 13. Here the 1st row gives the resolution, the 2nd row gives bond order assignments for each corresponding structure of the 1st row, and the last row gives corresponding free valence assignments.

Fig. (15). Results in the 1st row for the 1st of the summary structures of Fig. 13 (obtained by averaging the results in Fig. 14). The 2nd row here
is for the average over all the three summary structures of Fig. 13.

IV.1. Benzenoid Polymer Strips
Benzenoid polymers with boundaries on opposite sides of
a polymer "chain" or "strip" have comparably as much
boundary (per C atom) site as ordinary benzenoid molecules.
Thence there is an opportunity for extensive freezing-in of
sextets and lone pairings. This may be approached by way of
example.

First, consider poly-para-phenylene, which is readily
seen to be sextet-resonant as seen in Fig. (18). Evidently
each ring is aromatic while the intervening bonds are near
single, which is in agreement with ordinary resonance theory, VB theory, and also with Hückel MO theory. Just as for
finite-molecule benzenoids, one can expect the species to be
stable with a large band-gap, which indeed is the case at the
Hückel and higher levels [98].
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Fig. (16). The sextet-maximum Clar structure of the benzyl free radical. Along with bond order, free valence, and ring aromaticity indices,
assuming negligible contribution from the sextet-maximum Clar structures.

Fig. (17). The maximum-paired Clar structures for the diradical bis-perinaphthyl.

Fig. (18). Poly-para-phenylene.

One “wider” benzenoid polymer has a uniform width of
one hexagon, with armchair edges. This is not sextetresonant as seen from the Clar structure of Fig. (19) with
alternating rings containing lone pairings. Of course, here
there are different Clar structures with many sextets but appearing in different rings, so that there is no overall sextet
localization. The overall effect (at least in the interior away

from the ends) might be viewed in terms of two sextetmaximum Clar structures: one as in of Fig. (7), and a second
with the sextet rings displaced one position along the chain.
Then Clar bond-orders in terms of these two sextetmaximum Clar structures are as in Fig. (20).
Furthermore, from our slight extension of Clar’s ideas,
still to the case of the long poly-para-phenylene polymer,

Fig. (19). A poly-phenacenic benzenoid strip with a uniform width of one hexagon.
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Fig. (20). Maximum-sextet Clar bond orders for the polyphenacenic polymer of Fig. (19).
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one may argue that the band-gap is not zero here, in that if it
were, then conduction of electrons would be facile. But even
within a Clar-theoretic framework it can be seen that conduction is not favored. That is, if we introduce a site with an
extra electron as in Figs. (21a-21d), on either a starred or
unstarred site, while otherwise drawing in a fully paired Clar
structure, something very interesting happens: namely, the
pairing pattern on one side from this singular negative site is
forced such that there are no sextets (while there are sextets
on the other side). That is, with the introduction of such an
electron the occurrence of sextets is sacrificed so that much
resonance is eliminated, and consequently there is a significant energy cost to the introduction of the extra electron, and
there is a notable gap. This too is in agreement with more
conventional resonance theory [7, 8] and also with Hückel
MO theory [7, 8] and beyond [98], the Hückel band gap being 0.344 ||. And it is emphasized that this is not in disagreement with experimental results concerning the conductivity of doped poly-para-phenylene, in as much as in this
case there is a fixing of the number of electrons away from
one -electron per carbon atom – and at present we focus on
the electrically neutral (non-ionized) regime.
The next wider species in this sequence is a polymer a
uniform width of two hexagons, still with armchair edges.
As seen in Fig. (22a), this species is sextet resonant, and
moreover the sextets are localized, so that again considering
just this sextet-maximum Clar structure, one obtains the Clar
bond orders of Fig. (22b) limited to consideration of the sextet-maximum structure. Again a great similarity is seen. Further as concerns conduction, again consider the introduction
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of an extra electron, for which its site is internally paired,
and one continues to otherwise draw in a Clar structure with
a maximal number of Clar structures, whence one obtains a
result like that of Fig. (23) depending on whether the new
electron is introduced on a starred or unstarred site. Notably,
no matter how the electron is introduced, the Clar pattern on
one side or the other of the extra electron has half the density
of sextets as for the undefected chain, and again there is a
resonance energy cost, so that from the point of view of
resonance theory the system should not be conductive.
Moreover, Hückel theory gives a band gap of 0.494 || so
that also the system is predicted in this MO picture not to be
conductive. That the system is sextet resonant indicates a
high degree of stability to reactions (i.e., aromaticity in the
classical sense) and a high resonance energy, as is consistent
with conjugated-circuit computations on this polymer.
The yet next wider species is a polymer with a uniform
width of three hexagons, still with armchair edges. This species is no longer sextet-resonant, and has a sextet-maximum
Clar structure as in Fig. (24a), and the arrows attached to the
sextet circles indicate that they may move about from the
ring at the tail of an arrow to the ring at the head of an arrow,
whence one perceives that there are many such sextetmaximum Clar structures. In fact there are many more not
found from Fig. (24a), as indicated in Fig. (24b), where the
multiplicity of structures is only partially manifested and the
sextets are localized. Both types of sextet-maximal Clar
structures of (a) and (b) have the same density of sextets, at

Fig. (21). The poly-phenacenic benzenoid strip having a uniform width of one hexagon as in Fig. 19, but with one extra p-electron on a
"starred site" in (a) and (b), and on an "unstarred site" in (c) and (d).
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Fig. (22). A benzenoid strip with a uniform width of two hexagons, allowing a sextet resonant Clar structure having only Clar sextet rings and
empty rings in (a). Then consequent Clar-like bond orders in (b) are shown with thick lines for those with value 1/2 and thinner lines for
those with value 0.

Fig. (23). The benzenoid strip with a uniform width of two hexagons plus one -electron.

one per column of the polymer. But the two types of Clar
structures are very different in another way – namely in
terms of the total Clar-bond order for horizontal bonds in any
column, it being 1 for the structures of Fig. (24a), while for
24(b), it is 2. That is, these two sets of Clar structures in
Figs. (24a) and (b) for a very long polymer are different in
every column, and so can not be changed from one class to
the other without making changes in every column. That is,
these two sets of Clar structures must be (essentially) noninteracting, and the proper averaged bond-orders for the
ground state should come from just one of these classes –
which class it is depending on a computation of the (resonance) energies associated to each of these classes. Here the
two classes should manifest similar (resonance) energies
since each has the same density of sextets.
To understand a little more clearly what is going on, note
that the structure of 24(b) is of the same class of 25(a) or
25(b) – even though there is a difference in every other column (as to the placement of the sextet rings). The equivalence of 24(b) and 25(a) arises because there are step-by-step
“local” changes (from one Clar structure to another) which
can be made, each resulting structure being in the same
(equivalence) class as the one before, all in such a way that a
whole string of such locally changing structures may be
identified, starting with 25(a) and ending with 25(e). [Here a
“local” change is understood to mean just a shifting of a
(small) finite number of bonds and or rings around.] To illustrate this we note: the first step in such a local change in Fig.
(25b) where the structure of 25(a) has been changed locally

to have one new Clar sextet moved to the new row of 25(a);
and a second step in such a local change is found in 25(d);
and after a long sequence of such local steps, a next to last
step before arriving at 25(a) is shown in 25(e). Notice that
these various local motions do not change the number of
horizontal -bonds in each of the columns – all such local
changes (which do not introduce unpaired electrons) preserve the number of such horizontal -bonds per column, so
that 24(a) and 24(b) are in different such equivalence classes.
Here the two classes [one of 24(a) and the other of 24(b)]
should manifest similar (resonance) energies since each has
the same density of sextets, and each seems to manifest notable resonance (amongst a number of different locally differing Clar structures). Thence to render a distinction, a more
detailed computation is warranted. To distinguish which of
the two equivalence classes is more stable one could apply
conjugated resonance theory, or quantitative PaulingWheland resonance theory, to yield that the class of 24(a) is
the more stable.
An average Clar bond-order over even just the sextetmaximum structures is not fully trivial, but one immediately
sees that the sum of the horizontal bond orders in each column is 1, while the sum for the diagonal bonds in either of
the two directions is 2. For considerations on conduction and
band-gap something interesting happens, as illustrated in
Fig. (26), where one sees that the introduction of a single
extra electron in fact leads to a manifestation of what is otherwise a Clar structure such that on one side of the electron it
looks like it is associated to that of the class of Fig. (24a)
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Fig. (24). A benzenoid strip with a uniform width of three hexagons: classes (a) and (b) have different horizontal bond orders per column,
namely 1 and 2, respectively.

Fig. (25). Strips with width of three hexagons belonging to the same class with bond order per column equal to 2.
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Fig. (26). The benzenoid strip with a uniform width of three hexagons as in Fig. 24 plus one -electron.

while on the other side it appears like that associated to the
class of Fig. (24b). And because as we have already decided
that these two distinct classes have similar sextet densities
and energies, there should not be much cost to the introduction of the extra electron. That is, the gap should be small,
notably smaller than for the previous two cases, again in
agreement with corresponding resonance theory computations [6], and also with the simple Hückel result [8] of zero
for the band gap. [The simple Huckel theory is a 0-order
approximation, which in this case should be lifted with better
band-theoretic computations – there being many (other)
cases where the 0-band gap is not lifted in higher orders because of symmetry – it being understood that the gap can be
lifted with a distortion to a lower symmetry which does not
preserve the 0-band gap. Indeed this is part of the message of
the theory of Peierls distortions, which however we do not
pursue here. But for a connection of this theory with VB
rationales such as pursued here see ref. [7].
One can proceed on up, to ever wider strips of the sequence begun with Fig. (18) (for 1 hexagon width), Fig. (22)
(for 2 hexagons width), and Fig. (24) (for 3 hexagons width).
There emerges a pattern of period 3: for hexagon-width w =
3n – 1 the polymers are sextet resonant, with localized sextets, and a relatively large band gap; for hexagon width w =
3n there are two sextet-maximum classes with delocalized
sextets, and a small band gap; and for hexagon-width w = 3n
+ 1 there is a single class of sextet-maximum Clar structures
with delocalized sextets, and a notable band gap. Moreover,
both within the simple Hückel MO theory [9] and the simplest resonance theory [7, 8] this pattern of band gaps is reproduced. And yet further the simple Kekulé-structure enumerating resonance theory yields this same pattern of classes
(of Kekulé structures rather than Clar structures).

along with the associated circumstance found for the width-3
polymer of Fig. (24) regarding the two equi-energetic but
non-interacting classes of Clar structures. This really is a
manifestation [7] of a "long-range order (LRO)", such as is
of the same sort which distinguishes different thermodynamic phases. But regardless of this, it is very easy to identify (if one knows what to look for). To this end, it can be
shown that the considered sum of bond orders for horizontal
bonds dividing a polymer identify the different LRO classes
to which Clar structures belong (at least for any alternant
network such as are all benzenoids). Indeed for any dividing
set of parallel bonds in any direction the different bond order
sums correspond to different classes.
IV.3. Radicaloid Polymers
There are many radicaloid benzenoid polymers to which
Clar's ideas follow much the same pattern of prediction indicated in the examples given here, though one may need to
take a some care in listing all the Clar structures, and one
looks to see how what occurs in one monomer unit affects
what appears in neighboring monomer units. For instance,
for poly-(meta-phenylene-methylene) that can also be called
poly(meta-benzylidene), there is the possibility of having an
aromatic sextet in a monomer in just one way, with the unpaired electron occurring on the methylene bridge as in the
first entry in Fig. (27), though there are 7 ways in which the
unpaired electron can be moved from the bridge into an adjacent ring, as in the later parts of Fig. (27).

Of course there are many possible benzenoid polymers
other than the sequence described in the preceding five paragraphs. But in fact for every single one of the cases we have
investigated, the consilience with Kekulé-structureenumerating resonance theory and simple Hückel theory
persists. This includes another infinite class manifesting a
similar period-3 oscillation between the three types of behaviors noted in the preceding paragraph – this class is that
again with armchair boundaries, but columns alternating in
width between two values which differ by 1. Another class is
that with polyacenic zigzag edges and deserves consideration
under a separate category of benzenoid polymers, with especially low densities of sextets, so that we attend to this in the
next section.
The mode of prediction of conductive band gap via the
use of Clar structures deserves some more general attention,

Fig. (27). The different local resonance patterns possible in a long
poly(meta-benzylidene) chain.
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Of these 8 monomer arrangements without an aromatic
sextet: 3 (denoted by B) involve transferring one unpaired
bridge electron from the bridge on the left of a ring, 3 (denoted by B¬) involve transferring one unpaired electron into
the ring from the bridge on the right, and 1 (denoted by B ¬ )
involves transferring unpaired electrons from both adjacent
bridges. Thence, further denoting the monomer arrangement
with the no unpaired electrons transferred into a ring by B ,
we have 4 types of local Clar structures, and there are only
certain possibilities for the type of ring which may follow a
given one:

B  B + B + B + B
B  B + B + B + B





B  B + B

B  B + B


That is, following an A-type any one of the types of rings
may follow, whereas following a B¬-type there may only
follow A and B¬ types, which do not involve an unpaired
electron from the intervening bridge being transferred into
the following ring, as it has already been transferred into the
preceding ring. Thence the number # N +1 ( ) of Clar structures

in an N + 1 -ring chain such that the last ring is of type  is
given by

 # N +1 ()   x

 
 # N +1 ()  =  x
 # N +1 ()   x

 
 # N +1 ()   x

3 3 1   # N () 


3 3 1   # N ( ) 
0 3 0   # N ( ) 


0 3 0   # N () 

where also we have introduced a weight x when the resulting N + 1 th ring is a Clar sextet. That is, to obtain the literal
(unweighted) Clar-structure count, one should take x = 1 ,
whereas if one were to seek Kekulé-structure counts, one
should take x = 2 (corresponding to the two ways to conjugate around a Clar-sextet ring). But other weights might be
relevant in a quantitative treatment, and a derivative with
respect to x provides an elegant way to average numbers of
Clar sextets in the various rings (with of course the weight
x favoring different structures differently). Also other averages, say as to the location of the unpaired electrons might
be handled similarly. This indeed leads to a transfer-matrix
approach to deal with such long polymers, as has been discussed in a fairly general context elsewhere [92].
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IV.4. Non-maximum Pairing, Incipient Radicalism, and
Defected Polymers.
There are examples of where say for a Kekuléan structure, it may be worthwhile to introduce a few unpaired electrons, so as to obtain many more resonance structures. That
is, in suitable circumstances the stabilizing effect of the
resonance may overwhelm the destabilizing cost of the unpaired electrons. A prototypical example of this is provided
by the case of the polyacenes. For instance, for tetracene
there are four Clar structures with a single Clar sextet and no
unpaired electrons, while there are six Clar structures with
two Clar sextets and two unpaired electrons. In this case
there is not very much gain in the number of resonance
structures by unpairing electrons to gain an extra Clar sextet,
so that these extra structures do not make overly great contributions to the ground-state wave-function. But as one goes
to higher N-acenes, the situation changes notably. The number of single-sextet Clar structures in N-acenes is N while the
number of double-sextet structures (with 2 unpaired electrons) is 121 N ( N  1) 2 ( N  2) , as is illustrated in Fig. (28)
(for the case of tetracene). Thus the ratio between the double-sextets and the single sextets is (N–1)2(N–2)/12, and
eventually, for sufficiently large N, the number of doublesextets becomes overwhelming:
N = #rings = #single-sextets = 1

2

3 4 5

#double-sextets = 0

0

1 6 20 50 105 196 336 540 825 1210

6

7
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10 11
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That is, the double-sextet structures with 2 unpaired electrons eventually come to dominate, and the structure appears
diradicaloid. This is, in fact consistent with much more
elaborate ab initio quantum chemical computations – that is,
they reveal that the ground-state approaches (say as N increases through 6, 7, 8) having two singly occupied MOs,
with a low-lying triplet pairing of these 2 MOs also possible.
Moreover, the present argument reveals that for large enough
N, it is appropriate to describe the polyacenes as polyradicaloid, with a number of unpairings increasing in proportion
to N. Of course, the reactivity of such radicaloid species increases rapidly, so that the experimental situation finds hexacene as the highest well-characterized (but very reactive)
species.
Organic chemists know that anthracene and the especially higher N-acenes undergo easily addition of hydrogen
and halogens at meso-positions, they form moloxides with
oxygen from air (i.e., with a peroxide linkage between two C
atoms) or meso-quinones, and react with dienophiles. The
longest stable acene known till now with several specially

Fig. (28). Radicaloid Clar structures in an acene with an even number 2n (n = 2) of benzenoid rings.
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devised bulky substituents has nine benzenoid rings [101];
the unsubstituted nonacene was obtained by photogeneration in argon matrix at 30 K [102].
This result might be contrasted with a stable species rich
in fully paired Clar-structures (and Kekulé-structures), such
as the armchair chain of hexagons, for which a Clar structure
has already been indicated in Fig. (29). Here there is basically no opportunity to introduce more Clar sextets, though
one can obtain additional structures with unpaired electrons
if one sacrifices one of the Clar sextets. In particular, for a
chain of N = 2n + 1 hexagons, one sees that there is a single
sextet-maximum Clar structure with n + 1 Clar sextets, and
that any one of them might be sacrificed to give structures
with unpaired electrons, so that the number of diradicaloid
structures one short of the maximum number of Clar sextets
is ~ n ~ N . Here it is noted that the two unpaired electrons
cannot be far separated (for a lone unpaired electron induces
a change from one long-range-order class to another, as discussed in conjunction with Fig. (26), which costs a number
of Clar sextets proportional to the distance), till one switches
back to the Clar-structure-rich phase with the second unpaired electron. For the present case, switching between two
phases is indicated in Fig. (30). That is, not only can one not
introduce an additional Clar sextet by adding unpaired electrons, but one in fact one loses one Clar sextet, while one
gets back only ~ N resonance structures.

Fig. (29). Diradicaloid Clar structure of a zigzag fibonacene with
2n + 1 (n = 2) benzenoid rings.

Another sort of circumstance occurs when at the end of a
long polymer the pattern of termination does not match up
correctly with the Clar-sextet-rich phase of the bulk of the
polymer chain. This can be simply illustrated by a circumstance, such as indicated in Fig. (31), where a (small) polypara-phenylene chain of just N = 6 links is imagined to
have each end with a lone bond. The result is seen to be
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Kekuléan – but with only a single Kekulé structure, as indicated. The point is that there are many more Kekulé structures, and indeed a 6-Clar-sextet Clar structure as also indicated. Thence at least for a sufficiently long chain the Clarsextet-rich structure will be favored (with much more sextet
resonance). Indeed this is supported by MO-band-theoretic
computations [103,104].
In fact such occurrences at the ends of benzenoid polymer strips can be anticipated to be typical – because of the
long-range order already noted to be present in such strips.
V. “TWO-DIMENSIONAL” STRUCTURES
The two-dimensional structures considered here are those
based largely on graphene, and are generally imagined to be
confined to a plane, though they need not fill it, and though
they need to have two distinct directions of large (e.g., approaching infinite) extent.
IV.1. Graphene
One might seek to see if ideas similar to that of the preceding section apply to localized defects in graphene, but
first it is appropriate to address simple extended bulk graphene. Large portions of graphene (monatomic-thickness
graphite flakes) have been first made by mechanical approaches out of natural graphite by Geim, Novoselov and
coworkers [51,52] and these flakes have proved to have especially novel electronic conductivity, along with other fascinating properties, giving rise to an intense field of research.
Numerous applications are likely to appear. Thence graphene
research has become a quite intense field, and various other
ways of making graphene have been devised. On looking at
a piece of a graphene sheet with Clar circles drawn in as
densely as possible it is evident that the Clar circles may be
viewed to follow poly-para-phenylene chains. Indeed they
follow every third poly-para-phenylene chain in a considered acenic direction – and there are 3 choices then for the
selected poly-para-phenylene chain, so that infinite graphene
manifests 3 equivalent sextet-maximum Clar structures. Now
since graphene manifests but a single bond length in the
bulk, the Clar-sextets cannot be localized (with shorter aromatic length bonds and longer inter-sextet bonds). Evidently
the sextet-maximum Clar structures must admix to such an
extent with the non-maximum ones, that one should describe
bulk graphene in terms of the triple of sextet-maximum ones,
as well as the related underlying Clar structures with less
than the maximum number of Clar sextets. [The sextet-nonmaximum structures must be admixed since between the
sextet-maximum there is essentially no direct interaction, as
they are “infinitely” different (i.e., different in an infinite
number of locations, when dealing with infinite graphene).]
This situation with a multiplicity of sextet-maximum Clar
structures contrasts sharply with the finite benzenoids stud-

Fig. (30). The poly-phenacenic benzenoid strip having a uniform width of one hexagon as in Fig. 19, but with two extra -electrons at a certain distance from one another.
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Fig. (31). Diradicaloid character versus loss of aromaticity in poly(para-phenylene) chains.

ied by Clar, where the boundaries of the benzenoid often
freeze in a particular set of Clar sextets, at least for the usual
benzenoids which are claromatic. When there is a single sextet-maximum Clar structure in a finite benzenoid, this freezing in (sextet localization, and if not claromatic, typically
also double bond localization) gives localized structures
(e.g., with near-single bonds) and a large HOMO-LUMO
gap. With graphene there are no localized double bonds, so
that the reactivity is like that of a claromatic, but with the
delocalization of Clar sextets, there is a great deal of freedom
in the electronic structure, so that slight modifications of this
can lead to low-lying excitations. That is, for our nanostructures, the band gap can become quite small – and even 0
for bulk graphene.
IV.2. Vacancy-Defected Graphene
As to the possibilities of defects in graphite, we might
consider the example of a defect consisting of a single vacancy in an otherwise perfect graphite net. In this case one
has a circumstance as in Fig. (32), where also we show a
portion of one of the three sextet-maximum Clar structures
of graphene, deleting parts of it which would be otherwise
incident with the missing site at the vacancy. In this figure
one sees that the bulk characteristic of the sextet-maximum
Clar structure leaves a net of one site in the neighborhood of

the vacancy unpaired. Each of the other two sextet-maximum
Clar structures similarly leave one site unpaired near the
vacancy. Thus overall one can expect a single defectlocalized unpaired electron in the neighborhood of the vacancy – and indeed one can see that the bulk of the spin density of this unpaired electron should appear on sites of the
opposite type (starred vs. un-starred) of that the site missing
at the vacancy. Indeed this prediction [105,106,] also appears
from a resonating VB picture, and is also found [105,106]
from numerical evidence for the Hückel model.
The prediction of the preceding paragraph may be contrasted with that for a neighbor-pair double vacancy, such as
indicated in Fig. (33). There one sees again a similar portion
of a grapheneic sextet-maximum Clar structure, and some
remnant sites near the defect not included in any Clar-sextet
of this structure. In this case there remain no unpaired electrons, which in this case again agrees with a general resonating VB picture, as well as numerical evidence from the
Hückel model.

Fig. (33). A graphene portion with a C–C fragment deficiency.

V.3. Semi-Infinite Graphene

Fig. (32). A radicaloid graphene portion with one carbon deficiency.

A graphene sheet has sextet-maximum Clar structures
with a Clar sextet for every third benzenoid ring along each
linear acene direction. If the topological (ring-center to ringcenter) distances between two “sextet rings” along the acenic
portions of an interconnecting path is denoted by h and k (h
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 k), then the difference h – k is always a multiple of 3, as
has some significance in relations to nano-tori and nanotubes (in Fig. 34, h and k are 2 and 5, respectively). Being
sextet-resonant, the species should be especially stable, with
a notable resonance energy, such as is indeed found from
conjugated-circuits computations [96,97], quantitative
Pauling-Wheland resonance theory [6], and even Hückel MO
theory. Since there are 3 different sextet-maximal Clar structures, and further very many other Clar structures, overall
with sextets uniformly spread out over the sheet, there is no
sextet (or pairing) localization.
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in the interior of the network away from the boundary, and
extending the sextets and pairings in so as far as possible up
to the boundary, as illustrated in this figure. Then one sees
that 2/3 of an unpaired electron per unit cell of edge is predicted, as again is in agreement with more conventional
resonance theory [109] and with simple UHF-MO computations [108].

Fig. (34). Part of a graphene sheet with h = 5 and k = 2 vectors (red
arrows) between two “sextet” hexagons.

A further application concerns semi-infinite graphite
which is a sheet of graphite from which half the sheet has
been cut away, so that a long boundary remains. For these
structures one naturally presumes that in the deep interior the
relevant Clar structures there look somewhat like that for
infinite graphite with a complex of disjoint Clar sextets. Implementation of this idea for the circumstance of an acenic
(zigzag) boundary gives a result as indicated in Fig. (35a),
where one sees that a fully paired structure cannot be propagated all the way up to the edge. Indeed one sees that unpaired electrons necessarily arise somewhere in the region of
the edge – with 1 unpaired electron per 3 hexagons of edge.
One understands that the Clar sextets are not localized in the
interior, so that equally one can imagine a relevant Clar
structure with the Clar sextets translated one unit along the
direction of the edge. Thence it is better to say that there is
1/3 of an unpaired electron per unit cell of edge. Notably this
is in agreement with more conventional resonance-theoretic
arguments [105,107] and rather impressively with simple
UHF-MO computations. [105,107,108] That is, these computations give a band gap of zero and a boundary localized
density of states at the Fermi energy corresponding to 1/3 of
an electron per unit cell of boundary – and furthermore this
unpaired spin density is localized near the edge on the same
class of sites (i.e., starred vs. un-starred) as indicated in Fig.
(35a).
As a second example, one may similarly consider the
boundary of Fig. (35b), drawing in a sextet-resonant network

Fig. (35). Part of a graphene sheet with Clar sextet hexagons
(black) and with the anti-sextet dualist (red) circumscribing sextet
rings.

A third example manifests a different sort of consequence. Consider the armchair edge as of Fig. (36) whence
one sees that the structure is sextet resonant, with the bonds
in the bottoms of the armchairs more nearly single (than
aromatic), and hence longer. There are further bonds in the
indicated Clar structure which appear as single, and they
may be anticipated to be so when near the boundary. But in
the interior very far from the boundary the situation should
locally appear much as in (boundary-less) graphite, so that
there Clar sextets are delocalized to other rings, and in the
deep interior all the bonds appear somewhat "aromatic"
(Pauling pi-bond order 1/3). Moreover, with this delocalization one anticipates a small band gap, indeed = 0 as for graphene (since the interior looks like graphene). The prediction
of no boundary-localized unpaired spins is verified [6, 109]
by more conventional resonance-theoretic arguments, and
the predictions of zero band gap without edge-localized spin
density is verified [109, 110] by simple UHF-MO computations, while the localization of near single bonds near the
edge does not seem yet to have been so tested, but it is manifested to a degree in simple Hückel-theoretic computations
on large benzenoid fragments [111, 112]. Local aromaticity
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Fig. (36). Armchair border of a semi-infinite graphene sheet.

indices near this boundary should show some localization of
aromatic and non-aromatic rings, with the degree of localization falling off toward the interior. Here there seem to be no
MO-theoretic tests of this prediction, though one can see
such a tendency in NICS values [35] for large benzenoid
fragments.
Yet further there is experimental (STM) evidence which
is consistent with the predictions for the zig-zag and armchair predictions, as seen in Figs. (35a and 36). In conclusion, the Clar arguments as extended here seem to be quite
consistent with chemical reality, at least for the case of semiinfinite graphite. Of course, one should perhaps not be too
surprised after the success of resonating VB theory, such as
we have argued is intimately related to Clar theory.
V.4. Fractal Benzenoids
One may imagine benzenoids which exceed one dimension yet do not quite get to two dimensions, but are indicated
here since they need the Euclidean plane for the proper description. The idea is that there are empty regions at ever
larger scales, so that the number of atoms in an area depends
on the length scale L of the area ~ L2 . That is, the number
of atoms at a scale of L would be ~ LD , with D the socalled fractal dimension of the structure – following B.
Mandelbrot’s view [113]. Note here that for a linear polymer
(or polymer strip) we have D = 1 , and for graphene we have
D = 2 . An example of a fractal is typically best built up in
stages, and in Fig. (37) are the 3 lead stages of one [114].
The first stage structure (as is eminently appropriate for benzenoids) is benzene, and the second stage may be viewed to
be obtained by fusing 6 copies of benzene together around a
ring – to give coronene. The third stage takes 6 copies of
coronene and fuses them together around a (larger) ring. To
obtain the ( N + 1) th stage, 6 copies of the N th stage structure are taken and fused together. Continuation of this process yields structures which approach a fractal benzenoid.
Here one may note that the number #n of carbon atoms at
the n th stage is #n = (3  6n + 2) / 3 and the distance across
the structure is ln = (3n + 3)l0 / 6 , so that its fractal dimension

D should be such that #n and ln D approach proportionality
to one another (as n   ), which gives
D=

lim log#n
n   log ln

=

log 6
 1.63093
log 3

which is a nice intermediate dimension.

There is a question of what novel properties such structures might manifest. The Kekulé structures and conjugatedcircuits resonance energies appear [114] much like that of
other stable benzenoids, and one imagines qualitatively the
same from drawing in Clar sextets to make Clar structures
(of which there are many). Of course, the mass density is
anomalous, but also there presumably should be a variety of
“self-similarity” characteristics, suspected from the mode of
construction. For instance, it has been argued [114] that the
CH stretching spectrum, the proton-NMR spectrum, and
the 13C-NMR spectrum should show fractal characteristics.
We also imagine that the Hückel eigenvalue spectrum should
be fractal for this molecule, which should have a notable
HOMO-LUMO gap even in the limit of large structures. If
one constructs a fractal species which manifests fractality in
the eigen-spectrum near the Fermi level, then this should
manifest notable behavior in terms of the temperature dependence of electrical conductivity. The heat capacities
should also have “anomalous” (i.e., non-Debye) behavior.
Relatively few theoretical studies have been made (from any
theoretical perspective). But such species have not yet been
prepared – at least in any remotely well characterized form.
One might plausibly imagine that coal can be viewed as fractal, but of a random sort, with regions where there are unpaired electrons, and various impurity hetero-atoms attached.
There are of course, many other possible structures conceivable for fractal benzenoids. One other based on the socalled “Sierpinski gasket” has been considered in some detail
[115]. Yet another possibility, based on a different iteration
of a coronene (and then later of a different “supercoronenic”) unit, is illustrated in Fig. (38). One may speculate that coal may be well viewed as a random fractal of conjugated benzenoid network, with holes at ever larger scales
(as well as occasional substitutional side groups, involving
other types of atoms).
VI. “3-DIMENSIONAL” CONJUGATED-CARBONS
CURVED IN 1 DIRECTION
Here we have in mind structures which globally bend the
conjugated -network away from the local molecular plane.
The bending away from a plane generally introduces some
degree of stress and strain, so that some general consideration of the relation of this to curvature of the molecular
“plane” is appropriately first discussed. Yet further because
now we use “dimensionality” somewhat differently than in
the preceding sections, and because there is a great diversity
of such 3-dimensional structures, just the finite ones are discussed in this chapter while the extended ones are considered
in the next chapter.
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Fig. (37). Fractal benzenoid composed of coronene fragments (thick lines) examined in ref. [114].

Fig. (38). A fractal benzenoid, indicating how 6 coronene units combine into a unit U that surrounds a “coronenic hole” by merging 63 C–C
bonds, and how 6 such resultant units U combine into a larger unit surrounding the larger hole modeled after U, by merging 69 C–C bonds.
In the latter case the merging of these 69 C–C bonds has not yet been quite completed.

VI. 1. Single-Direction Curving into Three Dimensions
Given a conjugated network defining a locally Euclidean
surface, a curving into three-dimensions may take place with
the curving occurring either in one or two directions in the
surface. But the simpler curving occurs in only one direction
identified with a straight line in the parent surface. Then the
linear curvature  measures the rate of change of direction
with distance, so that

  1/ r
with r the radius of the circle which “kisses” as closely as
possible the curve (this circle occurring in a plane normal to
the network surface at the point of contact). If this curvature
remains constant the surface circles back on itself, to give
either a circular polymer (if the extent in the transverse direction is limited) or else a nano-tube (if the structure is ex-
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tended in the transverse direction). If the curvature is not
constant, the surface can still join back to itself, after an integrated curvature change say of a full cycle (2 radians) is
achieved. Of course, something else could happen, with the
structure wrapping into a layered or scroll-like structure,
which however in many cases would tend to unwrap unless
there were something to keep it in this curved state. The net
curvature  net along a piecewise straight path is the sum of
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sides of a ring), then it is termed a cyclo-acene, or cyclopolyacene. Granted non-Mobius connection, the cyclacenes
have net curvature  net = 0 (as in Fig. (39c)), while the general poly-phenacenes can have other nonzero values of net
curvature, though often the literature considers just the case
of  net = 0 .

the curvatures integrated along each straight segment.
Even without curvature reaching the full cycle value a
benzenoid structure may turn about within its molecular
plane and return to itself, most simply to form a so-called
coronoid. But also the structure can turn about to return to
the same region without bonding to its original self, if steric
hindrance keeps the curving from relaxing. Indeed this is
what happens with helicenes [116], where the conjugatednetwork surface then overlays itself – the structure in the
common helicenes just being a cata-condensed chain of
hexagons just a single hexagon wide. If such a benzenoid
chain continues on after passing over its original beginning,
it can still ultimately rejoin to its beginning. Though the curvature needs to deviate from 0, the net integrated curvature
can still be 0. In such cases, cycles can be imagined to form
knots, or two or more cycles can form links [117]. A simple
graphical measure of the amount of turning of such a benzenoid cycle in the surface is in general relevant, and may be
given in terms of a path traced out from ring-center to adjacent ring center, with the path being straight at a given ring if
it passes through opposite sides of the hexagon, and being
±60o = ± / 3 rad for a turn with the path entering and
exiting through next-neighbor sides of a ring to the left or
right. Thus the turn at the central ring of anthracene is 0, and
at the central ring of phenanthrene, it is ±60o . The net turn
 of such a path then is the sum of the local turn values in
each hexagon along the path. Thus usual coronoids, one of
which appears in Fig. (39a), exhibit  = 2 , whereas Fig.
(39b) exhibits a cyclic chain with  =  , and Fig. (39c)
shows a cyclic chain with  = 0 . Note however that the net
curvature is  net = 0 in the first combinatorially “flat” case,
 net   in the second case, and  net = 2 for the third case
“bracelet”. That is, for such cyclic chains one expects a
complementarity

 +  net  2
where we have defined  in a combinatorial graphical way,
and  net in a geometrical way. This mixing of graphical and
geometric invariants makes the result approximate, though
we anticipate that for the equilibrium structures it should be
close to correct.
VI.2. Molecular Belts: Cyclo-acenes, Cyclo-phenacenes,
Möbius Analogs, Etc.
Molecular belts may be viewed as polymers without
ends, but rather with cyclic boundary conditions. If it is a
strip of single hexagons, we term it a cyclo-phenacene, and if
every ring in such a strip is conbinatorially straight (with the
ring-center to adjacent ring-center passing through opposite

Fig. (39). Three coronenes or cyclophenacenes with different net
turn angles. The rings which make /3 contributions are marked
with an asterisk. The first coronene is kekulene, and the last is
[12]cyclacene.

Unlike non-conjugated molecular belts such as collarenes
(Fig. (40a)) or beltenes (Fig. (40b)), cyclo-polyacenes (Fig.
41) do possess conjugation and the reduction of p-orbital
overlap decreases with increasing number of benzenoid
rings; however, as argued earlier, the stability of acenes decreases markedly under this circumstance.

Fig. (40). Collarenes (benzenoid rings separated by pairs of CH2
groups) and non-conjugated beltenes.

So far, no such simple polyacenic molecular belts are
known [117-119]. But as a first estimate they should be not
too unlike the poly-acene strips considered earlier, though
these belts differ in not being geometrically flat, and further
the cyclic ones do not admit even a single Clar sextet without unpaired electrons. To obtain a single Clar sextet in a
cyclo-N-acene, one needs to introduce 2 unpaired electrons –
there are N possible positions for the Clar sextet, and
( N  1) 2 positions for the unpaired electron, so that again the
structures with 2 unpaired electrons become more numerous
by a factor now of 14 N ( N  1) 2 , and are expected to dominate for sufficiently high N. That is, much as for the flat
poly-acenes, our extension of Clar’s ideas predicts that the
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cyclo-polyacenes should manifest incipient diradicalism (and
for larger cycles, polyradicalism). However, one can imagine
that adding benzenoid rings for obtaining claromatic conjugated molecular belts, one could obtain stable 3D-systems;
one example is shown in Fig. (42).

Fig. (43). Stereo-view of the [6.8]3-cyclacene with three benzenoid
rings condensed with three crown-shaped cyclooctatetraene rings, a
pseudo-conjugated belt synthesized by Gleiter and coworkers
[120].

Fig. (41). Stereo-view of [8]cyclacene with hydrogens (blue).

ring) without the introduction of any unpaired electrons.
Again these structures are much like their open-chain analogues, and both are predicted to be stable species, with a
notable HOMO-LUMO gap. The [10]-cyclo-phenacene is
illustrated in Fig. (44). It can be considered to be a short
nano-tube. An ingenious approach for the synthesis of [10]cyclo-phenacene (as part of a fullerene skeleton) was devised
by Nakamura and coworkers [11-13]: (i) buckminsterfullerene was converted by a methyl-copper reagent into its
penta-methyl derivative; (ii) the acidic proton of the cyclopentadienic “north pole” was protected by replacement with
a cyano group; (iii) the “south pole” was similarly phenylated with a phenyl-copper reagent; (iv) the cyanopentamethyl-pentaphenyl-C60-fullerene on treatment with
molecular oxygen afforded C60Me5Ph5O3(OH)2, with an
“equatorial [10]-cyclo-phenacene” belt containing 40 sp2hybridized carbon atoms that showed less bond alternation
(by X-ray analysis) than C60-fullerene, which presents
marked bond alternation (1.36 vs. 1.47 Å). Only the rings in
this belt have high negative NICS values indicative of aromaticity, whereas the remaining rings have negligible NICS
values.

Fig. (42). Stereo-view of a conjugated belt with sextet-resonant
(claromatic) structure.

Gleiter and coworkers [120] synthesized a non-benzenoid
conjugated system: [6.8]3-cyclacene with three benzenoid
rings condensed with three crown-shaped cyclo-octatetraene
rings, shown in Fig. (43). Whereas all bonds of the 6membered rings are practically planar, the 8-membered rings
are in crown (tub) form, as in cyclo-octatetraene – where the
stress due to the linear curvature is presumably relieved, in
as much as such an anti-Hückel eight-membered ring, even
on its own, prefers to so distort. Such systems are actually
related to collarenes, in which the pairs of CH2 groups
have been replaced by pairs of vinylene groups CH=CH.
If an armchair construction is taken, the situation is much
different, as these structures (cyclophenacenes) are rich in
Clar structures with many Clar sextets (up to every other

Fig. (44). Stereo-view of [10]cyclophenacene (hydrogens are not
shown).
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One can also imagine claromatic conjugated molecular
belts derived from various other Fibonacci-like benzenoid
strips other than zigzag ones. In the case presented in Fig.
(45), however, steric hindrance between hydrogen atoms
may destabilize the molecule; the molecular mechanics
model shows the slight helicity due to this steric interaction.
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We end this section by mentioning that belt parapolyphenylenes are conjugated claromatic molecules, and
could be considered to be the shortest possible nano-tubes.
One must also mention cyclic 3D-systems derived from
higher benzenoids, such as the belt formed from four anthracenic fragments attached by 9,10-bonds synthesized by
Herges and coworkers [121a] and shown in Fig. 47). With
substituted anthracene fragments, chiral molecules resulted,
and they could be separated into enantiomers [121b]. Interestingly, pyrolysis converted the compound of Fig. (48) into
a system with a 7-membered ring [121c] as seen in Fig. (48).

Fig. (47). Stereo-view of a belt formed from four anthracenic fragments attached by 9,10-bonds.
Fig. (45). Stereo-view of a congruent (claromatic) cyclo-crown
(C60H32) related to fibonacenes; hydrogens are shown in blue.

A further consideration concerns what happens for a
rather general chain with a mixture of aceneic zig-zag
(aceneic) and armchair sections is considered. In such a case
one could continue with the Clar-theoretic considerations,
and something like this has already been done [48] – in
terms of Kekulé structures, though because of the closeness
of these ideas to Clar’s, one can anticipate similar successful
results. Dobrowolski [47] has reported ab-initio computations for each of the 52 (non-Möbius twisted) [6]cyclophenacenes with all various degrees of curvature, and it has been
found [48] that the net turning angle  correlates well with
the stress involved in these species.
There is also the possibility of other sorts of benzenoid
cyclic strips of more than hexagon width, even with the possibility of some being claromatic. Fig. (46) presents such a
claromatic hydrocarbon, which is actually a short nano-tube.

Fig. (46). Stereo-view of congruent sextet-resonant cyclo-bispolyphenacene (cyclic strip 2,2) with 20 benzenoid rings. In the
upper view, dotted lines denote 10 Clar sextet rings.

Fig. (48). Stereo-view of the hydrocarbon formed by thermal rearrangement of the tetra-anthracenic belt shown in the previous
figure.

A modified situation is encountered with Möbius analogs
of conjugated belts. Herges and coworkers [121d] have recently reviewed a number of theoretical and experimental
facts connected with Möbius molecules, starting with the
theoretical and experimental contributions of Heilbronner
[41,42], Zimmerman [122a,b], Rzepa [122c,d] and Türker
[122e], but evidently restricted to the circumstance of combinatorial “flatness”  net = 0 . A survey of recent theoretical
work including non-zero net curvature along with Möbiustwisting is found in [48]. Indeed with the stress introduced
by such twisting, there seems to us to be no special reason to
imagine that the combinatorially “flat” case is preferred. The
coupling between linear (geometric) curvature, combinatorial turning, and twisting seems not to have yet been systematically explored. In so far as claromaticity is involved, one
may expect that the Möbius analog (Fig. 49) of the molecule
presented in Fig. (42) would not benefit from aromaticity
since it distorts the system more severely from planarity.
More than a single twist of the plane could be considered
also, whence the full treatment of such systems would include a twist number (which would be an indicator of geometric “torsion”).
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Three stereo-views of claromatic (sextet-resonant) nanotubes illustrate the above statements: a congruent armchair
SWNT is presented in Fig. (50), a congruent zigzag SWNT
in Fig. (51), and a congruent chiral SWNT in Fig. (52). An
example of incongruent folding is shown in Fig. (53). In
these cases, congruent means “claromatic” with only full and
empty sextets, whereas incongruent means that the 3D architecture must contain double bonds associated with higher
reactivity.

Fig. (49). A Möbius analog of the conjugated belt with decorated
structure from Fig. 42.

VI.3. Nano-Tubes and Clar-Sextets
As shown above, Geim, Novoselov and coworkers could
isolate graphene flakes one-atom thick. On rolling such a
flake into a cylinder, one obtains a single-wall nano-tube
(SWNT). Ijima discovered in 1991 [31] that in the presence
of transition metal atoms, carbon atoms at high temperatures
and under controlled inert-gas conditions are able to generate
multiple-wall nano-tubes (MWNTs). From them under oxidizing conditions one can obtain SWNTs.
The case when the folding of the graphene sheet proceeds
without any full sector (q = 0) leads to a nano-tube, which
can be considered as a nano-cone with apical angle 0º. Multiwalled collections of such nano-tubes were first obtained by
Ijima, with their ends capped by hemispherical halffullerenes [15]. Because the 5-membered rings are more reactive, the caps may be removed chemically by oxidation,
and also one may obtain single-wall nano-tubes (SWNTs) of
various lengths. Their study revealed interesting features
which has led to an intense research activity and various applications.
For a nano-tube one may select 44 the earlier mentioned
vector displacements h and k to be such that they lead back
to the initial ring, and so characterize the tube. When k = 0 ,
one obtains a so-called “zig-zag” SWNT, and when h = k,
one obtains an “armchair” SWNT. When 0  k  h , one obtains an (intrinsically) chiral nano-tube, often described as
“helical”. Most interestingly, the electrical conductivity and
the HOMO-LUMO gap depend on whether the folding
makes Clar-sextets (in a sextet-maximum Clar structure)
congruent or incongruent. When h – k = 0 (mod 3) the overlap is congruent, whence the material is like graphene, and
like graphene has [9] a band-gap = 0 (neglecting curvature
variations of the Hückel parameters), so that such claromatic
nano-tubes should be readily conductive. Otherwise (with
incongruent overlap) there is [9] a non-zero band gap, and
the nano-tube is semi-conductive. As a result, all armchair
SWNTs and ~1/3 of zigzag and chiral SWNTs are readily
conductive, whereas ~2/3 of zigzag SWNTs are semiconductive. Moreover, following Clar’s ideas, the nonclaromatic nano-tubes should manifest greater chemical reactivity.

Fig. (50). Stereo-view of a sextet-resonant congruently-folded armchair SWNT with Clar sextet rings denoted by black dotted lines.

Fig. (51). Stereo-view of a sextet-resonant congruently-folded zigzag SWNT with Clar sextet rings denoted by dotted lines (upper
views, black) and with the anti-sextet sextet dualist (red dotted
lines, lower views).
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the Clar structured graphene sheet to a tubular structure. In
this case the resulting structure is sextet-resonant (except
perhaps at the tube ends) and so may be expected to have
enhanced stabilization.
Some fullerenes which are doubly-capped nano-tubes
and some fullerenes that obey the isolated-pentagon rule
have Clar structures which are also sextet-resonant. Such
Clar structures which are sextet-resonant (except possibly at
the ends) are reasonably termed bulk resonant (as this identifies a bulk property of the tubes, rather than some global
feature which would involve attention to the ends of the
tube).

Fig. (52). Stereo-view of a sextet-resonant congruently-folded
chiral SWNT with Clar sextet rings denoted by black dotted lines.

Fig. (53). Stereo-view of a chiral incongruently-folded SWNT: the
red-colored carbon atoms break the Clar sextet-resonant structure of
the folded graphene sheet.

The folding obeys [60] the same vector rules (h, k) as
indicated in Fig. (34) and eq. (1). When k = 0, the folding
occurs along an acenic portion and leads to an achiral SWNT
with a zigzag edge. In this case a congruent folding of Clar
sextet rings occurs if h is a multiple of 3. When h = k, the
folding occurs along a poly-para-phenylenic direction and
affords also an achiral SWNT but now with an armchair
edge. In this case a congruent folding occurs if h – k is a
multiple of 3. Otherwise (h  k  0) chiral SWNTs result,
and congruent folding occurs whenever eq. 1 is fulfilled,
which covers also the previous situations with achiral
SWNTs.
h – k  0 (mod 3)

(1)

The resulting band-gap is zero when curvature variations
of the Hückel parameters are neglected, so that the nano-tube
will have a metallic conductivity, and otherwise it will behave as a semiconductor. As a result, all armchair SWNTs
and one-third of zigzag and chiral SWNTs are metallic,
whereas two-thirds are semiconducting.
Interestingly, the same purely graph-theoretic condition
(1) holds if the positions of sextet rings overlap after rolling

By contrast, on rolling up a Clar-structured graphene
sheet into a nano-tube so that Clar sextet rings do not overlap, there result Clar structures with residual C=C double
bonds that do not belong to Clar-sextet rings, and the resulting SWNT does not have a bulk resonant Clar structure .
Thence the occasional assertions of a contradiction with
Clar's ideas that the 0-band-gap nano-tubes are sextet resonant is premature (or even incorrect) – rather the failure
comes with a presumed correspondence of zero HOMOLUMO-gap with reactivity. What Clar's ideas predict for
these sextet-resonant nano-tubes then is that they are "aromatic" in terms of reactivity, and further that there is no bond
localization. Indeed, both these things are also true for the
nano-tubes which are not sextet resonant. The differences in
behavior between small benzenoids and extended nanostructures is that the boundaries of small benzenoids play a
significant role – e.g., for the sextet-resonant case, the
boundaries tend to “freeze in” the Clar sextets and thereby
lead to bond localization – while extended sextet-resonant
nano-tubes (or also graphene) do not have frozen in Clar
sextets, or localized bonds.
VII. “3-DIMENSIONAL” CONJUGATED-CARBONS
CURVED IN TWO DIRECTIONS
When there is curving of the conjugated-network surface
the relevant geometric curvature has different features. And
this we briefly review in the first section here, where-after
various possible nano-structures involving such curvature
ideas are considered.
VII.1. Double-Direction Curving into Three Dimensions
For curving in two directions in the network surface, the
appropriate measure is conveniently given in terms of the net
Gaussian curvature of the cone, when one assigns [123,124]
a formal combinatorial curvature to each ring  , which for
the present case with an ambient condition of degree-3 vertices and 6-membered faces gives combinatorial curvatures of

   (6| |)/3
where | | is the number of sites in  (or also the number of
edges around  ). Alternatively one can consider combinatorial curvatures

 i  2 (3|i|)/6
for each site of degree |i| (also the number of edges around
i ). These combinatorial curvatures come in multiples of
 / 3 (for these cases), and is exactly equal to this for either

Clarology for Conjugated Carbon Nano-Structures

The Open Organic Chemistry Journal, 2011, Volume 5

a pentagon or a degree-2 vertex. E.g., 12 pentagons yields
4 of curvature which matches to that for a polyhedron (a
fullerene), and 6 pentagons give a fullereneic cap to a nanotube. Leaving out this common factor of  / 3 , we obtain a
succession of equivalences of combinatorial curvatures for
different “defects”:
5-gon (or

)

4-gon (or )  2

 degree-2-vertex.

3-gon (or

)3

2-gon (or

) 4

5

2

1



+1

 deg.-2-vertex + 1

+1

2

1

+

, etc.

+2

, etc.

respectively for q = 5 , 4, 3, 2, or 1 sectors. Here constructions solely with curvature from pentagons are the buckystructures, with only up to 5 allowed for cones. If the total
curvature is to match that of a closed compact surface S with
Euler-Poincaré characteristic  S , then this leads to:



d

vd (6  d ) + 2 k f k (3  k ) = 6  S

where f k is the number of k-membered faces and vd is the
number of vertices of degree d. Indeed, for such a case for
closed compact surfaces, this is a rigorous theorem following
from the Euler formula (as extended to general genus
g = 1   S / 2 , from the case of a polyhedron with  S = 2 ).
Also this is equivalent to the statement, that


i

i

= 2   S

or





 = 2   S

which are natural (and rigorous) analogues of the GaussBonnett theorem (involving geometric curvatures).
VII.2. Nano-Tori
Nano-tori, just like graphene, have no boundary and no
defects, i.e., no rings of any sizes other than 6, so that such
nano-tori can be [125,126] viewed as elemental benzenoids
(in having no H atoms). Indeed they can be viewed as graphene with cyclic boundary conditions (in two dimensions).
It has been found [127] that SWNTs with a diameter
 1.4 nm can be induced to coil and form tori (nano-tube
rings or “crop circles”) with much larger overall diameters of
600 – 800 nm on treatment with acids plus hydrogen peroxide under sonication. Again, one expects enhanced stabilization when “sextet-resonant rings” denoted by circles in the
Clar structure overlap on connecting the ends of the nanotube to form a torus (that is, when a claromatic nano-tube
forms a claromatic nano-torus). In Fig. (23) such a nanotorus is presented in stereo-view with a colored portion indicating Clar sextets. There are different ways [125,126,128]
to describe nano-tori, but especially for the experimentally
realized ones (with a very large ratio of the overall torus radius to the tube radius), it seems desirable as a first step to
characterize it in terms of the underlying nano-tube. Thus to
start, we characterize nano-tori in terms of the ( h, k ) pair
for the nano-tube out of which it is constructed (h and k
again indicating lengths of acenic portions of a circumscribing annular path around the generator nano-tube). Next there
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is a length of the nano-tube, and this might be attempted to
be specified by the number L of these complete ( h, k ) sections in the nano-tube used to construct the nano-torus. And
finally there is a twist t indicating the extent to which the
first and last annular paths are twisted with respect to one
another.
The wrapping of a finite nano-torus to fuse ends together
is perhaps simplest when the nano-tube has (h, k ) = (h, 0) ,
for then the two ends of the nano-tube can each be viewed as
zig-zag ends, and it is seen that there are h different ways to
fuse them together, depending on how much each end is
twisted. Actually there are more than h different twistings,
though only those twistings within less than a range of 360o
give rise to distinct graphs. [Though two twists different by
360o give graphs which are the same, they are [126] embedded into Euclidean 3-space in topologically distinct ways,
but this problem we do not address here. There is [126] also
another embedding possibility interchanging the order of
introduction of the two cyclicizing boundary conditions on a
grapheneic fragment from which the torus is to be made –
but this is more-or-less avoided in our present considerations
when we presume that the boundary conditions first introduced are those which make the smaller diameter nano-tube.]
Thus even when the nano-tube is provisionally claromatic
with h = 0, mod 3 , the adjoining of the two ends succeeds in
preserving claromaticity only in 1/3 of the cases – only for
1/3 of the twists do Clar-sextet rings lie over one another.
Again as for graphene and these claromatic species manifest
3 sextet-maximum Clar structures, and should (disregarding
effects of curvature) have a HOMO-LUMO gap = 0, whereas
if the twist condition is not met (or if h  0, mod 3 ) then the
gap should be > 0 . This is in fact the case.
The fusing of the ends of a finite nano-tube in the case
when k > 0 is a little different. Then the two ends of the
nano-tube are still conveniently chosen to have two aceneic
sections of lengths h and k, but these two end sections (to be
fused) need not be related by a translation down the length of
the tube. That is, given two translationally equivalent ends of
a nano-tube, one can add short k-length acenes to one end
such that the end remains of type ( h, k ) ; and after adding h
such strips, one will have again an end that is translationally
equivalent to the other end, and have increased L by k . We
take the number of these k-length aceneic strips added to be a
twist t < h (and t  0 ), whence the number of rings is
(h + k ) L + kt . Of course, now once the two ends are chosen
(regardless of whether the two ( h, k ) ends are translationally equivalent) there is no possibility for connection other
than by a multiple of a full rotation of 360o, which again
leads to the same graph. Again even when h  k = 0, mod 3
the nano-torus may end up not having Clar-sextets at the two
ends of the nano-cylinder whose ends are to be matched coincidently together to form a nano-torus, and thereby miss
claromaticity. Again claromaticity is (disregarding curvature
effects) necessary and sufficient for a zero HOMO-LUMO
gap.
Overall for nano-tori we see that 1/3 of them have
(h, k ) -values consonant with claromaticity, though of these
only 1/3 of them achieve claromaticity when the two ends
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are joined together. One might expect similar difficulties
with retention of claromaticity when one puts bucky-caps on
the ends of a nano-tube (whence there could occur the possibility of unpaired electrons in the bucky-caps, somewhat as
we have already noted for edges of graphene). For the nanotori the claromaticity problem can be viewed to arise since
the condition (1) on a cyclic path becomes for tori twice as
complicated, as there are (h,k)-cycles both around the tubelike direction as well as circumscribing all the way around
the whole torus. If around this long way the requisite cycle is
described as having values ( H , K ) , while around the short
way, we use the notation ( h, k ) , then if h  k = 0, mod 3
and H  K  0, mod 3 , one can anticipate an exceptionally
small HOMO-LUMO splitting as the ratio H + K becomes
very large. Indeed this is somewhat as for the nano-tube case
where one anticipates the band gap to approach 0 as h + k
approaches the grapheneic limit (of  ). Indeed the buckytori may be seen as just being grapheneic fragments with
cyclic boundary conditions, and the conditions on h, k and
H , K for claromaticity to just be conditions that one selects
from the Brillouin zone the (isolated) points where the grapheneic band-gap falls to 0.
Nano-tori, just like graphene, have no boundary and no
defects (in the sense of no rings of any sizes other than 6, on
the toroidal surface). It has been found that SWNTs with an
average diameter of 1.4 nm can be induced to coil and form
tori (nano-tube rings or “crop circles”) with diameters of 600
– 800 nm on treatment with acids plus hydrogen peroxide
under sonication. Again, one expects enhanced stabilization
when “sextet resonant rings” denoted by circles in the Clar
structure overlap on connecting the ends of the nano-tube
when forming a torus (that is, when a bulk resonant buckytube forms a globally sextet-resonant bucky-torus). In Fig.
(54) such a nano-torus is presented with a colored portion
indicating Clar sextets. In general, nanotori are characterized
by a sequence of numbers: h and k, indicating lengths of
aceneic portions of a circumscribing annular path around the
narrow part of the torus, L indicating the number of paths
which are repeated around the torus, and a further number t
indicating the extent to which the first and last annular paths
are twisted with respect to one another. (A further specification is needed if topological aspects beyond graph-theoretic
aspects are to be encoded, but its value does not change the
molecular graph, and is not considered here.) Here if h  k is
a multiple of 3, then the nano-torus is potentially sextetresonant, depending on the values of L and t, it needing that
L  t also be a multiple of 3. If h  k is a multiple of 3 while
L  t is not, then there are relatively few lone pairings, and
in particular no more than h  k as we can locate in the region where the two ends of a long tube of length L are joined
to form the torus – that is such a species (for the stressfavored case when L >> h + k ), the nano-torus is nearly sextet-resonant. In all these cases, the sextets and any lone pairings are delocalized, so that no bond localization is predicted.
VII.3. Nano-Cones
These species may be theoretically constructed on cutting
away from a graphene sheet q = 1 through 5 wedge-shaped
sectors with planar angle 60º and then folding the remaining
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Fig. (54). Stereo-view of a sextet-resonant nano-torus whose redcolored portion has Clar sextet rings denoted by dotted lines.

sheet so as to connect the dangling bonds in some fashion.
The so obtained single-wall nano-cones (SWNCs) are
formed such as to fall into classes according to whether the
Clar sextets can be arranged to be separated by cross-cut
paths complying (or not complying) with condition (1).
Earlier we discussed [129] the classification of nanocones with a part of the basic description being the number q
of constituent 60o-sectors: with q = 6 sectors we have a flat
graphene sheet with apical angle  = 180º; when q = 0, the
nano-cone has an apical angle  = 0º, and is actually a nanotube. In each of these one may view there to p = 6 – q “disclinations” – a type of defect. It was also shown that for q =
2, 3, and 4, in each case two classes of cones resulted, so that
a total of eight classes of positive-curvature nano-cones exist. We show now that the pairs of classes for q = 2, 3, and 4
correspond to congruent (“class-1”) versus incongruent folding of the corresponding sector (“class-2”). These classes are
fundamental since a cone in one of these classes cannot be
changed [129,130] into one from any other class with only a
finite number of permutations/additions/deletions (in the
apex region of the hypothetically infinitely extended cone).
However, no such set of finite inter-conversions can transform a class 1-into a class-2 nano-cone, or vice versa. Data
on the eight classes of nano-cones are presented in Table 1.
The solid angle is denoted by  (in steradians). The following relationships hold:
Q = q/3 in radians
 = 2 arcsin(Q/2)
 = 2[1 – cos(/2)] = 2 – (42 – Q2)1/2 in steradians
Thus, Fig. (55) shows a front stereo-view of a class-2, i.
e. an incongruent, nano-cone formed by cutting off a 120ºsector from a graphene sheet and reconnecting the dangling
bonds of the remaining the 240º-sector of the graphene sheet
so as to have two adjacent pentagons at the apex of the resulting nano-cone. In this case (q = 4), one pentagon replaces
a “sextet” hexagon, and the other pentagon replaces a “nonsextet” hexagon from the 240º-sector of the graphene sheet.
By contrast, a class-1, i. e. a congruent, nano-cone results
when a 240º-sector of the graphene sheet is folded and reconnected so as to form a nano-cone such that both pentagons at the apex replace “sextet” hexagons (Fig. 56). In consonance with the Euler theorem, two pentagons are equivalent to one 4-membered ring at the apex, and Fig. (57) presents such a nano-cone.

Clarology for Conjugated Carbon Nano-Structures

Table 1.
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The Eight Cases of Single-Wall Nano-Cones

60º sectors

Angle Q

Apex 

Solid angle 

Single Wall Nanostructure

folded q

(degrees)

(degrees)

(steradians)

(SWNT or SWNC)

0

0

0

many

0

nano-tube (SWNT)

1

60

19.2

congruent

0.087

first (sharp) nano-cone (SWNC)

2

120

38.9

congruent

0.36

second nano-cone (SWNC)

120

38.9

incongruent

0.36

second nano-cone (SWNC)

180

60

congruent

0.84

third nano-cone (SWNC)

180

60

incongruent

0.84

third nano-cone (SWNC)

240

83.6

congruent

1.60

fourth nano-cone (SWNC)

240

83.6

incongruent

1.60

fourth nano-cone (SWNC)

5

300

112.9

congruent

2.81

fifth (blunt) nano-cone (SWNC)

6

360

180

pure or defect

6.28 = 2

graphene

3

4

Class

Fig. (55). Stereo-view from top of an incongruently-folded class 2
nano-cone with two adjacent pentagons (red) at the apex. The
green-colored carbon atoms break the Clar structure of the folded
240º-sector of the graphene sheet.

Fig. (56). Stereo-views (side and top views) of a class 1 sextetresonant congruently-folded nano-cone with two pentagons at distance 1 at the apex (red color), and with Clar sextet rings denoted
by dotted lines in the folded 240º-sector of the graphene sheet.

VII.4. Fullerenes
The leap-frog transformation of fullerenes [10,131-133]
converts one fullerene into another special one which has

three times as many vertices, preserving its symmetry and
achieving a “Fries electronic structure” with a closed-shell
electronic configuration. Such Fries electronic structures
have a maximal number of benzenoid rings with three double bonds, for example the first resonance structures of phenanthrene and triphenylene in Figs. (2 and 3) where the sextet rings are converted into Kekulé structures such that two
rings share a double bond. These ideas may be extended
back to the benzenoids, whence a large number of leap-frogs
of smaller benzenoids turn out to be benzenoids which are
sextet-resonant, particularly for the circumstance [78] where
the benzenoids are cata-condensed. The leap-frog idea may
be even extended [134] to other structures.

Fig. (57). Top stereo-view of a class 1 sextet-resonant congruentlyfolded nano-cone having a 4-membered ring at the apex (red) and
with Clar sextet rings denoted by dotted lines in the folded 240ºsector of the graphene sheet.

Icosahedral-symmetry fullerene cages with N carbon
atoms can also be characterized [60,87,131,135] by a pair of
integer non-negative numbers h and k such that:
N = 20(h2 + hk + k2)
It was also shown that such cases with h – k  3m (with
m an integer) have a HOMO-LUMO gap of 0.Taking into
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account that h2 + hk + k2 = 49 when the pair (h,k) is either
(7,0) or (5,3), one may conclude that nano-tubes with both
these parameter pairs have the same diameter. However, they
are not Clar-sextet-resonant nano-tubes, and neither are the
same diameters as (14,0)- and (10,6)-nano-tubes because
they do fulfill relationship (1). However, the same-diameter
nano-tubes with (h,k) being (21,0) and (15,9) have sextetresonant Clar structures.
The Clar-theoretic ideas may also be sought to be applied
to general fullerenes, with special attention to those manifesting a high maximum number C of Clar sextets. Again we
anticipate the Clar number C at a given number of hexagonal
rings to be an indicator of higher stability C. For buckminsterfullerene, the structure is that of a truncated icosahedron,
without any abutting 5-membered rings, which is to say that
it satisfies the “isolated pentagon rule” (IPR), such as has
been suggested [87,136,137] (and indeed found) to be a reasonable indicator of higher stability. In fact this C60 structure
is [87] the smallest fullerene to satisfy the IPR, and the next
smallest fullerene satisfying the IPR is [138] the experimentally observed C70. As to Clar-theoretic ideas, some of these
are found [139] to be in correspondence with leap-frog theoretic ideas for stability, and the leap-frog cages satisfy the
IPR. The Clar number is C = 8 for buckminsterfullerene, as
is [140] reasonably high, probably a maximum at N = 60
atoms, and the Clar sextet polynomial has been generated
[141]. For C70 one has [142] C = 9 , which is also high.
VII.5. Negatively Curved Species
There have been a number of extended species proposed
with negative Gaussian curvature everywhere, or at least
almost everywhere [142-144]. That is, the surface on which
the carbon network is to be embedded is to have one or more
saddle shaped regions (where the Gaussian curvature is
negative), and in consilience with our earlier discussion, the
combinatorial curvature should be negative in the same regions. Clearly combinatorial curvature is relevant, as also are
the idea of matching the combinatorial curvature and its
matching to geometric Gaussian curvature (as earlier mentioned) are certainly relevant. Indeed the idea of combinatorial curvature is implicit in different considerations made in
physics or chemistry, e.g., as indicated by Sadoc and Moseri
[145], but the more explicit recognition of the ideas, as in
[123,124,146] should be relevant. In any event the usually
considered simple translationally symmetric structures embedded on negatively curved surfaces do not seem to have
been experimentally observed – and here we do not further
discuss these (interesting) structures.
VIII. COMPOSITE
SYSTEMS

CONJUGATED-SATURATED

Besides the various purely conjugated systems indicated
in the previous sections, there are a number of systems
which though extended allow a limited range to the conjugation. That it, there are just many fragments of planar pinetworks, separated either by sp3-hybridized (or saturated)
carbons, or else by near orthogonal orientations for neighboring planes of conjugation. There of course is a vast number of small mixed-sp2, sp3 molecules, say based on ordinary
benzenoids, but these we generally avoid here, mentioning
only a few novel possibilities of extended nano-structures.
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VIII.1. Buckminsterfullerene Super-Atoms,
Molecules, Super-Polymers, Etc.

Super-

Granted the (arguably “uniquely elegant”) buckminsterfullerene structure, there is the possibility of joining them
together via bonds between the different C60 units. Such a
dimeric (C60)2 structure has been experimentally found [147150] with two adjacent C atoms in each C60 unit becoming
sp3 hybridized to bond to a corresponding atom in the second
C60 unit. Also even longer oligomeric chains are known
[151-153].
Indeed such chains (with two
-bonds between each
pair of C60s) may be continued to give a linear chain of C60
“pearls”, for which there is experimental evidence, that the
chains arise from either high-pressure [154] or photoinduced [155] polymerization. In fact one may make other
more complicated structures, such as an infinite triangular
net of C60s, as studied by Xu and Scuseria [156], and as such
seemingly occurs [154]. These generally are believed to
manifest bonding between two C60s by way of a pair of sp3bonds from neighboring C atoms on one C60 to similar
neighboring C atoms on the adjacent C60. In fact, C60 manifests a variety of possible arrangements [157] for bonding
patterns, with there being several possible super-polyhedra
which one can make, as well as different extended networks.
E.g., one can place the C60 units at the corners of a simple
cubic lattice and interlink them in this fashion or simply
form a cube from eight C60 units.
Another rather amusing case involves taking 60 units of
C60 to be placed at the corners of giant truncated icosahedron, and institute the same sort of bonding pattern (without
any angle strain beyond that already present in the dimer
connection) to obtain [157] a bucky-ball bucky-ball (C60)60.
But a distinction for all these mentioned constructions is that
this sacrifices some of the conjugated-carbon network, for
the introduction of sp3 carbons to make the interconnections.
Indeed there are enormous numbers of possibilities, with the
C60 units playing the parts of complicated “super-atoms”
which might be connected up in any of the sorts of patterns
considered for our element C atoms to make different conjugated-carbon networks – and indeed many more ways can be
imagined since the C60 “super-atoms” allow rather high effective “valences” – and yet further one could entertain the
possibility of other fullerenes as such basic “super-atom”
building blocks. Though some of these other fullerenes are in
fact realized, and though one can imagine that the Clartheoretic ideas are still applicable to the remnant  -network
portions, these species are not our current subject of focus,
so that we go on to different possibilities.
In passing it may be noted that one can imagine ways in
which to interconnect C60 fullerenes, possibly without the
use of sp3 hybrids. Thus Fig. (58a) shows the result of joining two pentagonal rings in C60 units: the bonds within each
ring are deleted and two new bonds from each atom are
made to two atoms in the other ring. Then in Fig. (58b), the
possibility of fusing two rings in the two fullerenes is indicated. It is understood that the faces at which the adjoining is
made, instead of being pentagons, could be hexagons – with
there being two possible orientations of the two hexagons
relative to one another (as pentagons alternate with hexagons
around each hexagon). For the fusion joining, this then leads
to C114 from two C60 units, with each C60 unit having 60 – 6 =
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54 -centers, whilst for the displayed C115 case each C60 unit
has a radicaloid number 60 – 5 = 55 -centers. This ends up
with regions of negative curvature (both combinatorial and
Gaussian, so that we are led back to consideration of our
structures which are extensively negatively curved.
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IX. CONCLUSIONS
In the previous pages, we could not do justice to a series
of important contributions to developments of Clar’s theory
(and we try to compensate by adding a few bibliographic
references) due to several authors, such as Ivan Gutman and
Sven Cyvin [163,164], Oskar E. Polansky [165], Yuansheng
Jiang [166], and Milan Randi [167].
We find that there is a surprising richness to the possibilities for conjugated-carbon nano-structures, and that Clar’s
ideas seem to be quite generally applicable across the range
here considered – at least when these are properly extended
as outlined in a qualitative format indicated here. In particular, it is noted that for small benzenoids (with < 10 hexagonal rings) such as Clar considered, the boundary tends to
“freeze in” the Clar sextets, especially when there are few
double bonds (remaining after introduction of the sextet circles). It is emphasized that for larger systems with a smaller
fraction being on the boundary, such sextet localization does
not (typically) occur, thereby leading to “novel” properties,
e. g. there are naturally smaller excitation energies (which
translate to small HOMO-LUMO gaps) even for Clar’s favored “sextet resonant” species. And then the species can be
electrically conducting, as for graphene. But there are numerous other predictions, concerning unpaired electrons, and
their localization.

Fig. (58). Strategies for interconnecting two C60 fullerenes at two
neighboring faces, here chosen to be pentagons. In (a) the ith atom
in one ring is disconnected from the (i – 1)th and (i + 1)th bonds in
that ring and joined to the corresponding atoms in the other ring. In
(b) the two rings are fused together (thereby giving sp3 atoms and a
net C115 structure for just two C60-units).

VIII.2 Three-Dimensional Nets
Besides diamond and graphene one may imagine other
extended networks not C60-based, with perhaps even all the
C atoms equivalent, but at least very few different equivalence classes of C atoms. In fact there is a tremendous range
of such possibilities for carbon networks. Some of these correspond to the everywhere negatively curved surfaces already previously mentioned, though sometimes one may
imagine to contain some sp3-hybridized carbons. With the
restriction to all sp2 one might imagine that there should be
rather few possibilities susceptible to comprehensive characterization. But even for purely sp2-conjugated networks allowing twisted orientations between different sets of sp 2
sites, there are many possibilities – though it may be that that
there is no infinite network communicating through comparably oriented -bonding. Several such networks were early
on [158] identified, and then later numerous computations
were performed [159,160] on such. Additional classes of
such species sometimes with mixes of sp2 and sp3 hybrids
have been identified [161]. But again none of these species
seem yet to be realized as translationally symmetric structures, and we do not here try to treat these in any detailed
way. It should perhaps be mentioned that mixed sp2-sp3 species of an amorphous nature do occur [162]. For either the
translationally symmetric or amorphous materials, Clartheoretic ideas generally have not yet been explored.

There is an immensely rich array of possibilities for embedding hexagon-rich networks on surfaces in turn embedded in Euclidean space, and there are great many of these
structures which have been experimentally realized, mostly
in the last 3 decades – so that one wonders what the next 3
decades may bring. There still are enormous numbers of
speculated structures of various types which have not yet
been experimentally observed, though seemingly well
founded not only in terms of classical chemical ideas, but
also often in terms of modern quantum chemical computational methodology. It would seem that Clar’s ideas, rather
than being archaic classical ideas deserving to be left behind,
still actually provide much qualitative insight to characteristics of these various novel structures. It is surmised that more
quantitative versions of Clar’s ideas should yield further insight, and therefore should be pursued.
ACKNOWLEDGEMENT
The authors acknowledge the support (via grants BD0894 and BD-0046) from the Welch Foundation of Houston,
Texas.
REFERENCES
[1]
[2]

[3]
[4]
[5]

[6]

Clar, E. The Aromatic Sextet. Wiley, New York, 1972.
Pauling, L.; Wheland, G. W. The nature of the chemical bond. V.
The quantum-mechanical calculation of the resonance energy of
benzene and naphthalene and the hydrocarbon free radicals. J.
Chem. Phys., 1933, 1, 362-374.
Wheland, G. W. Resonance in Organic Chemistry, Wiley, New
York, 1955.
Klein, D. J.; Garcia-Bach, M. A. Variational localized-site cluster
expansions. X. Dimerization in linear chains, Phys. Rev. B, 1979,
19, 877-886.
Klein, D. J.; Schmalz, T. G.; Hite, G. E.; Metropoulos, A.; Seitz,
W. A. The poly-polyphenathrene family of multiphase - network
polymers in a valence-bond picture. Chem. Phys. Lett., 1985, 120,
367-371.
Hite, G. E.; Metropoulos, A.; Klein, D. J.; Schmalz, T. G.; Seitz,
W. A. Extended -networks with multiple spin-pairing phases:

58 The Open Organic Chemistry Journal, 2011, Volume 5

[7]

[8]
[9]
[10]

[11]
[12]

[13]

[14]
[15]

[16]

[17]

[18]
[19]
[20]

[21]
[22]
[23]

[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]

resonance theory calculations on poly-phenanthrenes, Theor. Chim.
Acta, 1986, 69, 369-391.
Klein, D. J.; Schmalz, T. G.; Seitz, W. A.; Hite, G. E. Overview of
Hückel- and resonance-theoretic approaches to -network polymers, Int. J. Quantum Chem., 1986, 19, 707-718.
Klein, D. J. Hückel model solution for polyphenanthrene strips.
Rep. Molec. Theory, 1991, 1, 91-94.
Klein, D. J.; Seitz, W. A.; Schmalz, T. G. Symmetry of infinite
tubular polymers: application to buckytubes", J. Phys. Chem.,
1993, 97, 1231-1236.
Fowler, P. W.; Redmore, D. B. Symmetry aspects of bonding in
carbon clusters: the leapfrog transformation. Theor. Chem. Acc.,
1992, 83, 367-375.
Matsuo, Y; Tahara, K; Nakamura, E. Theoretical studies on structures and aromaticity of finite-length armchair carbon nano-tubes.
Org. Lett., 2003, 5, 3181-3184.
Nakamura, E.; Tahara, K.; Matsuo, Y.; Sawamura, M. Synthesis,
structure, and aromaticity of a hoop-shaped cyclic benzenoid.
[10]cyclophenacene. J. Am. Chem. Soc., 2003, 125, 2834-2835.
Matsuo, Y.; Tahara, K.; Sawamura, M.; Nakamura, E. Creation of
hoop- and bowl-shaped benzenoid systems by selective detraction
of [60]fullerene conjugation. Cyclophenacene and fused corannulene derivatives. J. Am. Chem. Soc., 2004, 126, 8725-8734.
Bettinger, H. F. Effects of finite carbon nano-tube length on sidewall addition of fluorine atom and methylene. Org. Lett., 2004, 6,
731-734.
Yumura, T.; Hirahara, K.; Bandow, S.; Yoshizawa, K.; Ijima, S. A
theoretical study on the geometrical features of finite-length carbon
nano-tubes capped with fullerene hemisphere. Chem. Phys. Lett.,
2004, 386, 38-43.
Matsuo, Y. Creation of cyclic -electron-conjugated systems
through the functionalization of fullerenes and synthesis of their
multinuclear metal complexes. Bull. Chem. Soc. Jpn., 2008, 81,
320-330;
Martin-Martinez, F. J.; Melchor, S.; Dobado, J. A. Clar-Kekulé
structuring in armchair carbon nano-tubes. Org. Lett., 2008, 10,
1991-1994.
Chien, J. C. W. (Ed.), Polyacetylene – Chemistry, Physics, and
Material Science, Academic Press, Orlando, 1984, p. 349.
Baughman, R. H.; Brédas, J. L.; Chance, R. R.; Elsenbaumer, R.
L.; Shacklette, L. W. Structural basis for semiconducting and metallic polymer/dopant systems. Chem. Rev., 1982, 82, 209-222.
Kovacic, P.; Jones, M. B. Dehydro coupling of aromatic nuclei by
catalyst-oxidant systems: poly(p-phenylene). Chem. Rev., 1987, 87,
357-379.
Speight, J. G.; Kovacic, P.; Koch, F. W. Synthesis and properties of
polyphenyls and polyphenylenes. Rev. Makromol. Chem., 1971, 5,
295-386.
Noren, G. K.; Stille, J. K. Polyphenylenes. J. Polym. Sci., Macromol. Revs., 1971, 5, 385-430.
Shirakawa, H. The discovery of polyacetylene film: the dawning of
an era of conducting polymers, Angew. Chem. Internat. Ed., 2001,
40, 2574-2580.
MacDiarmid, A. G. “Synthetic metals”: a novel role for organic
polymers. Angew. Chem. Internat. Ed., 2001, 40, 2581-2590.
Heeger, A. J. Semiconducting and metallic polymers: the fourth
generation of polymeric materials. Angew. Chem. Internat. Ed.,
2001, 40, 2591-2611.
Kroto, H. W.; Heath, J. R.; O’Brien, S. C.; Curl, R. F.; Smalley, R.
E. C60: Buckminsterfullerene. Nature, 1985, 318, 162-163.
Curl Jr., R. F. Dawn of the fullerenes: conjecture and experiment.
Angew. Chem. Internat. Ed., 1997, 36, 1566-1576.
Kroto, H. Symmetry, space, stars, and C60. Angew. Chem. Internat.
Ed., 1997, 36, 1578-1593.
Smalley, R. E. Discovering the fullerenes. Angew. Chem. Internat.
Ed., 1997, 36, 1594-1601.
Krätschmer, W.; Lamb, L. D.; Fostiropoulos, K.; Huffman, D. R.
Solid C60: A new form of carbon. Nature, 1990, 347, 354-358.
Ijima, S. Helical microtubules of carbon. Nature, 1991, 354, 56-58.
Ijima, S.; Ichihashi, T. Single-shell carbon nano-tubes of 1-nm
diameter. Nature, 1993, 363, 603-605.
Ge, M.; Sattler, K. Observation of fullerene cones. Chem. Phys.
Lett., 1994, 220, 192-196.
Liu, J.; Dai, H.; Hafner, J. H.; Colbert, D. T.; Smalley, R. E.; Tans,
S. J.; Dekker, C. Fullerene ‘crop circles’ Nature, 1997, 385, 780781.

Klein and Balaban
[35]

[36]
[37]
[38]
[39]

[40]

[41]

[42]
[43]
[44]

[45]
[46]
[47]
[48]
[49]

[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]
[59]
[60]
[61]

[62]
[63]

[64]

Watson, M. D.; Fechtenkötter, A.; Müllen, K. Big is beautiful 
‘Aromaticity’ revisited from the viewpoint of macromolecular and
supramolecular benzene chemistry. Chem. Rev., 2001, 101, 12671300.
Stoddart, J. F. Unnatural product synthesis, Nature, 1988, 334, 1011.
Stoddart, J. F. The making of molecular belts and collars. Inclusion
Phenomena & Macrocyclic Chem., 1989, 7, 227-245.
Kohnke, F. H.; Stoddart J. F., The evolution of molecular belts and
collars. Pure Appl. Chem., 1989, 61, 1581-1586.
Girreser, U.; Giuffrida, D.; Kohnke, F. H.; Mathias, J. P.; Philp, D.;
Stoddart, J. F. The structure-directed synthesis of cyclacene and
polyacene derivatives. Pure Appl. Chem., 1993, 65, 119-125.
Aston, P. R.; Girreser, U.; Giuffrida, D.; Kohnke, F. H.; Mathias, J.
P.; Raymo, F. M.; Slawin, M. Z.; Stoddart, J. F.; Williams, D. J.
Molecular belts. 2. Substrate-directed syntheses of belt-type and
cage-type structures. J. Am. Chem. Soc., 1993, 115, 5422-5429.
Heilbronner, E. Molecular Orbitals in homologen Reihen mehrkerniger aromatischer Kohlenwasserstoffe: I. Die Eigenwerte yon
LCAO-MO's in homologen Reihen. Helv. Chim. Acta, 1954, 37,
921-935.
Heilbronner, E. Hückel molecular orbitals of Möbius conformations of annulenes, Tetrahedron Lett., 1964, 29, 1923-1928.
Cory, R. M.; McPhail, C. L. Fascinating stops on the way to cyclacenes and cyclacene quinones: A tour guide to synthetic progress to
date Adv. Theor. Interesting Molecules, 1998, 4, 53-80.
Godt, A.; Enkelmann, V.; Schlüter, A.-D. Double-stranded molecules: a [6]beltene derivative and the corresponding open-chain
polymer. Angew. Chem. Internat. Ed., 1989, 28, 1680-1682.
Boomgarden, W., Vögtle, F., Nieger, M., Hupfer, H. Broad molecular ribbons of nanometer size composed of biphenyl units.
Chem. Eur. J., 1999, 5, 345-355.
Schröder, A.; Mekelburger, H.-B.; Vögtle, F. Belt, ball, and tubeshaped molecules. Top. Curr. Chem., 1994, 172, 179-201.
Dobrowolski, J. Cz. On the belt and Möbius isomers of the
coronene molecule. J. Chem. Inf. Comput. Sci., 2002, 42, 490-499.
Misra, A.; Klein, D. J. Characterization of cyclo-polyphenacenes,
J. Chem. Inf. Comput. Sci., 2002, 42, 1171-1175.
B. Esser, F. Rominger, R. Gleiter, Synthesis of [6.8]3 cyclacene:
conjugated belt and model for an unusual type of carbon nano-tube.
J. Am. Chem. Soc., 2008, 130, 6716-6717.
A. T. Balaban, Theoretical investigation of carbon nets and molecules, In: Theoretical Organic Chemistry (C. Parkanyi, ed.), Elsevier, Amsterdam, 1998, pp. 381-404.
Geim, A. K., Novoselov, K. S. The rise of graphene, Nature Materials, 2007, 6, 183-191.
Geim, A. K., MacDonald, A. H. Graphene: exploring Flatland,
Phys. Today, 2007, (8) 35-41.
Prokopivny, V. V., Ivanovskii, A. L. New nanoforms of carbon and
boron nitride. Russ. Chem. Rev., 2008, 77, 837-873.
Allen, M. J., Tung, V. C., Kaner, R. B. Honeycomb carbon: A
review of graphene. Chem. Rev., 2010, 110, 132-145.
Schleyer, P. v. R. as Guest Editor for the special issue on Aromaticity Chem. Rev.,
Pauling, L. The Nature of the Chemical Bond, Cornell Univ. Press,
Ithaca, N.Y. 1939.
Klein, D. J. Aromaticity via Kekulé structures and conjugated
circuits, J. Chem. Educ., 1992, 69, 691-694.
Misra, A.; Klein, D. J.; Morikawa, T. Clar theory for molecular
benzenoids, J. Phys. Chem. A, 2009, 113, 1151-1158.
Misra, A.; Schmalz, T. G.; Klein, D. J. Clar theory for radicaloid
benzenoids, J. Chem. Inf. Model., 2009, 49, 2670-2676.
Balaban, A. T.; Klein, D. J. Claromatic carbon nano-structures, J.
Phys. Chem. C, 2009, 113, 19123-19134.
Armit, A. J. W.; Robinson, R. Polynuclear heterocyclic aromatic
types. II. Some anhydronium bases. J. Chem. Soc., 1925, 127,
1604-1618.
Balaban, A. T.; Schleyer, P. v. R.; Rzepa, H. S. Crocker, not Armit
and Robinson, begat the six aromatic electrons. Chem. Rev., 2005,
105, 3436-3447.
Balaban, A. T.; Schmalz, T. G. Sextet-resonant benzenoids and
their anti-sextet dualists. J. Chem. Inf. Model., 2006, 46, 15631579.
Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes,
N. J. R. v. E. Nucleus independent chemical shift: a simple and ef-

Clarology for Conjugated Carbon Nano-Structures

[65]
[66]

[67]
[68]

[69]
[70]
[71]

[72]

[73]

[74]
[75]
[76]
[77]

[78]
[79]
[80]

[81]
[82]
[83]

[84]
[85]
[86]
[87]
[88]
[89]
[90]
[91]

[92]

ficient aromaticity probe. J. Am. Chem. Soc., 1996, 118, 63176318.
Schleyer, P. V. R.; Jiao, H. What is aromaticity? Pure Appl. Chem.,
1996, 68, 209-218;
Chen, J.; Vannere, C. S.; Corminboeuf, C.; Puchta, R.; Schleyer, P.
v. R. Nucleus-independent chemical shifts (NICS) as an aromaticity criterion. Chem. Rev., 2005, 105, 3842-3888.
Herndon, W. C.; Hosoya, H. Parameterized valence bond calculations for benzenoid hydrocarbons using Clar structures. Tetrahedron, 1984, 40, 3987-3995.
Hosoya, H.; Yamaguchi, T. Sextet polynomial. A new enumeration
and proof technique for the resonance theory applied to the aromatic hydrocarbons. Tetrahedron Lett., 1975, 52, 4659-4662.
Guo, X.; Zhang, F. Mathematical properties and structures of sets
of sextet patterns of generalized polyhexes. J. Math. Chem., 1994,
9, 279-290.
El-Basil, S. Binomial-combinatorial properties of Clar structures.
Discr. Appl. Math., 1988, 19, 145-156.
Randi, M.; El-Basil, S. Graph theoretical analysis of large benzenoid hydrocarbons. J. Mol. Struct. (Theochem), 1994, 304, 233245.
Zhu, J.; Dahlstrand, C.; Smith, J. R.; Villaume, S.; Ottoson, H. On
the importance of Clar structures of polybenzenoid hydrocarbons as
revealed by the -contribution to the electron localization function.
Symmetry, 1010, 2, 1653-1682.
El-Basil, S.; Gutman, I. Combinatorial analysis of Kekulé structures of non-branched cata-condensed benzenoid hydrocarbons.
Proof of some identities for the sextet polynomial. Chem. Phys.
Lett., 1983, 94, 188-192.
Dias, J. R. Topological properties of circumcoronenes and their
associated leapfrog total resonant sextet benzenoids. J. Mol. Struct.
(Theochem), 2002, 581, 59-69.
Rumer, G. Zur Theorie der Spinvalence. Nachr. Ges. Wiss. Göttingen, Math-physik. Klasse, 1931, 337-341.
Heitler, W.; Rumer, G. Quantum theory of chemical binding in
polyatomic molecules. Z. Physik, 1931, 68, 12-41.
Fries, K.; Reitz, H. Bicyclic compounds and their comparison with
naphthalene. V. Phenylene diazosulfide series. Liebigs Ann. Chem.,
1936, 527, 38-60.
Harary, F.; Klein, D. J.; ivkovi, T. P. Graphical properties of
polyhexes: perfect matching vector and forcing, J. Math. Chem.,
1991, 6, 295-306.
Simpson, W. T. The use of structures as an aid in understanding electron spectra. J. Am. Chem. Soc., 1953, 75, 597-603.
Wu, J.; Schmalz, T. G.; Klein, D. J. An extended Heisenberg model
for conjugated hydrocarbons, J. Chem. Phys., 2002, 117, 99779982.
Herndon, W. C. Thermochemical parameters for benzenoid hydrocarbons. Thermochim. Acta, 1974, 8, 225-237.
Herndon, W. C.; Ellzey Jr., M. L. Resonance theory. V. Resonance
energies of benzenoid and nonbenzenoid stystems. J. Am. Chem.
Soc., 1974, 96, 6631-6642.
Randi, M. A graph theoretical approach to conjugation and resonance energies of hydrocarbons. Tetrahedron, 1975, 33, 19051920.
Randi, M. Aromaticity and conjugation. J. Am. Chem. Soc., 1977,
99, 444-450.
Randi, M. Aromaticity of polycyclic conjugated hydrocarbons.
Chem. Rev., 2003, 103, 3449-3606.
Klein, D. J.; Schmalz, T. G.; Hite, G. E.; Seitz, W. A. Resonance in
C60 buckminsterfullerene, J. Am. Chem. Soc., 1986, 108, 13011302.
Schmalz, T. G.; Seitz, W. A.; Klein, D. J.; Hite, G. E. Elemental
carbon cages, J. Am. Chem. Soc., 1988, 110, 1113-1127.
Liu, X.; Klein, D. J.; Seitz, W. A.; Schmalz, T. G. Sixty-Atom
Carbon Cages, J. Computational Chem., 1991, 12, 1265-1269.
Liu, X.; Klein, D. J.; Schmalz, T. G. Preferable fullerenes and Clarsextet cages, Fuller. Sci. Technol., 1994, 2, 405-422.
Randi, M. Resonance energy of very large benzenoid hydrocarbons. Int. J. Quantum Chem., 1980, 17, 549-586.
Randi, M.; Klein, D. J.; Zhu, H.; Trinajsti, N.; ivkovi, T. P.
Comparative study of large molecules. Theor. Chim. Acta, 1995,
90, 1-26.
Klein, D. J.; Hite, G. E.; Schmalz, T. G. Transfer-matrix method
for subgraph enumeration: Application to polypyrene fusenes, J.
Computational Chem., 1986, 7, 443-456.

The Open Organic Chemistry Journal, 2011, Volume 5
[93]
[94]

[95]
[96]
[97]
[98]
[99]

[100]
[101]

[102]
[103]
[104]

[105]
[106]
[107]
[108]
[109]
[110]
[111]

[112]

[113]
[114]
[115]
[116]

[117]
[118]
[119]

59

Klein, D. J.; ivkovi, T. P.; Trinajsti, N. Resonance in random network polymers, J. Math. Chem., 1987, 1, 309-334.
Randi, M.; Klein, D. J.; Zhu, H-Y.; Trinajsti, N.; ivkovi, T. P.
Aromatic. properties of fully benzenoid hydrocarbons, Fizika A,
1994, 3, 61-75.
Zhu, H-Y.; Klein, D. J. Conjugated circuits for polymers, MATCH,
Commun. Math. Comput. Chem., 1994, 31, 205-224.
Hite, G. E.; ivkovi, T. P.; Klein, D. J. Conjugated circuit theory
for graphite, Theor. Chim. Acta, 1988, 74, 349-361.
Zhu, H-Y.; Balaban, A. T.; Klein, D. J.; ivkovic, T. P. Conjugated
circuit computations on two-dimensional carbon networks, J.
Chem. Phys., 1994, 101, 5281-5292.
Klein, D. J. Semiempirical valence-bond views for benzenoid hydrocarbons, Topics Curr. Chem., 1990, 153, 57-83.
Herndon, W. C.; Hosoya, H. Parameterized valence bond calculations for benzenoid hydrocarbons using Clar structures. Tetrahedron, 1984, 40, 3987-3995.
Mandelbaum, A.; Cais, M. Polycyclic studies. I. Synthesis of
triphenylenes through Diels-Alder adducts. J. Org. Chem., 1961,
26, 2633-2640.
Kaur, I.; Jazdzyk, J.; Stein, N. N.; Prusevich, P.; Miller, G. P. Design, synthesis, and characterization of a persistent nonacene derivative. J. Am. Chem. Soc., 2010, 132, 1261-1263.
Tönshoff, C.; Bettinger, H. F. Photogeneration of octacene and
nonacene. Angew. Chem. Int. Ed., 2010, 49, 4125-4128.
Bredas, J. L.; Heeger, A. J. Influence of donor substituents on the
electronic characteristics of poly(paraphenylene vinylene) and
poly(paraphenylene). Chem. Phys. Lett., 1994, 217, 507-512.
Pusching, P.; Ambrosch-Draxl, C. Density functional study for the
oligomers of poly(paraphenylene): Band structures and dielectric
tensors. Phys. Rev. B, 1999, 60, 7891-7898.
O. Ivanciuc, O.; Bytautas, L.; Klein, D. J. Mean field resonatingvalence-bond theory for unpaired -electrons in benzenoid carbon
species. J. Chem. Phys., 2002, 116 , 4736-4748.
Ivanciuc, O.; Klein, D. J.; Bytautas, L.Unpaired -spin density in
defected graphite. Carbon, 2002, 40, 2063-2083.
D. J. Klein; L. Bytautas, Graphitic edges and unpaired -electron
spins. J. Phys. Chem. A, 1999, 103, 5196-5210.
K. Wakabayashi, K.: Fujita, M.; Kusakabe, K.; Nakada, K.; Czech.
J. Phys. S4, 1996, 46, 1865-1866.
Klein, D. J. Graphitic polymer strips with edge states. Chem. Phys.
Lett., 1994, 217, 261-265.
Nakada, K.; Fujita, M.; Wakabayashi, K.; Kusakabe, K. Czech. J.
Phys. S4, 1996, 46, 2429-2430.
Stein, S. E.; Brown, R. L. -Electron properties of large condensed
polyaromatic hydrocarbons. J. Am. Chem. Soc., 1987, 109, 37213729.
Stein, S. E.; Brown, R. L. Pathways to graphite: properties of very
large polybenzenoid hydrocarbons. In: Molecular Structure & Energetics, Liebman, J.; Greenberg, A. (eds.), VCH, New York, 1987,
Vol. 2, pp. 37-66.
Mandelbrot, B. The Fractal Geometry of Nature, Freeman, San
Francisco, 1983.
Klein, D. J.; ivkovi, T. P.; Balaban, A. T. The fractal family of
coro[n]enes. MATCH, Commun. Math. Comput. Chem., 1993, 29,
107-130.
Klein, D. J.; Cravey, M. J.; Hite, G. E. Fractal benzenoids. Polycyclic Arom. Comp., 1991, 2, 163-182.
(a) Martin, R. H.; Baes, M. Helicenes – Photosyntheses of
[11]helicene, [12]helicene, and [14]helicenes. Tetrahedron, 1975,
31, 2135-2137. (b) Sehnal, P.; Stara, I. G.; Saman, D. Tichy, M.;
Misek, J.; Cvacka, J.; Rulisek, L.; Chocholousova, J.; Vacek, J.;
Goryl, G.; Szymonski, M.; Cisarova, I.; Stary, I. An organometallic
route to long helicenes. Proc. Natl. Acad. Sci. USA, 2009, 106,
13169-13174. (c) Balaban, A. T. On protochirons and known or
predicted helical structures. MATCH, Commun. Math. Comput.
Chem., 2011 (in press).
Yang, W.; Zhang, F.; Klein, D. J. Benzenoid links. J. Math. Chem.,
2010, 47, 457-476.
Scott, L. T. Conjugated belts and nanorings with radially oriented p
orbitals. Angew. Chem. Int. Ed., 2003, 42, 4133-4135.
(a) Tahara, T.; Tobe, Y. Molecular loops and belts. Chem. Rev.,
2006, 106, 5274-5290; (b) Choi, H. S.; Kim, K. S. Structures, magnetic properties, and aromaticity of cyclacenes. Angew. Chem. Int.
Ed., 1999, 42, 2256-2258.

60 The Open Organic Chemistry Journal, 2011, Volume 5
[120]

[121]

[122]

[123]
[124]

[125]
[126]
[127]

[128]
[129]
[130]
[131]
[132]
[133]

[134]

[135]
[136]
[137]
[138]

[139]
[140]
[141]

Esser, B.; Rominger, F.; Gleiter, R. Synthesis of [6.8]3-cyclacene:
conjugated belt and model for an unusual type of carbon nano-tube.
J. Am. Chem. Soc., 2008, 130, 6716-6717.
(a) Kemmermeier, S.; Jones, P. G.; Herges, R. Ring-expanding
metathesis of tetradehydroanthracene–synthesis and structure of a
tubelike, fully-conjugated hydrocarbon. Angew. Chem. Int. Ed.,
1996, 35, 2669-2671; (b) Herges, P., Deichmann, M., Wakita, T.,
Okamoto, Y. Synthesis of a chiral tube. Angew. Chem. Int. Ed.,
2003, 42, 1770-1772; (c) Deichmann, M.; Näther, C.; Herges, P.
Pyrolysis of a tubular aromatic compound. Org. Lett., 2003, 5,
1269-1271; (d) Geuenich, D.; Hess, K.; Köhler, F.; Herges, R. Anisotropy of the induces current density (ACID), a general method to
quantify and visualize electronic delocalization. Chem. Rev., 2005,
105, 3758-3772.
(a) Zimmerman, H. E. On molecular orbital correlation diagrams,
the occurrence of Möbius systems in cyclization reactions, and factors controlling ground- and excited-state reactions. J. Am. Chem.
Soc., 1966, 88, 1564-1565; (b) Zimmerman, H. E. The MöbiusHückel concept in organic chemistry. Application to organic molecules and reactions. Acc. Chem. Res., 1971, 4, 272-0289. (c) Rzepa,
H. S. Möbius aromaticity and delocalization. Chem. Rev., 2005,
105, 3697-3715. (d) Martin-Santamaria, S.; Rzepa, H. S. Twist localisation in single, double, and triple twisted Möbius cyclacenes.
J. Chem. Soc. Perkin Trans. 2, 2000, 2378-2381. (e) Türker, L.
MNDO Treatment of the Hückel and Möbius types of cyclacenes.
Theochem, 1998, 454, 83-86.
Klein, D. J.; Liu, X. Elemental carbon isomerism, Int. J. Quantum
Chem. S, 1994, 28, 501-523.
Klein, D. J. Topo-graphs, embeddings, and molecular structure. In:
Mathematical Chemistry, vol. 4, Chemical Topology, Bonchev, D.;
Rouvray, D. H. (eds.), Gordon and Breach Publ., New York, 1999,
pp. 39-83.
Kirby, E. C.; Mallion, R. B.; Pollak, P. Toroidal polyhexes. Trans.
Faraday Soc., 1993, 89, 1945-1953.
Klein, D. J. Elemental benzenoids, J. Chem. Inf. Comp. Sci., 1994,
34, 453-459.
Liu, J.; Dai, H.; Hafner, J. H.; Colbert, D. T.; Smalley, R. E.; Tans,
S. J.; Dekker, C. Fullerene ‘crop circles’. Nature, 1997, 385, 780781.
Szucs, J.; Klein, D. J. Regular affine tilings and regular maps on a
flat torus, Discr. Appl. Math., 2000, 105, 25-237.
Klein, D. J. Topo-combinatoric categorization of quasi-local
graphitic defects, Phys. Chem. Chem. Phys., 2002, 4, 2099-2110.
Klein, D. J.; Balaban, A. T. The eight classes of positive-curvature
graphitic nano-cones, J. Chem. Inf. Model., 2006, 46, 307-320.
Fowler, P. W. How Unsual is C60? Magic Numbers for Carbon
Clusters, Chem. Phys. Lett., 1986, 131. 444-450.
Fowler, P. W.; Steer, J. L. The leapfrog principle: a rule for electron counts of carbon clusters. Chem. Commun., 1987, 1403-1405.
(a) Fowler, P. W. Localized models and leapfrog structures of
fullerenes. J. Chem. Soc. Perkin Trans. 2, 1992, 145-146. (b) Manolopoulos, D. E.; Woodall, D. R.; Fowler, P. W. Electronic stability of fullerenes: eigenvalues theorems for leapfrog carbon clusters.
J. Chem. Soc. Faraday Trans. 2, 1992, 88, 2427-2435. (c) Fowler,
P. W. Leapfrog fullerenes, Hückel bond order and Kekulé structures. J. Chem. Soc. Perkin Trans. 2, 2001, 18-22.
Diudea, M. V.; John, P. E.; Graovac, A.; Primorac, M.; Pisanski, T.
Leapfrog and related operations on toroidal fullerenes. Croatica
Chem. Acta, 2003, 76, 153-159.
Klein, D. J.; Seitz, W. A.; Schmalz, T. G. Icosahedral-symmetry
carbon cages. Nature, 1986, 323, 703-706.
Schmalz, T. G.; Seitz, W. A.; Klein, D. J.; Hite, G. E. C60 Carbon
cages. Chem. Phys. Lett., 1986, 130, 203-207.
Kroto, H. The stability of the fullerenes Cn, with n = 24, 28, 32, 36,
50, 60, and 70. Nature, 1987, 329, 529-531.
(a) Liu, X.; Klein, D. J.; Schmalz, T. G.; Seitz, W. A. Generation of
carbon-cage polyhedra. J. Comput. Chem., 1991, 12, 1252-1259;
(b) Liu, X.; Klein, DJ.; Schmalz, T. G. Preferable fullerenes and
Clar-sextet cages. Fullerene Sci. Technol., 1994, 2, 405-422.
El-Basil, S. Clar sextet theory of buckminsterfullerene. Theochem,
2000, 531, 9-21.
Shiu, W. C.; Lam, P. C. B.; Zhang, H. Clar and sextet polynomials
of buckminsterfullerene. Theochem, 2003, 622, 239-248.
Ye, D.; Zhang, H. Extremal fullerene graphs with the maximum
Clar number. Discr. Appl. Math., 2009, 157, 3152-3173.

Klein and Balaban
[142]

[143]
[144]
[145]
[146]

[147]
[148]
[149]

[150]
[151]
[152]
[153]

[154]

[155]

[156]

[157]
[158]

[159]

[160]

Terrones, H. J. Math. Chem. 1994, 15, 143.Fujita, M.; Yoshida, M.
Osawa, E. Morphology of new fullerene families with negative
curvature. Fullerene Sci. Technol., 1995, 3, 93-105.
Terrones, H.: Terrones, M. Curved nanostructured materials. New
J. Phys., 2003, 5, 126.1-126.37.
G. Benedek, Vahedi-Tafreshi, H.; Barborini, E; Piseri, P; Milani,
P.; Ducati, C.; Robertson, J. The structure of negatively curved
spongy carbon. Diam. Relat. Mater., 2003, 12, 768-773.
Sadoc, J. F.; Moseri, R. Geometric Frustration, Cambridge Univ.
Press, Cambridge, 1999.
Babic, D.; Klein, D. J.; Schmalz, T. G. Curvature matching and
strain relief in bucky-tori: usage of sp3-hybridization and nonhexagonal rings. J. Mol. Graphics Model., 2001, 19, 223-231.
Wang, G.-W; Komatsu, K.; Murata, Y.; Shiro, M. Synthesis and Xray structure of dumb-bell-shaped C120. Nature, 1997, 387, 583588.
Zhu, Q.; Cox, D. E. Phase transitions in RbC60: Dimer formation
via rapid quenching. Phys. Rev. B, 1995, 51, 3966-3969.
Pederson, M. R.; Quong, A. A. Fullerene dimers; Cohesive energy,
electronic structure, and vibrational modes. Phys. Rev. Lett., 1995,
74, 2319-2322.
Thier, K.-F.; Mehring, M.; Rachdi, F. Evidence for sp3 carbon
atoms in the RbC60 dimer phase. Phys. Rev. B, 1997, 55, 124-126.
Zhou, P.; Dong, Z.-H.; Rao, A. M.; Eklund, P. C. Reaction mechanism for the photopolymerization of solid fullerene C60. Chem.
Phys. Lett., 1993, 211, 337-340.
Harigaya. K. Metal-insulator transition in C60 polymers. Phys. Rev.
B, 1995, 52, 7968-7971.
Tast, F. Malinowski, N., Billas, I. M. L.; Heinebrodt, M.; Branz,
W.; Martin, T. P. Polymerized C60 clusters. J. Chem. Phys., 1997,
107, 6980-6985.
(a) Iwasa, Y.; Arima., T.; Fleming, R. M.; Siegrist, T.; Zhou, O.;
Haddon, R. C.; Raothberg, L. J.; Lyons, K. B.; Carter, Jr., H. L.;
Hebard, R. Tycko, G.; Dabbagh, G.; Krajewski, J. J.; Thomas, G.
A.; Yagi, T. New phases of C60 synthesized at high pressure. Science, 1994, 254, 1570-1572; (b) Nunez-Regueiro, M.; Marques, L.;
Jodeau, J-L.; Bethoux, O.; Perroux, M. Polymerized Fullerite
Structures. Phys. Rev. Lett., 1995, 74, 278-281; (c) Marques, L.;
Hodeau, J.-L., Nunez-Regueiro, M.; Perroux, M. Phys. Rev. B
1996, 54, R12633-R12636; (d) V. Agafonov, Davydov, V. A.; Kashevarova, L. S.; Fakhmanina, A. V.; Kahn-Harari, A.; Dubois, P.;
Ceolin, R.; Szwarc, H. ‘Low-pressure’ orthorhombic phase formed
from pressure-treated C60. Chem. Phys. Lett., 1997, 267, 193-198;
(e) Iwasa, Y.; Tanoue, K.; Mitani, T.; Yagi, T., Energetics of polymerized fullerites. Phys. Rev. B, 1998, 58, 16374-16377.
(a) Onoe, J.; Hashi, Y.; Esfarjani, K.; Hara, T.; Kawazoe, Y.;
Takeuchi, K. In-situ infrared spectroscopy of a photoirradiated potassium-doped C60 film. Chem. Phys. Lett., 1999, 315, 19-24; (b)
Branz, W.; Malinsowski, N.; Schaber, H.; Martin, T. P. Thermally
induced structural transition in (C60)n clusters. Chem. Phys. Lett.,
2000, 528, 245-250.
(a) Xu, C. H.; Scuseria, G. E. Theoretical predictions for a twodimensional rhombohedral phase of solid C60. Phys. Rev. Lett.,
1995, 74, 274-277; (b) Cao, Y.; Shi, W. Zhou, W.; Zhang, Z.;
Feng, J.; Chen, W. Band structure studies on polymeric fullerenes.
Chem. Phys. Lett., 1999, 308, 445-448.
Zhu, H.-Y.; Klein, D. J. Buckyball superpolyhedra. Croat. Chem.
Acta, 1997, 70, 519-536.
Balaban, A. T.; Rentia, C. C.; Ciupitu, E. Chemical graphs. VI.
Estimation of the relative stability of several planar and tridimensional lattices for elementary carbon. Rev. Roum. Chim., 1968, 13,
231-247: Erratum, ibid., p. 1233.
(a) Hoffmann, R.; Hughbanks, T.; Kertesz, M.; Bird, P. H. Hypothetical metallic allotrope of carbon. J. Am. Chem. Soc., 1983, 105,
4831-4832; (b) Baughman, R. H.; Eckherdt, H.; Kertesz, M. Structure-property predictions for new planar forms of carbon: Layered
phases containing sp2 and sp atoms. J. Chem. Phys., 1987, 87,
6687-6699; (c) Merz Jr., K.M.; Hoffmann R.; Balaban, A. T. J.
Amer. Chem. Soc., 1987, 109, 6742-6751: 3,4-Connected carbon
nets: through-space and through-bond interactions in the solid state;
(d) Johnston, R. L.; Hoffmann, R. Superdense carbon, C8: supercubane or analog of -silicon. J. Am. Chem. Soc., 1989, 111, 810819.
(a) Biswas, R.; Martin, R. M.; Needs, R. J.; Nielsen, O. H. Complex tetrahedral structures of silicon and carbon under pressure.
Phys. Rev. B, 1984, 30, 3210-3213; (b) Laqua, G.; Musso, H.; Bo-

Clarology for Conjugated Carbon Nano-Structures

[161]

[162]

The Open Organic Chemistry Journal, 2011, Volume 5

land, W.; Ahlrichs, R. Force field calculations (MM2) of carbon
lattices. J. Am. Chem. Soc., 1990, 112, 7391-7392.(c) Boercker, D.
Constant-pressure simulation of carbon in the bc8 structure. Phys.
Rev. B, 1991, 44, 11592-11596; (d) Liu, A. Y., Cohen, M. L.; Hass,
K.C.; Tamon, M. A. Complex tetrahedral structures of silicon and
carbon under pressure. Phys. Rev. B, 1991, 43, 6742-6745; (e)
Mailhot, C.; McMahan, A. K. Atmospheric-pressure stability of
energetic phases of carbon. Phys. Rev. B, 1991, 44, 11578-11591;
(f) Robertson, J.; O’Reilly, E. P. Electronic and atomic structure of
amorphous carbon. Phys. Rev. B, 1987, 35, 2946-2957; (g) H. R.
Karfunkel, H. R.; Dressler, T. Influence of rapid intramolecular
motion on NMR cross-relaxation rates. A molecular dynamics
study of antamanide in solution. J. Am. Chem. Soc., 1992, 114,
2285-2288.
(a) Stankevich, V.; Nikerov, M. V.; Bochvar, D. A. The structural
chemistry of crystalline carbon: geometry, stability, electronic
spectrum. Russ. Chem. Rev., 1987, 53, 640-655; (b) Balaban, A. T.
Carbon and its nets. Comput. Math. Applic., 1987, 17, 397-416;
(reprinted in I. Hargittai, ed., Symmetry II, Pergamon Press, Oxford, 1989, pp. 397-416); (c) Balaban, A. T.; Klein, D. J.; Folden,
C. Diamond-graphite hybrids. Chem. Phys. Lett., 1994, 217, 266270; (d) Bucknum, M. Effects of spiroconjugation in the electonic
band structure of glitter. Carbon, 1997, 35, 1-16.
(a) Wada, N.; Gaczi, P. J.; Solin, S. A. ‘Diamond-like’ 3-fold coordinated amorphous carbon. J. Non-Cryst. Solids, 1980, 35-36, 543548; (b) J. J. Hauser, Electrical, structural and optical properties of
amorphous carbon. J. Non-Cryst. Solids, 1977, 23, 21-41; (c) Beeman, D.; Silverman, J.; Lynds, R.; Anderson, M. R. Modeling studies of amorphous carbon. Phys. Rev. B, 1984, 30, 870-875; (d)
Callstrom, M. R.; Neenan, T. X.; McCreery, R. L.; Alsmeyer, D. C.
Doped glassy carbon materials (DGC): Low-temperature synhesis,
structure, and catalytic behavior. J. Am. Chem. Soc., 1990, 112,
4954-4956; (e) Amaratunga, G. A. J.; Veerasamy, V. S.; Milne, W.
I.; Davis, C. A.; Silva, S. R. P.; MacKenzie, H. S. Photoconductivity in highly tetrahedral diamondlike amorphous carbon. Appl.

Received: March 31, 2011

[163]
[164]

[165]

[166]

[167]

61

Phys. Lett., 1993, 63, 370-372; (f) Pesin, L. A.; Baitinger, E. M. A
new structural model of glass-like carbon. Carbon, 2002, 40, 295306.
Gutman, I.; Cyvin, S.J. Introduction to the Theory of Benzenoid
Hydrocarbons, Springer-Verlag, Berlin, 1989.
(a) Gutman, I.; Furtula, B.; Balaban, A. T. Algorithm for simultaneous calculation of Kekulé and Clar structure counts, and Clar
number of benzenoid molecules. Polycyclic Arom. Comp., 2006,
26, 17-35; (b) Gutman, I. Clar theory and phenylenes. Theochem,
1997, 389, 227-232; (c) Gutman, I.; Gojak, D.; Furtula, B.;
Radenkovi, S. Relating total -electron energy and resonance energy of benzenoid molecules with Kekule-and Clar-structure-based
parameters. Monatsh. Chem., 2006, 137, 1127-1138; (d) Gutman,
I.; Gojak, S.; Turkovi, N.; Furtula, B. Polansky's benzenoid character and the electron content of rings of benzenoid hydrocarbons.
MATCH, Commun. Math. Comput. Chem., 2005, 53, 139-145; (e)
Gutman, I. Clar theory and phenylenes. J. Mol. Struct. (Theochem),
1997, 389, 227-232.
Polansky, O. E.; Derflinger, G.
Zur Clar’schen Theorie lokaler
benzoider Gebiete in kondensierten Aromaten. Internat. J. Quantum Chem., 1967, 1, 379-401.
(a) Jiang, Y.; Zhu, H.; Wang, G. Spin-correlation orderings and
their applications in benzenoid hydrocarbons. J. Mol. Struct., 1993,
297, 327-335; (b) Zhu, H.; Jiang, Y. Clar’s structure of benzenoid
hydrocarbons and six electron spin-correlation ordering. Chem.
Phys. Lett., 1992, 193, 446-450; (c) Jiang, Y.; Zhang, H. Aromaticities and reactivities based on energy partitioning. Pure Appl.
Chem., 1990, 62, 451-456.
(a) Randi, M.; Balaban, A. T. Partitioning of -electrons in rings
for Clar structures of benzenoid hydrocarbons. J. Chem. Inf.
Model., 2006, 46, 57-64; (b) Balaban, A. T.; Pompe, M.; Randi,
M. -Electron partitions, signatures, and Clar structures of selected
benzenoid hydrocarbons. J. Phys. Chem. A, 2008, 112, 4148-4157.

Revised: April 05, 2011

Accepted: April 11, 2011

© Klein and Balaban; Licensee Bentham Open.
This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/3.0/) which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided the
work is properly cited.

