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ABSTRACT: Periodoannulene molecules and ions CxIx
q in planar geometry offer examples

of systems with the potential for outer σ and inner π ring-current double aromaticity, given a
sufficient overlap of tangential pσ-orbital manifolds on the large atoms of the outer cycle.
Previous theoretical work indicated concentric diatropic currents in the dication C6I6

2+. Ab
initio ipsocentric calculations support an account in terms of frontier-orbital selection rules
for current contributions in C6I6

2+ (and radical C6I6
+, implicated in recent experimental

work on the oxidation of periodobenzene). A σ/π analogue of the annulene-within-an-
annulene model is applied here to periodo systems based on cyclooctatetraene. Model
species C8I8

q with charges q = 0, +1, +2, +4, −2 and structures constrained to a planar D4h
symmetry exhibit maps with all combinations of σ/π con- and counter-rotation, comprising
global σ ring currents on the iodine perimeter and central π ring currents on the carbocycle.
All can be rationalized by the separate application of the tropicity selection rules to the two
subsystems, whether in singlet or triplet states.

1. INTRODUCTION

Aromaticity in all its manifold variations1 has engaged the
attention of chemists for many decades and has figured
prominently in the work of Boldyrev and his collaborators for
several of those.2−14 “Double aromaticity”15 is a recurring term
in the literature,16 where it is usually associated with a
combination of σ and π aromaticities, as diagnosed by electron
counting, delocalization, enhanced stability, or characteristic
magnetic properties.17 The recent full characterization of the
hexakis(phenylselenyl)benzene dication is claimed as the first
example of a bench-stable double aromatic.16 A second
example has now appeared.2 The present article returns to
some systems of earlier interest as possible experimental
realizations of double aromaticity. We deal with a theoretical
puzzle about aromaticity in substituted benzenes that was
apparently solved, then “unsolved” by further experimental
evidence. Where there is aromaticity, there is also the
possibility of antiaromaticity,18 and our main focus here is
on the possibility of a system that exhibits mixed aromaticity
and antiaromaticity. We describe a new application of the
annulene-within-an-annulene (AWA) model,19−27 which was
originally devised for a qualitative description of the electronic
structure of polycyclic hydrocarbons, where the carbon
skeleton consists of two concentric cycles (an inner “hub”
and an outer “rim”) connected by radial bonds (“spokes”). It
has been used to discuss the π aromaticity of these and related
systems from the perspective of magnetic properties, where it
performs with varying degrees of success.25−32 One natural
question concerns the relative sense of rim and hub ring

currents (if any) in such molecules. A crucial factor in
predicting this feature of the current-density map is the
strength of the coupling between rim and hub, as supplied by
the spoke bonds;21,31,32 when this coupling is significant AWA
cannot be trusted to give even qualitatively correct results,21 as
the archetypal examples of coronene and corannulene amply
demonstrate.30

An extension of the AWA idea, which does not seem to have
been remarked as such, is to systems with “double aromaticity”,
where ring currents arise separately in σ and π orbital
manifolds. In this case, direct coupling of σ and π systems is
ruled out by symmetry, and a prediction of the current
direction can be expected to follow established selection rules
based on orbital occupancy and nodal character within each
manifold. Orthogonality, in the sense of a symmetry separation
of the two orbital subsystems,15 was behind the specific
proposals33,34 for double aromaticity in periodobenzene, but it
has an even simpler manifestation in magnetically active single
cycles. For example, the systematics of ring currents in bare all-
carbon cycles35,36 can be seen in the light of AWA, as a hub of
pπ orbitals supporting the conventional central π current, and a
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rim of radial pσ orbitals supporting a σ current around the
molecular perimeter. In this case, the two “annulene” rings
occupy the same physical space, as there is only one cycle of
nuclei, but the two manifolds are by definition orthogonal.
Furthermore, calculations indicate that the relative sense of the
two currents may be tuned by, for example, donation of
electrons from an encapsulated metal center.37 The relative
occupancy of the two manifolds is determined by orbital
energies, and the current maps for the subsystems are well-
described by the separate use of principles developed for
conventional annulenes π systems.38 Here, the symmetry-
enforced orthogonality provides the factor to weaken the
coupling of the two manifolds, giving an ideal situation for an
application of the AWA model.21 The identification of spatially
separated “radial” and “tangential” currents for hypothetical
boron toroidal shells is also consistent with an extended AWA-
type rationale.39

Another class of systems that has usually been treated in a
different way, but for which the AWA analogy also supplies a
useful schematic description, consists of periodobenzene and
its ions (and potentially other [n]annulene analogues). The
underlying idea is that the iodine ligands have a poor π overlap
with the 2p orbitals of the central carbon atoms and do not
interfere with the central π current but have a significant σ
tangential overlap around the molecular perimeter through
their 5p orbitals, potentially allowing a σ delocalization33,34 and
σ current17 (perimeter current40) to develop. We first review
the checkered history of this idea for the hexaiodobenzene
molecule and its ions and then in the main body of the paper
extend the calculations to periodoannulenes with an anti-
aromatic core, as instanced by C8I8 and its ions. This leads to a
verification of the σ/π AWA rules for (constrained)
antiaromatic systems.
The putative double aromaticity of periodo[6]annulenes has

been studied for several decades. The dication of hexaiodo-
benzene is often quoted as an example of a molecular system
where nonbonding interactions on the outside of a molecule
give a σ contribution to aromaticity, over and above the usual π
aromaticity of the central carbon ring. The species C6I6

2+ was
assigned in early experiments33,34 as a reaction product of
oxidation of hexaiodobenzene, and it is true that a structure
with D6h symmetry corresponds at various levels of
theory17,34,40−42 to a local minimum on the potential energy
surface for this ion.
The hexaiodobenzene dication is predicted by ipsocentric

calculations to show concentric rim-and-hub σ and π diatropic
ring currents induced by an external magnetic field directed
along the principal symmetry axis and, hence, double
aromaticity in the magnetic sense.17 In ipsocentric calcu-
lations,43−47 the problems associated with the gauge depend-
ence of magnetic properties computed in finite basis sets are
sidestepped by taking the origin for a calculation of the current
at any point in molecular space as that point itself (or, for
points very close to a nucleus, at the nearest nucleus). This
approach to current mapping has decisive advantages in terms
of economy, accuracy, and interpretability, and it leads to
simple selection rules based on an orbital nodal character that
predict and rationalize diatropic and paratropic currents.38,45

The pattern of distribution of current in the dication is also
consistent with calculations in approaches that do not make
the breakdown into orbital contributions,40 though we would
contend that interpretability is always an advantage.

The origin of the extra aromaticity in the D6h-symmetric
C6I6

2+ molecule is clear in the frontier-orbital model for single
annulene rings that derives from an ipsocentric calculation of
ring current.38 Just as the central diatropic current around the
benzene ring arises from a four-electron virtual excitation from
the (e1g) π highest occupied molecular orbital (HOMO) to the
(e2u) π lowest unoccupied molecular orbital (LUMO), which
increases the number of angular nodes by one, so an outer
current in the σ system arises from a four-electron virtual
excitation from the (e1u) σ HOMO to the (a2g) σ LUMO,
which corresponds to an increase by one in the number of
angular nodes and is therefore also diatropic. This latter
excitation would be blocked in the neutral species, where the
a2g orbital is doubly occupied. It would also be expected to
become much less effective in producing a current in the series
of dicationic species C6X6

2+, where iodine is replaced by
smaller halogen atoms X = F, Cl, Br, with a consequent
reduction in the σ overlap.
However, recent synthetic work48 casts doubt on the

experimental identification of C6I6
2+, indicating instead that a

vigorous oxidation of hexaiodobenzene produces salts of the
radical monocation C6I6

+. Molski et al. state that “Taken
together, our crystallographic and spectroscopic results led us
to conclude that the [C6I6]

2+ dication remains an unknown
species”.48 These authors note that the monocation salts have
only very broad electron spin resonance (ESR) signals, so that
an apparent lack of the ESR spectrum is not necessarily a
reliable indication of a closed-shell species. Interestingly, it is
also found48,49 that, unlike cognate species C6F6

+, C6Cl6
+, and

C6Br6
+, the ion C6I6

+ does not exhibit a Jahn−Teller distortion
in the solid state. This is consistent with calculations. As for the
cases of the neutral and the dication, the calculations agree
with previous work in indicating a molecular structure for C6I6

+

that retains the full D6h symmetry,48 with half-filling of the
(a2g) σ singly occupied molecular orbital (SOMO) that was
formerly the dication σ LUMO and the σ HOMO in the
neutral. This molecular orbital (MO) is iodine-centered, as
expected from relative electronegativities,48 and it represents
the formally fully antibonding combination of a ring of
tangentially overlapping pσ lone-pair orbitals. The non-
degeneracy of the SOMO is consistent with the lack of a
Jahn−Teller geometric distortion of the ring. Interestingly,
therefore, this open-shell monocationic species should also
sustain a diatropic perimeter ring current arising from the same
virtual excitation as in the putative dication, although now it
would be attributable to only two of the electrons of the (e1u)

4

set, under the spin selection rule implied by analogy with an
ipsocentric ring-current interpretation47 of open-shell aroma-
ticity according to Baird’s Rule.50 Our orbital explanation fits
well with the evidence from a calculation performed by
Rauhalahti et al.,40 where “...the ring-current strength of C6I6

+

in the exterior part of the molecule is only half as strong as the
one passing the iodines in C6I6

2+...”; approximate halving is
indeed to be expected from the simplest one-electron picture
in which orbital currents arise by a virtual excitation from
occupied to empty (spin) orbitals (Figure 1). This expectation
is borne out by our ipsocentric calculations (not reported
here) on the D6h C6I6

+.
Perhaps ironically, it turns out that the theoretical and

computational arguments about double aromaticity of the
probably as yet unsynthesized C6I6

2+ species apply equally to
the experimentally characterized radical monocation C6I6

+.
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However, an experimental verification of ring currents by their
effects on NMR spectra is nontrivial for radicals.
An examination of the nodal character of the frontier orbitals

in hypothetical species C6(EH)6
2+ (E = S, Se, Te)40) suggests

that a similar mechanism operates in the species with large
chalcogen atoms, rationalizing the enhanced (negative) values
of nucleus-independent chemical shift (NICS)-related quanti-
ties51 computed in that work. NICS can be a blunt instrument
for the detection of details of a complicated magnetic response,
as it gives only indirect information about the magnetically
induced ring current, whereas current density plots provide a
qualitative picture of the entire current flow and a transparent
partition into separate σ and π orbital contributions.38 This
point has often been noted29,52 and has a compelling
theoretical justification within ipsocentric theory.53 Nonethe-

less, the observed trend to negative NICS values of a larger
absolute value in these molecules is consistent with the
presence of conrotatory currents.
The reasoning behind Figure 1 applies to any situation

where three species differ solely by changes in the occupancy
of a degenerate or nondegenerate HOMO (full, to high-spin
half-full, to empty). Note that, in more general cases,
predictions based on the reasoning illustrated in Figure 1 are
complicated by the need to allow for current from intra-
HOMO excitations and Jahn−Teller effects on an electron
configuration at intermediate occupancies. An interesting
generalization of the Hückel-Baird rules that allows explicitly
for situations in which tropicities of α and β spin subsystems
differ has been proposed by Mandado et al.54

We turn now to a different direction of generalization of the
hexaiodobenzene example, moving on from a [4N+2] to a
[4N]annulene core based on cyclooctatetraene (COT) to
explore some possibilities for reinforcing or conflicting
aromaticities of central and perimeter cycles in the σ/π
version of the AWA model.

2. METHODS AND COMPUTATIONAL DETAILS
For consistency with the previous work, geometry optimiza-
tions of C8I8 (1), C8I8

2+ (12+), C8I8
4+ (14+), C8I8

2− (12−), and
C8I8

+ (1+), all initially constrained to the plane in D4h
symmetry, were performed first with the Hartree−Fock (HF)
method using the 6-311G* basis with GAMESS-UK.55

Calculations were performed at the unrestricted Hartree-
Fock (UHF) level for the radical species C8I8

+, as were checks
for triplet ground states for the even-electron systems.
Stationary points were characterized as saddle points of a
higher order by frequency calculations. Unconstrained
geometry optimizations at the same level were also performed
in order to find the local minima. As expected from the
presence of so many modes with an imaginary frequency in D4h
symmetry, the final geometries were all far from planar. D4h-
constrained optimizations of all species were repeated at the
density functional theory (DFT) level, using the B3LYP
functional with the same basis. Further calculations to check
discordant predictions of the ground-state electron config-
uration for C8I8 (1) and C8I8

+ (1+) were then performed with
several functionals of different types. To check for relativistic
effects on ground-state preferences, optimizations for 1 and 1+

were made with the same sets of functionals in the ZORA

Figure 1. An averaging rule for transitions in neutral, monocation, and
dication charge states of species M related by a depletion of a
nondegenerate HOMO. All three electron configurations have in
common sets of Doubly Occupied and Double Unoccupied Molecular
Orbitals (DOMO and DUMO, respectively) and differ only in the
occupation of the nondegenerate frontier orbital. Virtual excitations
from occupied to empty spin orbitals are shown as green arrows for α
and orange for β. In a restricted open-shell calculation where orbital
dependence on spin, occupation, and geometry is neglected, the set of
transition integrals that produce current in M+ is exactly the average
of those for M and M2+. Analogous reasoning would apply to the
depletion of a g-fold degenerate HOMO in the sequence M, Mg+,
M2g+, where the middle species is high-spin.

Table 1. Total Energies, C−C/C−I Bond Lengths R, I−I Distances d, and Counts of Imaginary Frequencies N(imag) of D4h-
Constrained and Fully Optimized HF Geometries of 1 and Its Ionsa

species energy (au) R(C−C) (Å) R(C−I) (Å) d(I−I) (Å) N(imag)

C8I8 (D4h), S −55 636.976 157 1.358, 1.574 2.232 3.170, 3.178 5
C8I8 (D2d), S −55 637.341 140 1.326, 1.492 2.117 3.947, 3.743 0
C8I8

+(D4h), D −55 636.953 245 1.350, 1.550 2.198 3.128, 3.136 5
C8I8

+(C1), D −55 637.241 207 1.340, 1.349, 1.368, 1.415, 1.456,
1.484, 1.491, 1.496

2.069, 2.080, 2.101, 2.104, 2.106,
2.106, 2.110, 2.113

3.962, 3.826, 4.079, 3.714, 3.808,
3.745, 4.029, 3.776

0

C8I8
2+(D4h), S −55 636.397 917 1.342, 1.528 2.170 3.092, 3.100 4

C8I8
2+(C2), S −55 636.570 967 1.325, 1.330, 1.426, 1.490, 1.496 2.098, 2.111, 2.113, 2.170, 2.234 3.751, 3.932, 3.597, 2.764, 3.965 0

C8I8
4+(D8h) S −55 635.245 544 1.442 2.151 3.088 6

C8I8
4+(C1), S −55 635.406 653 1.346, 1.375, 1.346, 1.432, 1.438,

1.461, 1.467, 1.491
2.016, 2.069, 2.087, 2.119, 2.126,
2.140, 2.145, 2.156

3.758, 3.746, 4.083, 4.061, 3.649,
2.962, 2.889, 3.497

0

C8I8
2−(D8h), S −55 637.013 015 1.443 2.278 3.186 5

aThe optimized neutral species has two distinct C−C bond lengths; for the optimized ions all distinct C−C and C−I bond lengths and I−I
distances are quoted. Labels S, D, and T refer to singlet, doublet, and triplet states. Imposition of D4h constraints leads to structures with the higher
D8h symmetry in two cases. The dianion undergoes fragmentation on release of the symmetry constraint.
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approximation using the Amsterdam AMS2020.101/103
suite.56−58 In these calculations, nonrelativistic and relativistic
geometries were optimized in D4h symmetry, using the built-in
TZP basis (without frozen cores) with each functional.
Cartesian coordinates (HF and B3LYP), calculations with
multiple functionals, and singlet-triple energies are reported in
Tables S1−S4.
The induced current density for each system in the best

planar geometry was calculated and mapped using the
ipsocentric CTOCD-DZ method for the D4h-constrained
geometries at coupled Hartree−Fock and DFT levels (HF/6-
311G* and B3LYP/6-311G*) with GAMESS-UK55 and
SYSMO.59 In the maps, the external magnetic field is directed
along the normal to the molecular plane. The total (σ + π)
induced current density is plotted in a parallel plane 1a0 above
the molecular plane. This suffices to capture the patterns of
out-of-plane π and in-plane σ circulation. Arrows in the plots
correspond to the projection in the plotting plane of the
induced current per unit external field. For interpretation,
total-current maps are partitioned into contributions from
subsets of molecular orbitals, following our usual procedure.45

In the maps, a counterclockwise (clockwise) circulation about
a center corresponds to a diatropic (paratropic) current ring-
current, where a global diatropic/paratropic circulation in a
monocycle corresponds to aromaticity/antiaromaticity.

3. RESULTS

3.1. Geometries and Electronic Configurations.
3.1.1. Hartree−Fock Calculations. None of the D4h-con-
strained geometries proved to be minima, as indicated by
presence of imaginary frequencies (Table 1). The HF
electronic configuration for neutral 1 (Figure 2) is the singlet
(···) (9b2u)

2 (42eu)
4 (20a2g)

2, which we will call Configuration
A. The nearest triplet state found is predicted to lie some 1.6
eV higher in energy (Table S4). In the ion 12+, two electrons
are lost from the 20a2g orbital, and on further ionization to 14+

the electrons are lost from 9b2u, leaving in the singlet state an
(eu)

4 σ-HOMO and (eg)
4 π-HOMO. However, the HF ground

state for 14+ in D4h symmetry turns out not to be a singlet. A
triplet lying 2.3 eV lower was identified in UHF calculations
(Table S4), though the fully relaxed structure appears to have a
singlet ground state. In the lowest-energy structure of ion 12−,
the 9b1u orbital, the LUMO+1 of 1, is doubly occupied.
In 12+ small reductions are seen in the C−C bond

alternation and C−I bond length. For 14+ and 12− under D4h
constraints, the C−C bond lengths equalize, and the symmetry
rises to D8h. For comparison with the geometric data in Table
1, bond lengths in C6I6 from a crystallographic determination60

are 1.402 Å (C−C) and 2.108 Å (C−I) (implying a distance
d(I−I) of 3.51 Å). An unconstrained optimization of 1 leads to
a D2d-symmetric geometry, with a shortening of all bonds as
the symmetry-enforced steric strain of the planar structure is
released.
The structure of the minimum energy for 12+ has C2

symmetry (Figure 3a), and for 14+ it has C1 symmetry (Figure

3b). Clearly, these structures are far from planar. A spin
contamination in the UHF wave function is low for the D4h
structure of the monocation (⟨S2⟩ = 0.787). When released
from D4h constraints, 1

+ optimizes to a structure with a trivial
symmetry. However, the attempted optimization of the dianion
led to fragmentation, perhaps unsurprisingly.

3.1.2. DFT (B3LYP) Calculations. As a routine check,
optimizations were rerun under D4h symmetry constraints
(Table S2). For C8I8 (1) and C8I8

+ (1+), the predicted singlet
ground-state electron configurations differ between HF and
B3LYP. For the neutral species, the ground-state electronic
configuration with the B3LYP functional was found to be (···)
(9b2u)

2 (42eu)
4 (23a1g)

2. We call this Configuration B. It differs
from A only by a swap in the symmetry of σ HOMO and
LUMO. The separation between this singlet and a nearby
triplet state is small (0.2 eV, Table S4). Likewise, the ion C8I8

+

has a doublet configuration corresponding to the loss of a
HOMO electron from B. The spin contamination is again low
for the D4h structure of 1+ (⟨S2⟩ = 0.766). The alternative
candidates for the HOMO of 1 (and SOMO of 1+) differ in
both symmetry and orbital composition, though each orbital
has a very similar appearance in both HF and DFT

Figure 2. Frontier-orbital energy-level diagram for the neutral D4h-
constrained C8I8 (1). Occupation and orbital order are consistent
with ground-state electronic configuration A (HF and RS DFT
methods). Labels indicate irreducible representation, position in
energy order for the given representation, σ/π character, and
localization on C or I. Broad arrows show virtual excitations of
translational (T) and rotational (R) symmetries, i.e., potential
diatropic and paratropic contributions. Excitations are active in
configurations where initial and final levels contain an electron and a
hole of the same spin.

Figure 3. HF/6-311G* optimized structures of (a) 12+ and (b) 14+

(singlet configurations). Top-down and side-on views are shown in
each case. Bond length annotations are in angstroms.
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calculations. The 20a2g HOMO in A is the fully antibonding
combination of tangential 5pσ orbitals on iodine centers; the
23a1g HOMO in B is instead the out-of-phase combination of
separate all-bonding combinations of radial pσ orbitals on
carbon and iodine rings (Figure 1). The difference in orbital
composition has consequences for currents, as does the need
to consider triplet ground states. HF and B3LYP ground states
are in agreement for C8I8

4+ (14+), where both methods give a
triplet (···) (9b2u)

2 (42eu)
2, indicating an open shell in the

iodine-based tangential subsystem (Table S4).
3.1.3. DFT Calculations with Diverse Functionals. As a

further check, constrained optimizations were performed for
ground-state configurations A and B for 1 and the
corresponding doublet open shells for 1+ (Table S3).
Functionals of hybrid type give B as the ground state, but
some Range-Separated functionals (LCY-PBE, CAM-B3LYP,
wB97) give A as the ground state, in agreement with HF. An
inclusion of relativistic effects via ZORA does not alter
preferences, except for 1 with CAM-B3LYP, where config-
urations A and B are almost degenerate in the nonrelativistic
approximation. These trends lead us to suspect that the true
ground state for D4h 1 is of type A and that the preference for
type B shown by B3LYP and similar functionals is an artifact of
their known tendency to overestimate delocalization and global
aromaticity.61,62 It is also known that paratropic currents,
which typically arise from virtual excitations across small gaps,
as in Jahn−Teller split pairs, can be expected to be sensitive to
these features of the functional.63,64

3.2. Current-Density Maps. The keys to the interpreta-
tion of computed current maps for planar systems are the
ipsocentric selection rules for virtual excitations, as introduced
above.38,45 In particular, an excitation connects a level
containing an electron with another containing a hole of the
same spin. The symmetry product of the orbitals in the two
levels must then contain the representation of an in-plane
translation (for diatropic current) or the in-plane rotation (for
paratropic current). For centrosymmetric systems, diatropic
and paratropic current contributions obey a mutual exclusion
rule. In D4h symmetry, diatropic MO contributions to current
can arise only from the pairing of a nondegenerate and a
degenerate orbital of opposite parity (A or B with E), whereas
paratropic MO contributions arise from AA, BB, or EE pairs
that preserve parity and degeneracy but swap labels 1 and 2.
Moreover, for an excitation to make a contribution to current,
initial and final orbitals must have a significant amplitude in the
same region of molecular space. Figure 2 indicates the key
frontier-orbital transitions that can come into play for D4h-
constrained periodocyclooctatetraenes. Configuration A of the
neutral is illustrated in the figure, but the same selection rules
apply to B and other charge/spin states. We will be interested
in virtual excitations within conventional pπ and tangential pσ
manifolds, all of which share a degeneracy structure derived
from angular-momentum parentage sets and hence have simply
related orbital symmetries. In D4h the three sets of p orbitals
associated with a ring of eight atoms with two distinct bond
lengths span

Γ = + + + + +π(p ) (A ) (E ) (B B ) (E ) (A )2u g 1u 2u g 1u

Γ = + + + +

+
σ(p , radial) (A ) (E ) (B B ) (E )

(A )

1g u 1g 2g u

2g

Γ = + + + +

+
σ(p , tangential) (A ) (E ) (B B ) (E )

(A )

2g u 1g 2g u

1g

where brackets denote angular-momentum shells, ranked from
low to high energy based on angular node counts.

3.2.1. Current-Density Maps for Neutral C8I8. Taking the
various charge states in turn, we begin with neutral C8I8, 1.
Figure 4 shows the all-electron total, π-only, and shell

contributions to π current density from the π-HOMO (9b2u)
and σ-HOMO (20a2g) (the system HOMO) in D4h-con-
strained 1, calculated with the HF wave function and
configuration A. The total (σ+π) induced current density
(Figure 4a) shows a complex pattern that includes a paratropic
π ring current flowing around the cyclooctatetraene core, local
diatropic circulations on C−I bonds, and local paratropic
circulations where the 1a0 plotting plane slices through the
iodine atomic distributions. We will see that this overall picture
simplifies for cationic species, for symmetry reasons. The π-
only plot (Figure 4b) isolates the paratropic ring current
contribution from the occupied π MOs concentrated on the
carbon skeleton, and comparison with the orbital contribution
from the 9b2u orbital (Figure 4c) shows that this π current is
dominated by the π-HOMO contribution, dominated in turn
by the rotationally allowed b2u → b2g virtual excitation (Figure
2). This is the exact analogue of the generation of the
paratropic ring current in pristine flat cyclooctatetraene.37,43,55

Finally, as shown in Figure 4d, the outermost paratropic flow
follows the pattern set in 1 by the orbital contribution of the
(σ)-HOMO (20a2g), arising from the rotationally allowed a2g
→ a2u virtual excitation (Figure 2). Hence, we have the clear
prediction from HF (and, by implication, from DFT with
functionals giving configuration A as the ground state) that
(flattened) neutral 1 is σ/π doubly antiaromatic.

Figure 4. Maps of induced current density for the D4h-constrained
neutral, 1, calculated at the coupled HF level of theory. (a) Total (σ +
π) induced current density. (b) Contributions from carbocycle π
orbitals. (c) The π-HOMO (9b2u) contribution and (d) the
contribution from the (σ) HOMO (20a2g).
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Given the different ground-state configurations in HF and
B3LYP treatments, we may expect differences in current maps.
Figure 5 shows B3LYP current maps evaluated at the optimum

geometry for ground-state B. Maps of the total current for A
and B are different in that the “atomic” circulations of Figure
4a are much weaker in Figure 5a, which presents an
appearance of concentric global currents. At the B3LYP
level, the central carbocycle ring current is paratropic as before,
but with enhanced intensity from the smaller gap characteristic
of DFT. The σ-HOMO retains very weak locally paratropic
atomic circulations (Figure 5b), but no significant global
perimeter current. The perimeter supports a global diatropic
current, from the four highest-lying iodine tangential MOs
42eu + 21b2g + 21b1g (Figure 5c).
Symmetry sheds light on this qualitative distinction. To a

first approximation, configurations A and B differ by a swap of
HOMO and LUMO symmetries, with all other orbitals in
common, but spatial distributions of HOMO and LUMO are
essentially different, and energy gaps are generally smaller in
DFT methods. Orbital symmetry products, on which the
selection rules depend, predict that the HOMO−LUMO
virtual excitation remains paratropic, virtual excitations from
HOMO to ungerade degenerate LUMO+ orbitals remain
diatropic, and excitations from lower doubly occupied orbitals
to orbitals above the LUMO all retain their individual
diatropic/paratropic/atropic character. What does change is
that the virtual excitations from the eu σ HOMO−1 pair to a2g
σ LUMO now become allowed and strong, as both are
combinations of tangential σ orbitals. Diatropic excitations
from the eu pair (and lower orbitals) now dominate the σ
perimeter current. Experience from NICS calculations51,65−67

suggests, however, that range-separated (RS) functionals will
reverse the B3LYP predictions, bringing current maps back in
line with HF predictions.
At present, we do not have a suitable program to test this

conjecture by evaluation of ipsocentric current maps with
functionals of the RS type. We can say that, for neutral C8I8,

HF and B3LYP DFT predictions are at odds about the sign of
the perimeter current, but at both levels the molecule behaves
as a σ/π AWA system obeying ipsocentric selection rules.

3.2.2. Current-Density Maps for Ions of C8I8
q, q = +1, + 2,

+4, −2. Figure 6 shows current maps for two D4h-constrained

cations. Figure 6a,b shows, respectively, the total induced
current and the σ-HOMO (42eu) shell contribution for 12+.
This dication has well-separated ring currents (Figure 6a), for
similar reasons as those for Configuration B. When the two
electrons of the 20a2g orbital are removed, the translationally
allowed 42eu → 20a2g virtual transition becomes available
(Figure 2), giving rise to a strong diatropic contribution to the
σ current arising from a tangential overlap of iodine pσ orbitals
(Figure 6b). The central paratropic π-current is not strongly
affected by the removal of two σ electrons. The constrained 12+

cation is therefore predicted to be an example of a system with
a double tropicity: σ aromatic but π-antiaromatic. HF and
B3LYP maps for 12+ (Figure S1) are in essential agreement, as
expected from their agreement on the D4h-constrained ground
state.

Figure 5. Maps of induced current density for the D4h-constrained
neutral, 1, calculated at the B3LYP/DFT level of theory
(Configuration B). (a) Total (σ + π) induced current density. (b)
Contribution from (σ) HOMO (23a1g). (c) Contribution from
tangential σ MOs 42eu + 21b2g + 21b1g.

Figure 6. Maps of induced current density for the D4h-constrained
dication 12+ and monocation 1+, calculated at the coupled HF level of
theory. (a) Total (σ + π) induced current for the dication 12+. (b)
Contribution to the induced current in 12+ from the (σ) HOMO shell
(42eu). (c) Total (σ + π) induced current for the monocation 1+. (d)
Carbocycle π current density for 1+. (e) Contribution to σ current
density in 1+ from the single α electron of the α-HOMO (20a2g). (f)
Contribution to σ current density in 1+ from the two β electrons of
the β HOMO−1 shell (42eu).
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To complete the connection with the example of
periodinated benzenes, Figure 6c−f presents maps for the
constrained monocation 1+. Simple symmetry considerations
for this nondegenerate case (Figure 1) suggest that the maps
for frontier-orbital contributions to current should be
rationalized as “averages” of those for 1 and 12+. To be
precise, the α electron in the σ SOMO of 1+ can still access the
virtual excitation to the LUMO of the neutral (which gave rise
to the σ paratropicity of 1), but the β electrons of the σ shell
immediately below can now access the eu → a2g virtual
excitation, which gave rise to the strong diatropic σ current of
12+. Spin selection rules imply that both currents should persist
but with a strength reduced by the halving of virtual excitation
channels (Figure 1). The computed maps in Figure 6c−f bear
out these expectations, with the system retaining the
carbocycle paratropic current (Figure 6d) and with the weak
σ current arising from the SOMO (Figure 6e) masked by the
still relatively intense diatropic current contributed by two
electrons in the next shell (Figure 6f). As expected from the
averaging argument, B3LYP calculations also predict a
diatropic perimeter current for D4h-constrained monocation
1+ (Figure S1). The result is that D4h-constrained 1

+ is, like 12+,
predicted to have a conflicting double tropicity: σ aromatic but
π-antiaromatic. The analogy here with the relationship
between doubly aromatic C6I6

+ and C6I6
2+ is complete.

Figure 7 shows the total induced current and orbital
contributions for D4h-constrained 14+. At both HF and B3LYP
levels, this system has a triplet ground state (Table S4), with a
full 9b2u π orbital concentrated on the central cycle and a half-
full eu shell concentrated on the iodine perimeter. The HF map
of total (σ + π) induced current (Figure 7a) shows a central
paratropic π current (Figure 7b) dominated by the 2π virtual
excitation characteristic of planar COT and a diatropic σ
current on the perimeter. In the α subsystem, a diatropic
perimeter current (Figure 7c) arises from the 42eu → 20a2g
transition (Figure 7d), as in the cation, and in the β subsystem
a diatropic perimeter current (Figure 7e) arises from the virtual
transition of β electrons to β holes in the highest occupied σ
MOs. A modified version of the argument used in Figure 1
predicts that the α current in Figure 7d for 14+ should be
similar to the β current in Figure 6f for 11+ and roughly half the
combined α + β current in Figure 6b for 12+. Augmentation of
the α perimeter current by the β contribution in 14+ (Figure
7f) is in accord with the selection-rule picture. Interestingly, for
the lowest singlet state of C8I8

2+ the map (Figure S1) is similar
to Figure 7a, but with a reversed the central carbocycle current,
again in complete conformity with the orbital model. HF and
B3LYP (Figure S2) singlet maps are in essential agreement
(Table S4).
Finally, Figure 8 shows the total induced current and orbital

contributions for D4h-constrained 12−. The map of the total
current (Figure 8a) shows a superposition of localized and
global currents. An addition of two electrons to the π 9b1u
orbital blocks the paratropic contribution from the 9b2u →
9b1u virtual excitation (Figure 1) but opens a node-increasing
(hence diatropic) HOMO−LUMO excitation from 9b1u →
18eg, reinforcing the existing 9b2u → 18eg and leading to a
diatropic π ring current (Figure 8b,c), directly analogous to the
ring current of the planarized cyclooctatetraene dianion. The
perimeter σ current from the a2g HOMO (Figure 8d) is only
weakly perturbed by this addition of π electrons, and 12− is
revealed as a system with an inverted double tropicity: it is σ
antiaromatic but π-aromatic. HF and B3LYP maps for the

singlet are in essential agreement, but as the methods disagree
on the nature of the ground state (Table S4) and as the ion
dissociates on a release of the constraints, it is probably wise
not to attach much importance to this case.

4. CONCLUSION
The model calculations reported here have shown that it is
possible, by tuning the charge, to access the gamut of possible
combinations of σ/π aromaticity/antiaromaticity (as diagnosed
by magnetic tropicity) in (constrained) planar geometries of
C8I8

q. The AWA paradigm for combined σ and π ring currents
accounts for the computed ring-current patterns in systems
where the central cyclooctatetraene ring is either formally π
antiaromatic or aromatic. This study of planar systems is
necessarily a Gedankenexperiment, as a referee has com-
mented, since the antiaromaticity of the C8 ring and the high
charges in some of the examples lead as a matter of course to a
preference for nonplanar geometries. Naturally, I−I repulsions
exacerbate the tendency of antiaromatic systems to “escape”
into nonplanar geometries, where they will first lose their I−I
ring current and then68 their C−C ring current. Ring currents
tend to survive minor departures from planarity,69 and
diatropic currents have a larger geometric range of persistence,

Figure 7. Maps of induced current density for the D4h-constrained
triplet tetracation, 14+, calculated at the coupled HF level of theory.
(a) Total (σ + π) induced current density. (b) Carbocycle π current
density. (c) Contribution to current from the occupied α spin orbitals.
(d) Contribution to current from the α HOMO (42eu). (e)
Contribution to current from the occupied β spin orbitals. (f)
Contribution to current from the perimeter β pair, 21b1g + 21b2g.
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but they eventually localize.70 It is an interesting irony that the
size of the iodine atoms, which leads to the overlap argument
for an extra perimeter current, also leads via a steric interaction
to the loss of planarity that ultimately disrupts the current.
From this point of view, the experimental realization of double
aromaticity in a large selenylbenzene cation16 depended on
over-riding steric effects by imposing an even more demanding
framework enforcing σ overlap and enabling covalent
connection to the framework by moving to the left in the
Periodic Table. It may be mentioned that “clamping” strategies
have proved effective for suppressing/preserving single
diatropic and paratropic π currents71,72 and may also be useful
in creating analogues of these COT-based double aromatics.
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