
Topological Ring Currents and Bond Currents in Some Neutral and
Anionic Altans and Iterated Altans of Corannulene and Coronene
Timothy K. Dickens* and Roger B. Mallion

Peterhouse, Cambridge, CB2 1RD England, United Kingdom

ABSTRACT: The novel series of conjugated systems called altans, defined nearly a
decade ago, was subsequently extended to multiple (“iterated”) altans, and their magnetic
properties were calculated by Monaco and Zanasi using the ab initio ipso-centric
formalism. Such properties of the single (“mono”) altans of corannulene and coronene,
calculated by this sophisticated ab initio approach, had earlier been compared with those
calculated via the rudimentary Hückel−London−Pople−McWeeny (HLPM) methoda
parameter-free topological, quasi graph-theoretical approach requiring knowledge only of
the conjugated system’s molecular graph and the areas of its constituent rings. These
investigations are here extended to double and triple altans. HLPM bond currents in
several neutral mono altans are found to differ from those in the corresponding dianion
only in those bonds that lie on the structures’ perimeters, while the HLPM bond currents
in all bonds in the neutral double and triple altans of corannulene and coronene are
precisely the same as in the respective dianions. Some rationalization of these unexpected
phenomena is offered in terms of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) nature of the role played by the lone nonbonding orbital in each of the neutral species and its respective dianion.

■ INTRODUCTION
Monaco and Zanasi1−4 (with Memoli3) have defined a novel
series of conjugated systems that they call “altans”. An
altan1−11 formally arises when an unsaturated hydrocarbon
(called “the parent” or “the core”) is regarded as being placed
inside a [4n]-annulene and then outgoing C−H bonds from
the core/parent are substituted by C−C bonds that are
connected to alternating carbon atoms of the outer annulene
hence, the terminology “altan”.1−11 The process is illustrated,
for example, by the formation of altan-corannulene and altan-
coronene described in ref 5; other clear examples of the
process of altanization are to be found in refs 8−10, and the
chemical aspects of the subject are reviewed in ref 11.
Synthetic work in this area has also very recently been
forthcoming.12

The above-mentioned authors then used the ab initio ipso-
centric formalism1−4,13 to calculate pictorial current-density
maps for these structures and, in some cases, quantitative
integrated current densities, which are the equivalent (in the
ipso-centric approach) of individual bond-current intensities.
The present authors have previously been concerned with how
well these calculated magnetic properties, obtained via this
sophisticated ab initio approach, are mimicked by the much
more rudimentary Hückel14−London15−Pople16−McWeeny17

(HLPM) method, a topological, quasi graph-theoretical
approach18,19 that ostensibly relies on no parameters what-
soever and whose predictions depend only on a knowledge of
the molecular graph20 of the conjugated system under study, as
well as on the areas of its constituent rings.18,19 For reviews,
please see refs 21−24.
In a previous paper in this journal,5 we studied altan-

corannulene (structure 1 in Figure 1) and altan-coronene

(structure 2, in Figure 1). In this study, we examine the doubly
altanized altan−altan-corannulene (structure 3 of Figure 2),
which was introduced by Monaco and Zanasi in ref 4, as well
as altan−altan-coronene (structure 4, in Figure 2)these days
preferably called10,25 (altan)2-coronenewhich has not, so far,
been considered. To compare our results with those of ref 4,
we also examine the dianions of structures 1−4. It is this
comparison that unexpectedly yielded the major observations
reported in this Article.
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Figure 1. Molecular graphs20 of altan-corannulene (1) and altan-
coronene (2) showing their carbon−carbon connectivities. The
carbon−carbon bonds of the parent conjugated systems (corannulene
on the left, coronene on the right), which constitute the inner cores of
these altan structures, are emphasized by being depicted in bold and
in red.
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The mathematical properties of the altans have been studied
by Monaco and Zanasi1 and, systematically, by Gutman.8,9

Basǐc ́ and Pisanski have subsequently considered even higher
altans (what have become known as iterated altans).10

Accordingly, in this Article, we further consider the topological
ring-current and bond-current properties of the triple altan of
corannulene (structure 5 in Figure 3) (more appropriately

called10,25 (altan)3-corannulene) and the triple altan of
coronene ((altan)3-coronene, structure 6 in Figure 3), as
well as their respective dianions. Some surprising results are
obtained. First, though, we describe the method and the
calculations.

■ HLPM METHOD FOR CALCULATING RING
CURRENTS AND BOND CURRENTS

Overall Methodology. Ring-current intensities in struc-
tures 1−6 and their dianions were calculated using the
standard HLPM14−17 topological18,19,21−24 approach; eq 14 of
ref 22 (explicitly documented as eq 4 in the next section of this
Article) was applied, on the assumption of a planar geometry
constituted from rings of carbon atoms whose areas are taken
to be that of a regular polygon with the appropriate number of
sides. This assumption may appear drastic, but previous
studies26,27 involving the HLPM approachon conjugated

systems that, like the altans, contain five-membered and six-
membered ringshave indicated that using ring areas
obtained from X-ray crystallography, rather than idealized
ones, changes calculated ring currents by at most 3%.26,27

Conceptually, numerically and computationally, this combina-
tion of conditions and assumptions that comprise what we call
the “HLPM Topological” method18,19 is precisely equivalent21

to what is termed the “Current Density Hückel−London
(CD−HL)” formulation in refs 28−30. The symmetries31

assumed were D5h (for 1, 3, and 5)32 and D6h (for 2, 4, and
6)32please see refs 5 and 6 for a justification of this
procedure when it is applied to nonplanar structures in which
nonplanarity about any one bond is mild, even if the
nonplanarity between well-separated parts of such structures
may in practice be severe.33,34 Both ring currents and bond
currents are here dimensionless, expressed, as they are, as ratios
to the corresponding quantities calculated by the same method
for benzene. The results are displayed in Figures 4−9 in the
section headed Results and Preliminary Discussion.

Graph-Theoretical and Geometrical Quantities Aris-
ing in the HLPM Approach. For later analysis and
discussion in this Article, it is necessary to consider certain
graph-theoretical and geometrical quantities that arise in the
HLPM formalism.21−24,35,36 We begin by recalling that
method’s graph-theoretical20/Hückel molecular orbital
(HMO)14 basis. The adjacency matrix of the associated
molecular graph20 (that is, the Hückel Hamiltonian matrix14)
is first set up and diagonalized. This yields the set of
eigenvectors, {cJ}J=1,2,···,Nthe LCAO coefficients14and the
family of eigenvalues, {EJ}J=1,2,···,N (which constitute the Hückel
energy levels14). From these eigenvalues/energy levels, the
orbital occupation numbers, {νJ}J=1,2···,N, are devised by an
application of the Aufbau principle.14,37

From these quantities, it is then straightforward to define the
following:
(i) The Coulson bond order, Prs, of the bond joining the

carbon atoms labeled r and s in the associated molecular graph,
as14

∑ ν=
=

P c crs
J

N

J Jr Js( )
1 (1)

(ii) The imaginary mutual bond−bond polarizability, π̅(rs)(tu),
between bonds (rs) and (tu)the imaginary aspect arising as a
result of the influence of the external magnetic field. This is the
rate at which the imaginary part of the bond order, Prs, of the
bond (rs) changes with respect to a variation in the imaginary
part of the resonance integral, β(tu), of the bond (tu). This
imaginary mutual bond−bond polarizability is given by refs
17−19, 21−24, and 36 as

π̅ = π − π + π − πrs tu rs tu rs ut sr ut sr tu( )( ) , , , , (2)

where

∑ ∑π =
β −= = +

c c c c

E E
2

rs tu
I

M

J M

N
Ir Js Jt Iu

I J
,

1 1 (3)

Here, orbitals 1 to M are assumed to be doubly occupied and
orbitals M + 1 to N are entirely unoccupied.
These bond orders and polarizabilities are the graph-

theoretical quantities that are needed in the calculation.
Once these are known, the ring currents themselves are
computed from an expression17−19,21−24,36 that brings together

Figure 2. Molecular graphs20 of (altan)2-corannulene (3) and
(altan)2-coronene (4) showing their carbon−carbon connectivities.
The carbon−carbon bonds of the parent conjugated systems, which
constitute the inner cores of these double altan structures, are
emphasized by being displayed in bold and in red.

Figure 3. Molecular graphs20 of (left) the triple altan (5) of
corannulene (best called10,25 (altan)3-corannulene) and (right)
(altan)3-coronene (6) showing their carbon−carbon connectivities.
The carbon−carbon bonds of the parent conjugated systems that
constitute the inner cores of these triple altan structures are again
emphasized in bold and in red.
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these topological (that is, graph-theoretical) indices with
geometrical aspects of the conjugated structure under study
the latter being, explicitly, in the form of its ring areas:

∑

∑ ∑

= [ + βπ̅ ]

+ βπ̅ [ + ]

μ
μ μ μ μ μ

μ ν ν
μ μ μ ν

<
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J
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In this expression, Ji is the ring-current intensity in the ith
ring of the arbitrary conjugated system under study, and Jbenzene
is the ring-current intensity calculated, by the same method, for
benzene. β is the standard Hückel resonance integral; P(μ), as
previously defined in eq 1, is the Coulson bond order for what
McWeeny called a “circuit-completing bond”17 μ, and the
quantities βπ̅(μ)(μ) and βπ̅(μ)(ν) are, respectively, the self- and
mutual-imaginary bond−bond polarizabilities of two such
bonds, μ and ν, also defined earlier (in eqs 2 and 3). It is not
necessary to go into details about the other symbols arising in
eq 4 except to say the following:
(a) S(μ) is a purely geometrical quantity, dependent on the

ring areas. These terms can be positive or negative according to
whether bonds are defined in one direction or the other.
(b) The quantities C(μ)

i which are effectively the elements
of a (μ × μ) matrix comprising only the entries 0, +1, and
−1are purely topological in nature and take on the values 0,
+1, or −1 according to whether, respectively, (i) the ith ring
does not lie within the μth cycle of the Fundamental System of
Cycles21,38 associated with the selected spanning tree,36 (ii) the
ith ring lies within the cycle completed by the μth cycle-
completing bond and that cycle-completing bond is directed in
the counterclockwise sense around the cycle (the μth one) that
it completes, or (iii) the ith ring lies within the μth cycle but
the μth cycle-completing bond points in the clockwise
direction around the μth cycle.
Once it is accepted that the {S(μ)} are purely geometrical

and that the {C(μ)
i } are purely topological, then, for the purpose

of the discussion presented later in this Article, there is no
need for any further concern, on the reader’s part, about the
quantities S(μ) and C(μ)

i appearing in eq 4.
Furthermore, once the ring currents have been calculated

from eq 4, bond currents are easily obtained from them by
simple arithmetic. If a bond is situated in one ring only, then
the bond current in that bond is numerically equal to the ring
current that its ring bears, and it flows in the same sense. If a
bond is shared between two rings, then the bond current in
that shared bond is a result of what is effectively a competition
between the two and is obtained by subtracting the
(algebraicalthat is, positive or negative) ring currents in
the rings that share that bond. There is an exact analogy here
with traditional, classical, and macroscopic Kirchhoff electrical
networks:24,38 the microscopic ring currents correspond to the
macroscopic loop currents,24 flowing around the several
enclosed regions of the network, while the microscopic bond
currents are the analogy of the currents flowing in the
individual wires/arms of the macroscopic Kirchhoff network.

Calculation of London Diamagnetic Susceptibilities.
Gomes and one of us have emphasized24 that if χBenzene

π‑London (⊥)

stands for the London contribution to the diamagnetic
susceptibility of benzene, perpendicular to its (assumed)
molecular plane, while SBenzenerepresents the area of a standard
benzene hexagon and JBenzene is the ring-current intensity
calculated by the same method (eq 4) for benzene, then the
following simple result21−24 is obtained (eq 17 of ref 22) for an
arbitrary conjugated structure with r rings:

∑χ
χ

=
π‐ ⊥

π‐ ⊥

=

S
S

J

J
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(5)

where χStructure
π‑London(⊥) is the London contribution to the magnetic

susceptibility of the structure under discussion, perpendicular

Figure 4. Maps for the HLPM topological ring currents (in black)
and the associated topological bond currents (in red) for (above)
altan-corannulene (structure 1 of Figure 1; data taken from ref 5) and
(below) its dianion, 12−, for comparison. The topological ring
currents and bond currents are dimensionless quantities. Positive
(diamagnetic) ring currents are considered to circulate counter-
clockwise around their respective rings, while negative (paramagnetic)
ring currents flow in the clockwise sense around those rings. The
various bond currents flow in the direction indicated by the arrow
pointing along each bond.
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to its assumed molecular plane,21,22 χBenzene
π‑London (⊥) is the

analogous quantity for benzene, Si is the area of the ith ring,
and Ji is the ring-current intensity in the ith ring, calculated

from eq 4. The quantity
χ
χ

π‐ ⊥

π‐ ⊥
Structure

London( )

Benzene
London( )

i
k
jjj

y
{
zzz is what was originally

computed (by London15) in the first quantum-mechanical
ring-current calculations, in the 1930salthough without the
intermediate mention, nor the explicit calculation, of ring-
current intensities per se.

The numerical values of
χ
χ

π‐ ⊥

π‐ ⊥
Structure

London( )

Benzene
London( )

i
k
jjj

y
{
zzz for structures 1−6 and

their dianions are given in the right-hand columns of Tables 1,
2, and 3. Of these, only one (1) has a negative value for

χ
χ

π‐ ⊥

π‐ ⊥
Structure

London( )

Benzene
London( )

i
k
jjj

y
{
zzz, which (by a naiv̈ebut, in practice, unwar-

ranted39extension from monocyclic to polycyclic systems)
might intuitively39−44 be thought of as indicating anti-
aromaticitybut please see ref 44 for further critical comment
on this kind of reasoning. All of the others have positive values
for this index, and those with the greatest values (of ca. 40) are
22−, 6, and 62−.
It may be mentioned in passing that, in the case of

conjugated systems consisting only of benzenoid rings, all the

factors( )S
S

i

Benzene
are taken to be identically equal to 1 and so, as

a special case, the quantity
χ
χ

π‐ ⊥

π‐ ⊥
Structure

London( )

Benzene
London( )

i
k
jjj

y
{
zzz is seen numerically to be

equivalent to the index invoked in ref 28 (and called there
“ΣJ(CD−HL)”), which is evaluated by simply adding all of the
ring-current intensities (expressed as a ratio to the benzene
value) in a given conjugated structure, which, by assumption in
this special case, necessarily has no rings other than benzenoid
ones, each being of the standard (benzene) area.

Numerical Accuracy of Reported Calculations. It is our
custom always to compute in double precision and to quote
the results of HLPM calculations to three decimal places. This
policy becomes less justifiable when the size of the structures
increases as there is then more opportunity for round-off error.
In the case of the calculations on the double (3 and 4) and
triple (5 and 6) altans studied herestructures that involve up
to 43 ringswe also experimented with basing the calculations
on two or more different spanning trees21−24,35,36 of the
molecular graph under consideration. A special kind of
spanning tree that is unbranched36 was initially prescribed, in
his classic paper,17 by McWeeny, who called such spanning
trees open chains.36 Later, Gayoso and Boucekkine35 extended
McWeeny’s formalism17 to encompass branched36 spanning

Table 1. Qualitative and Quantitative Conclusions Derived from HLPM Topological Ring-Current Calculations on 1 and 2
and Their Dianions

structure inner cycle (central ring) middle cycle outer cycle (perimeter)

χ
χ

π‐ ⊥

π‐ ⊥
Structure

London( )

Benzene
London( )

i

k
jjjjjj

y

{
zzzzzzb

altan-corannulene (neutral) (1) paramagnetica diamagnetica paramagnetica −0.8
altan-corannulene dianion (12−) paramagnetica diamagnetica diamagnetica 34.4
altan-coronene (neutral) (2) paramagnetic diamagnetic paramagnetic 5.0
altan-coronene dianion (22−) paramagnetic diamagnetic diamagnetic 41.0

aIn this table, when the words “paramagnetic” or “diamagnetic” are flagged with the superscripted “a” footnote, this indicates qualitative agreement
with the ab initio ipso-centric calculations of Monaco and Zanasi reported in refs 2 and 4. None of the other species in this table was considered by
those authors, and so no similar comparisons can be made for the systems 2 and 22−. bDefined in Calculation of London Diamagnetic
Susceptibilities.

Table 2. Qualitative and Quantitative Conclusions Derived from HLPM Topological Ring-Current Calculations on Double
Altans 3 and 4 and Their Dianions

structure inner cycle (central ring) first middle cycle second middle cycle outer cycle (perimeter)

χ
χ

π‐ ⊥

π‐ ⊥
Structure

London( )

Benzene
London( )

i

k
jjjjjj

y

{
zzzzzza

(altan)2-corannulene (neutral) (3) paramagnetic diamagnetic paramagnetic diamagnetic 24.0
(altan)2-corannulene dianion (32−) paramagnetic diamagnetic paramagnetic diamagnetic 24.0
(altan)2- coronene (neutral) (4) paramagnetic diamagnetic paramagnetic diamagnetic 26.0
(altan)2- coronene dianion (42−) paramagnetic diamagnetic paramagnetic diamagnetic 26.0

aDefined in Calculation of London Diamagnetic Susceptibilities.

Table 3. Qualitative and Quantitative Conclusions Derived from HLPM Topological Ring-Current Calculations on Triple
Altans 5 and 6 and Their Dianions

structure
inner cycle (central

ring)
first middle

cycle
second middle

cycle
third middle

cycle
outer cycle
(perimeter)

χ
χ

π‐ ⊥

π‐ ⊥
Structure

London( )

Benzene
London( )

i

k
jjjjjj

y

{
zzzzzza

(altan)3-corannulene (neutral) (5) paramagnetic diamagnetic paramagnetic paramagnetic diamagnetic 16.1
(altan)3-corannulene dianion
(52−)

paramagnetic diamagnetic paramagnetic paramagnetic diamagnetic 16.1

(altan)3- coronene (neutral) (6) diamagnetic diamagnetic paramagnetic diamagnetic diamagnetic 40.2
(altan)3- coronene dianion (62−) diamagnetic diamagnetic paramagnetic diamagnetic diamagnetic 40.2
aDefined in Calculation of London Diamagnetic Susceptibilities.
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trees. Our experimentation showed that basing a calculation on
a branched spanning tree seems to reduce the opportunity for
round-off errorsostensibly because each ring of the
conjugated system under study then generally appears in
fewer terms (during the intermediate calculation) than is the
case when an open chain17,36 is adopted as the starting point.
As a result of these investigations, we feel justified in reporting
ring currents and bond currents in mono-altans (1 and 2) to
three decimal places (as usual) but we quote these quantities
for the double (3 and 4) and triple altans (5 and 6) to only
two decimal places.

■ RESULTS AND PRELIMINARY DISCUSSION

Patterns of HLPM Bond Currents in the Various
Concentric Cycles within Altan-Corannulene (1) and
12−. The HLPM ring-current and bond-current maps for
neutral altan-corannulene (1) (taken from Figure 4 of ref 5),
and the corresponding maps for 12−, are depicted in Figure 4.
Note that in these structures the current in the central (five-
membered) ring (emphasized in blue in Figure 4) is essentially
isolated (decoupled45) from the rest of the system by spokes45

bonds that, by symmetry, bear zero bond currents (and which
are depicted gray in color in Figure 4). It is crucial to observe
that the bond currents around the peripheries of 1 and 12− are
very differentboth in sign and in their paramagnetic/
diamagnetic characterwhile the bond currents in the
corresponding internal bonds of 1 and 12− are identical (to
within a digit in the third decimal place, the accuracy to which
numerical results are quoted). Ring currents in 1 and 12− are
thus very different, despite the fact that bond currents in
corresponding internal bonds are identical in the two species.
It is seen from Table 1 that the qualitative diamagnetic/

paramagnetic nature of the bond-current circulations around
the several concentric cycles within 1 and 12− predicted by
the HLPM calculations, going from the inner cycle (the central
ring) to the outer cycle (the perimeter)is entirely in accord
with what is predicted by the ipso-centric ab initio approach
and reported by Monaco, Zanasi, and Memoli in refs 2 and 4.
That pattern is (outward, from the center) as follows:
paramagnetic/diamagnetic/paramagnetic (for the neutral
species (1)) and paramagnetic/diamagnetic/diamagnetic (for
the dianion (12−)).
Of the two species altan-corannulene (1) and its dianion

(12−), it is the dianion that has the higher value (ca. 34) of the

quantity
χ
χ

π‐ ⊥

π‐ ⊥
Structure

London( )

Benzene
London( )

i
k
jjj

y
{
zzz.

The reader is asked to note two very important observations
to be drawn from Figure 4:
(i) The bond currents around the perimeter are very

different in 1 and 12−, alternating between 0.329 and 0.495 in
the paramagnetic (clockwise) direction for 1 and between
2.020 and 2.186 in the diamagnetic (counterclockwise) sense
for 12−. Such a contrast is perhaps entirely to be expected, in
view of the necessity for the notional addition of two extra π-
electrons as the transition is made from the neutral species (1)
to its dianion (12−).
(ii) However, despite the fact that the ring currents in 1 are

very different from those in 12−, it is seen by careful scrutiny of
the upper and lower parts of Figure 4 that the bond currents in
every one of the corresponding internal (that is, non-
peripheral) bonds of 1 and 12− are all precisely the same (to
within one digit in the third decimal place, the accuracy to

which ring currents and bond currents are quoted here). Only
bond currents in bonds around the perimeter are different in 1
and 12−.
Later, we shall comment on and attempt to explain these

phenomena, in the section Rationalization of Bond-Current
Patterns in Single and Iterated Altans and Their Dianions.

Patterns of HLPM Bond Currents in the Various
Concentric Cycles within Altan-Coronene (2) and 22−.
The HLPM ring-current and bond-current maps for (above)
neutral altan-coronene (2) (taken from ref 5) and (below) the
corresponding maps for 22− are depicted in Figure 5. It can
again be noted that, in 2 and 22−, the current in the central ring
(which is outlined in blue, for emphasis, in Figure 5) is
essentially isolated (decoupled45) from the rest of the system
by spokes45 bonds that, by symmetry, bear zero bond currents
(and which are depicted gray in color in Figure 5). It is vital

Figure 5. Maps for the HLPM topological ring currents (in black)
and the associated topological bond currents (in red) for (above)
altan-coronene (structure 2, Figure 1; taken from ref 5) and (below)
its dianion, 22−, for comparison. For the conventions on displaying
topological ring currents and bond currents, please see the caption to
Figure 4.
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once again for our purposes to observe that, while the ring
currents in 2 and 22− and the bond currents in bonds around
the peripheries of 2 and 22− are very different, the bond
currents in the corresponding internal bondsthat is, those
not on the perimeterin 2 and 22− are identical, to the
accuracy quoted. This is despite the fact that ring currents in 2
and 22− are entirely different.
Table 1 (second half) shows that the qualitative

diamagnetic/paramagnetic nature of the bond-current circu-
lations around the several concentric cycles in 2 and 22−
from the inner cycle (the central ring) to the outer cycle (the
perimeter)predicted by these HLPM calculatons is entirely
the same as for the corresponding members of the series 1 and
12−, reported in the first half of Table 1. That is (from the
inner cycle outward): paramagnetic/diamagnetic/paramag-
netic (for the neutral species (2)) and paramagnetic/
diamagnetic/diamagnetic (for the dianion (22−)).
On this occasion, however, no comparison with ab initio

calculations is available from ref 4, as was the case with 1 and
12−. As with 1 and 12−, however, of the two species (2 and 22−)
related to altan-coronene that are considered here, the dianion

(22−), as before, has the higher value of
χ
χ

π‐ ⊥

π‐ ⊥
Structure

London( )

Benzene
London( )

i
k
jjj

y
{
zzz (ca. 41).

This observation is not inconsistent with the fact that the
dianion (22−) has a preponderance of diamagnetic cycles (two,

out of three), whereas 2 (with a
χ
χ

π‐ ⊥

π‐ ⊥
Structure

London( )

Benzene
London( )

i
k
jjj

y
{
zzz value of only ∼5)

hosts two paramagnetic circulations and only a single
diamagnetic one.
Once more, we note two important observations drawn from

Figure 5:
(i) The bond currents around the respective perimeters are

again very different in 2 and in 22−, being weakly in the
paramagnetic direction for 2 (alternating between about 0.04
and 0.27) and strongly in the diamagnetic sense (between
about 1.85 and 2.08) for 22−.
(ii) However, it is again seen by close inspection of both

parts of Figure 5 that, despite the fact that the ring currents
overall in 2 are very different from those in 22−, the bond
currents in the corresponding internal bonds of 2 and 22− are
all precisely the same (to within a digit in the third decimal
place, the accuracy to which ring currents and bond currents
are being quoted here). Only bond currents in bonds around
the perimeter are different in 2 and 22−. We shall likewise
comment on and attempt to explain these phenomena later in
this Article, in the section Rationalization of Bond-Current
Patterns in Single and Iterated Altans and Their Dianions.
Patterns of HLPM Bond Currents in the Various

Concentric Cycles within (Altan)2-Corannulene (3) and
32−. The HLPM ring-current and bond-current maps for
neutral (altan)2-corannulene (3) (which, it should be noted,
are precisely the same as those for its dianion (32−)) are
depicted in Figure 6. In the case of this double altan, it is not
just those currents in corresponding bonds in the interior of
the structures that are identical in the neutral species (3) and
the dianion (32−), but the currents in the bonds around the
peripheries of 3 and 32− are also identicalbecause the ring-
current intensities in the corresponding rings of (3) and 32−

are exactly the same. This result initially surprised us to the
extent that we felt obliged independently to repeat the
calculationrunning it in all three timeslest the outputs
might somehow have become interchanged. In the course of

this, we also took the opportunity additionally to vary the
spanning trees21−24,35,36 on which these calculations were
based. Each time, however, the same result emerged: the ring
currents and the corresponding respective bond currents in all
rings in 3 and 32− are identical. Possible reasons for this are
discussed later in this Article, in the section Rationalization of
Bond-Current Patterns in Single and Iterated Altans and Their
Dianions.
It can again be noted from Figure 6 that in 3 and 32−, not

only the current flowing around the bonds in the central (five-
membered) ring (emphasized in blue in Figure 6) but also the
current in the outer perimeter (emphasized in green) are
essentially isolated (decoupled45) from the rest of the system
by spokes45 bondson this occasion, two sets of them
which, by symmetry, bear zero bond currents; (these bonds are
depicted in gray in Figure 6). These incisions by current-free
spokes bonds also result in the isolation of the second and
third cycles fom the center (depicted in black in Figure 6),
which therefore effectively form an independent system of
their own.
The first half of Table 2 indicates that, as was the case for

altan-corannulene (1) and altan-coronene (2), the patterns of
current flow around the various concentric cycles in altan2-
coranulene (3) and in 32− alternate in nature, as one goes from
the inner cycle (the central ring) to the outer cycle (the
perimeter)that is, for both 3 and 32−, the pattern is (from
the inner ring, going outward) as follows: paramagnetic/
diamagnetic/paramagnetic/diamagnetic.
There are no ab initio data in refs 2 and 4 to compare with

this but recall that, in the case of 1 and 12−, the analogous
patterns predicted by the ab initio ispso-centric approach and

Figure 6. Maps for the topological ring currents (in black) and the
associated topological bond currents (in red) for neutral (altan)2-
corannulene (3) and for its dianion (32−). Note that the ring-current
and bond-current maps for the dianion (32−) of 3 are identical with
those of neutral 3 itself: please see the text for a discussion of this
phenomenon. The diatropic [4n]-perimeter25 of this iterated altan25

should also be noted in view of the comments of Monacobased on
ab initio calculationsin ref 25.
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the HLPM formalism agreed qualitatively. The value for
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Patterns of HLPM Bond Currents in the Various
Concentric Cycles within (Altan)2-Coronene (4) and 42−.
The HLPM ring-current and bond-current maps for neutral
(altan)2-coronene (4) (which is the same for its dianion (42−))
are shown in Figure 7. As was the case for the neutral species

and the dianion of the double altan of corannulene (3 and
32−), it was founddespite rigorous cross-checking such as
was described earlier for the calculations on 3 and 32−that
not just those currents in the corresponding respective bonds
in the interior of the structures are identical in the neutral
species (4) and in the dianion (42−), but the currents in the
bonds around the peripheries of 4 and 42− are identical also.
Possible reasons for this are discussed later in this Article, in
the section Rationalization of Bond-Current Patterns in Single
and Iterated Altans and Their Dianions. As was the case with 3
and 32−, for 4 and 42− not only the current in the central ring
(emphasized in blue in Figure 7) but also the current in the
outer perimeter (emphasized in green) are essentially isolated
(decoupled45) from the rest of the system by spokes45

bondshere, once again, two sets of themwhich, by
symmetry, bear zero bond currents. The system represented
by the second and third cycles (from the center), depicted in
black in Figure 4, is also isolated by these spokes bonds (which
are themselves depicted in gray in Figure 7) and effectively
exists independently from the rest of the structure.

The lower half of Table 2 indicates that the current flow
around the various concentric cycles in altan2-coronene (4)
and in 42− once again alternate in nature, as one goes from the
inner cycle (the central ring) to the outer cycle (the
perimeter), in exactly the same manner as was observed in
the case of 3 and 32−. The pattern for 4 and 42− is as follows:
paramagnetic/diamagnetic/paramagnetic/diamagnetic.

The value of
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Patterns of HLPM Bond Currents in the Various
Concentric Cycles within (Altan)3-Corannulene (5) and
52−. The HLPM ring-current and bond-current maps for
neutral (altan)3-corannulene (5) (which is the same for its
dianion (52−)) are shown in Figure 8. The by-now expected
pattern emerges that, once again, neutral species (5) and
dianion (52) have identical ring currents in their corresponding
rings and, as an inevitable consequence, identical bond
currents both for their respective peripheral bonds and for
their corresponding internal bonds. Possible reasons for this
are discussed later in this Article in the section Rationalization
of Bond-Current Patterns in Single and Iterated Altans and
Their Dianions. Once again, certain cycles and families of
cycles are essentially isolated (decoupled45) from the rest of
the system by spokes45 bonds that, by symmetry, bear zero
bond currents (and which are shown in gray in Figure 8). In
the case of 5 and 52−, not only is the current in the (five-
membered) central ring (emphasized in blue in Figure 8)
isolated in this way but the perimeter and the penultimate
cycle (emphasized in green in Figure 8) effectively form an
independent system of their own, being decoupled from the
inner three cycles by current-free spokes bonds separating the
third and fourth cycles from the center (as depicted in Figure
8). These incisions by several families of spokes bonds also
isolate the second and third cycles from the circulations
occurring in the central ring and from the current flow in the
fourth and fifth cycles; these cycles (depicted in black in Figure
8) do, thereby, likewise form what is essentially an
independent system of their own.
The first half of Table 3 indicates that the flows of current

around the various concentric cycles in (altan)3-coroannulene
(5) and in 52− break the previous pattern of alternation that
was observed for the single (1 and 2) and double (3 and 4)
altans and their dianions. The bond-current patterngoing
from the central ring outward to the perimeterfor 5 and 52−

is as follows: paramagnetic/diamagnetic/paramagnetic/para-
magnetic/diamagnetic.
There is a preponderance of paramagnetic cycles, and this is

consistent with a somewhat low
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Patterns of HLPM Bond Currents in the Various
Concentric Cycles within (Altan)3-Coronene (6) and 62−.
Finally, the HLPM ring-current and bond-current maps for
neutral (altan)3-coronene (6) (which are the same as for its
dianion (62−)) are shown in Figure 9. The pattern, by now
expected, is again encounterednamely, that once more the
neutral species (this time 6) and the dianion of it (62−) have
identical ring currents in all of their corresponding rings and
therefore, as an inevitable consequencethey have identical
bond currents both in their respective peripheral bonds and in
their internal bonds. Possible reasons for this are discussed
later in this Article in the section Rationalization of Bond-
Current Patterns in Single and Iterated Altans and Their

Figure 7. Maps for the HLPM topological ring currents (in black)
and the associated topological bond currents (in red) for neutral
(altan)2-coronene (4), which are identical to the corresponding maps
for its dianion (42−). In view of the remarks of Monaco in ref 25
which were based on ab initio calculationsit should also be noted
that this iterated altan has a diatropic perimeter16 despite, as with all
iterated altans,25 that perimeter’s being of the [4n] type.
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Dianions. As in 5 and 52− the current in the central ring of 6
and 62− (emphasized in blue in Figure 9) is isolated from the
rest of the structure by spokes bonds bearing zero bond
current (shown in gray in Figure 9), and the perimeter and the
penultimate cycle (emphasized in green in Figure 8)also as
was found for 5 and 52−effectively form an independent
system of their own, being decoupled from the inner three
cycles by current-free spokes45 bonds separating the third and
fourth cycles from the center (as depicted in Figure 9). As with
5 and 52−, this likewise leaves the second and third cycles
(represented in black in Figure 9) isolated, to form their own
independent system.
The lower half of Table 3 indicates that the flow of current

around the various cycles in altan3-coronene (6) and in 62−

also break the previous pattern of alternation that was initially
observed for the single (1 and 2) and double (3 and 4) altans
and their dianions. However, the pattern for this triple altan
((altan)3-coronene (6)) and its dianion (62−) is different from
that observed in the case of the other triple altans studied here
((altan)3-corannulene (5), and its dianion (52−)). The bond-
current pattern for 6 and 62− is (from the central ring, going
outward to the perimeter) as follows: diamagnetic/diamag-
netic/paramagnetic/diamagnetic/diamagnetic.
It might be noted that (altan)3-corannulene (5 and 52−) has

a preponderance of paramagnetic cycles (three out of five)
while (altan)3-coronene (6 and 62−) has more diamagnetic
cycles (four of them) than paramagnetic cycles (one). This is

consistent with the observed
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zzz ratio for 6 and 62− of

∼40, whereas that for 5 and 52− is only ca. 16.

■ RATIONALIZATION OF BOND-CURRENT
PATTERNS IN SINGLE AND ITERATED ALTANS
AND THEIR DIANIONS

In this section, we attempt to rationalize the following
observations that have so far been made in this Article:
(i) In the mono-altans 1 and 2, the bond currents in the

bonds around the perimeter are different in the dianion from in
the neutral species, but, despite very different ring currents in
the neutral species 1 and 2 and their respective dianions, the
bond currents in all the corresponding internal bonds are the
same for both the neutral species and the dianion, for both 1
and 2.
(ii) In the iterated altansboth double (3 and 4) and triple

(5 and 6)the bond currents in all bonds (both internal and
peripheral) in the dianions are identical to those in the
corresponding bonds of the respective neutral species.
These unexpected and surprising observations are discussed

and rationalized in the next three subsections.
Configuration of the HOMO−LUMOs in the Mono-

Altans (1 and 2) and Iterated Altans (4−6). The
disposition of the energy levels in the two neutral mono-
altans (1 and 2) and the pairs of neutral double (3 and 4) and
triple (5 and 6) altans, as well as their respective dianions, are

Figure 8. Maps for the HLPM topological ring currents (in black) and the associated topological bond currents (in red) for neutral (altan)3-
corannulene (5), which are identical to the corresponding maps for its dianion (52−). It should also be noted that this iterated altan has a diatropic
perimeter,25 notwithstanding the fact that, like all iterated altans,25 its perimeter is of the [4n] type.25
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schematically illustrated in Figure 10. The following important
features should be noted:

(i) The highest-occupied molecular orbitals (HOMOs) in
the neutral species of 1−6 are a pair of degenerate, doubly

Figure 9. Maps for the HLPM topological ring currents (in black) and the associated topological bond currents (in red) for neutral (altan)3-
coronene (6), which (as was the case with 3, 4, and 5) are the same as the corresponding maps for its dianion (62−). It should also be noted that
this iterated altan likewise has a diatropic perimeter16 despite the fact that, as with all iterated altans,25 that perimeter is (by definition) of the [4n]
type.25

Figure 10. Schematic respresentation of the π-electronic ground-state configuration, obtained from an application of the Aufbau process, for (a) the
neutral species 1−6 and (b) the dianions of 1−6. The extra two electrons that are possessed by each of the dianions of 1−6 are denoted in red on
the right-hand side of the figure; they are both assigned, by the Aufbau process, to occupy the lone, nonbonding orbital (with paired spins).
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occupied bonding orbitals. (Please see the left-hand side of
Figure 10, colored in green.)
(ii) The lowest-unoccupied molecular orbital (LUMO) in

the neutral species is a lone (nondegenerate) nonbonding
orbital. In graph-theoretical terms, it is a single (nonrepeated)
zero eigenvalue of the associated molecular graph.14,20 (Please
see the left-hand side of Figure 10.)
(iii) The two antibonding orbitals immediately above the

nonbonding orbital in 1−6 are degenerate andlike all of the
other antibonding orbitals above themthey are unoccupied
in both the neutral species and in the dianion. (Please see parts
(a) and (b) of Figure 10.)
(iv) When, in order to make the transition from the neutral

species (of 1−6) to the corresponding dianion, two extra π-
electrons are notionally added according to the provisions of
the Aufbau principle,14,37 these two extra π-electrons go, with
paired spins, into the lone, nonbonding orbital (as shown in
red on the right-hand side of Figure 10). The single zero-
energy level, by accommodating the extra two π-electrons in
this way, thereby goes from being the LUMO of the neutral
species to being the (fully occupied) HOMO of the dianion.
(v) Now, it is well-known that, in any arbitrary conjugated

system, the sum of the coefficients of a nonbonding MO on all
carbon atoms adjacent to a given carbon atom is zerosee, for
example, page 100 of ref 14.
(vi) In addition to obeying property (v), each of the unique

nonbonding orbitals in structures 1−6 is such that its only
nonzero coefficients alternate around the periphery, as is
shown, for example, in the case of 1 in Figure 11. The

nonbonding MO for one of the triple altans (6) is illustrated in
Figure 12. Although they are not explicitly displayed here,
similar patterns are also encountered for the nonbonding
orbitals of 2−5.
Configuration of the HOMO−LUMOs in the Mono-

Altans of Other Species. We temporarily leave the domain
of the altans of corannulene (1, 3, and 5) and coronene (2, 4,
and 6) because, at this stage of the investigation, we consulted
the archives of our previously published calculations6,7,22 on
the mono-altans of 10 other speciesthose of benzene (7),22

naphthalene (8),6 pyrene (9),6 perylene (10),7 peropyrene
(11),7 kekulene (12),6 azulene (13),6 acenaphthylene (14),7

and fluoranthene (15);7 we also studied pyracylene (16),6 but
that is excluded from consideration for the moment, for
reasons that will become apparent. (Structures 7−16 are
illustrated in refs 6, 7, and 22.) The neutral altans of all the

structures in this list (with the exception of altan-
pyracylene)as with altan-corannulene (1) and altan-
coronene (2)were found to have a single, unoccupied,
nonbonding orbital, with nonzero coefficients on alternating
centers (and also alternating in sign) only around the
perimeters of these mono-altan systems. In addition it should
be noted that none of the parent structures listed (with the
exception of pyracylene,6 which has one nonbonding MO) has
any nonbonding MOs. That is to say, all the parent structures
(with the exception of pyracylene) have a nullity46 of zero,
while the mono-altans of 9 of the 10 structures listed (all of
them (7−16), but excluding the altan of pyracylene (16)) have
a nullity of 1. Studies on the mathematical properties of the
altans in general have shown that the mono-altans of parent
structures that have a nullity of zero themselves have a nullity
of 1,8−10,46 and this is borne out in practice in the case of the
calculations that we have carried out on 1 and 2 and the altans
of the nine other conjugated systems (7−15) that were
examined (and illustrated) in refs 6, 7, and 22 and which are
listed above.
We also observe and note here that, as was the case with 1−

6, in each of these nine mono-altans (7−15) discussed in refs
6, 7, and 22, this single nonbonding MO is likewise the LUMO
in the neutral species and the HOMO in the corresponding
dianion. Furthermore, as was the case with these nine mono-
altans (7−15), the following were found:
(i) In the case of each neutral altan (7−15) and its

corresponding dianion, although ring currents were very
different between the two, the bond currents in all internal
bonds were precisely the same in the dianion as in the neutral
species, but the bond currents flowing around the perimeter
were found to be different in the neutral species from the
corresponding bond currents in the dianion.
(ii) In all the listed cases, the lone nonbonding orbital in the

neutral species was unoccupied as the LUMO, whereas that
orbital in the corresponding dianion received and accom-
modated the two extra π-electrons (with paired spins) added in
the course of applying the Aufbau process14,37 and so became
the HOMO in the dianion, in an analogy with Figure 10.

Figure 11. Nonzero coefficients (marked x or −x) of the nonbonding
MO in altan-corannulene (1). All unmarked centers have a zero
coefficient in the nonbonding MO. For a normalized MO, x = 1/ 10 .

Figure 12. Nonzero coefficients (marked y or −y) of the nonbonding
MO in (altan)3-coronene (6). All unmarked centers have a zero
coefficient in the nonbonding MO. For a normalized MO, y = 1/ 12 .
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(iii) That nonbonding MO, in every case, had nonzero
coefficients centered only on certain (alternate) carbon atoms
on the peripherythe coefficients centered on every other
carbon atom on the periphery were zero, and the intermediate
ones alternated as x and −x, y and −y, etc. as displayed, for
example, in the diagrams in Figure 11 (for the nonbonding
orbital in 1) and Figure12 (for the nonbonding orbital in 6).
(iv) In contrast to all of the other species mentioned here

(7−15), there is a different situation when pyracylene (16) is
the parent structure, as it already has a (single) nonbonding
MO, even before the altanization process begins; the altan of
pyracylene thus has two nonbonding MOs.8−10,46 In the
ground state of the neutral altan of pyracylene, the two
nonbonding orbitals are left unoccupied, after the Aufbau
process has been applied.14,37 These two nonbonding orbitals
are in fact, therefore, both LUMOs in the neutral species, as
with 1−15. When the transition from the neutral species to the
dianion is effected, however, one of these two extra electrons
that are added during the course of the Aufbau process when
the dianion is formed from the neutral species should go into
each of the two degenerate nonbonding levels. This would
then lead to a triplet ground state, and in that situation, there
would be infinite paramagnetism39,47 and so the ring-current
calculation, although viable for the neutral mono-altan 16
indeed, we reported it (labeled as “structure 5”) in ref 6
could not be carried out for the dianion of that mono-altan,
162−.
Effect on the Coulson Bond Orders (Prs) and the

Imaginary Bond−Bond Polarizabilities (π̅(rs)(tu)) of Going
from the Neutral Species to the Dianion in Structures
1−15. It is clear from the definition of Prs in eq 1 that, in the
dianions, the contributions from the two extra π-electrons in
the nonbonding orbital to the bond orders of any bond
between two adjacent atoms on the periphery will identically
be zero; this is because precisely one of the LCAO-MO
coefficients centered on carbon atoms r and s that form a bond
on the periphery will necessarily be zero, because of the rule
that, in a nonbonding orbital, the LCAO coefficients centered
on all carbons atoms that are adjacent to a given carbon atom
must necessarily sum to zeroplease see, for example, the
bottom of page 100 of ref 14 and see also Figures 11 and 12 for
examples of this. It is also straightforward to see from eq 1 that,
in the dianions, the contributions from the two extra π-
electrons in the nonbonding orbital to the bond orders of (a)
any bond between two adjacent interior carbon atoms and (b)
any bond between a carbon atom on the periphery and an
adjacent internal carbon atom will also identically be zero.
The imaginary bond−bond polarizabilities, π̅(rs)(tu), on the

other hand, are calculated from eqs 2 and 3. From these it is
evident from a consideration of, for example, Figures 11 and
12, that in the dianion the contributions from the extra two
electrons in the nonbonding orbital to the mutual bond−bond
polarizabilities between two bonds, both of which are internal,
will still always be identically zero. But whether there are
necessarily zero or nonzero contributions from the two extra π-
electrons in the nonbonding level to the mutual bond−bond
polarizabilities (a) between two bonds on the periphery or (b)
between a peripheral bond and an entirely internal one is not
obvious in the general case from eqs 3 and 4. This is the crux
of the matter at issue.

■ CONCLUDING REMARKS

In principle, therefore, the magnetic behavior of the mono-
altans considered here (1 and 2 in Figures 4 and 5) and 7−15
(studied and illustrated in refs 6, 7, and 22) can be rationalized
intuitively: because the nonbonding orbitals have nonzero
LCAO-MO coefficients only for certain atoms around the
periphery, only the bond currents in bonds on that perimeter
will have the possibility of varying, as the transition is made
from the neutral altan to the dianion of it. This is why the
calculated ring currents in the neutral species and the
corresponding dianion are different in these structures (see,
for example, Figures 4 and 5).
In the case of the iterated altansthe (altan)2-structures (3

and 4) and the (altan)3-structures (5 and 6)our calculations
have shown that all bond currents (even those in bonds on the
periphery) are exactly the same in the dianion as in the
corresponding neutral species. This is because, unlike in the
cases of 1 and 2 and the altans of 7−15 discussed in refs 6, 7,
and 22, actual calculation on 3−6 indicates no change in any of
the imaginary bond−bond polarizabilities (eqs 2 and 3) when
going from the neutral species to the corresponding dianion. In
addition, as argued, there is of course no change in the
Coulson bond orders (eq 1) when that transition from neutral
species to dianion is made. Accordingly, the ring currents, and
by extension the bond currents, are identical in the neutral
species and the corresponding dianion for the iterated altans
3−6.
Future developments of these studies that might possibly be

fruitful could include the following:
(i) To extend the HLPM investigations to encompass even

higher iterated altans, such as (altan)n-corannulene and
(altan)n-coronene (with n > 3). This might, however, lead to
the sort of practical difficulties concerning round-off error that
were raised in section Numerical Accuracy of Reported
Calculations.
(ii) To encourage practitioners of ab initio approaches (such

as those reported in refs 1−4) to investigate structures 3−6
and their dianions. More sophisticated ipso-centric ab initio
calculations might also possibly confirm the remarkable and
unexpected predictions that have arisen here in the context of
the pseudo graph-theoretical HLPM formalism18,19,21−24

concerning the identical ring-current and bond-current maps
in the neutral iterated altans 3−6 and their respective dianions
that have been examined here.
There are already indications that point (ii) may yield

conclusions of interest by virtue of some of the current
strengths calculated by use of the ab initio ipso-centric method
for a limited number of internal bonds in 1 and 12−, which
have been reported by Monaco and Zanasi in ref 4. For the
internal bonds labeled a, b, c, and d in Scheme 3 on page 735
of ref 4, the values of integrated current strengths (the
equivalent of our bond currents) are stated to be as follows
(for bonds a, b, c, and d, respectively, with neutral species 1
first, followed by 12− in parentheses): −0.45 (−0.47), 0.00
(0.00), 0.81 (0.85), and 0.76 (0.82). It should immediately be
conceded, however, that the pair of zero currents (for bond b)
are guaranteed to agree by symmetry, irrespective of the
approximations and assumptions made in the calculation.
Nevertheless, given that bond currents arising from ab initio
calculations (unlike our HLPM bond currents) do not in
general rigorously obey Kirchhoff’s Conservation Law38 at
junctions (except in the idealized limit of a complete basis
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set),48 the approximate equality between the above corre-
sponding pairs of internal bonds in 1 and 12− is sufficiently
encouraging to suggest that investigating the magnetic
properties of the iterated altans 3−6 and their dianions by
the ipso-centric ab intitio methods might prove to be
worthwhile.
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Kirchhoff Actually Did Concerning Spanning Trees in Electrical
Networks and its Relationship to Modern Graph-Theoretical Work.
Croat. Chem. Acta 2016, 89, 403−417.
(39) Pople, J. A.; Untch, K. G. Induced Paramagnetic Ring Currents.
J. Am. Chem. Soc. 1966, 88, 4811−4815.
(40) Steiner, E.; Fowler, P. W. Four- and Two-electron Rules for
Diatropic and Paratropic Ring Currents in Monocyclic π-Systems.
Chem. Commun. 2001, 2220−2221.
(41) Jung, D. E. Grenzen der Ringstromdefinition der Aromatizitaẗ:
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