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Cyclic O21
4 : metastable and aromatic
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Mapping of induced current density within the ipsocentric approach for O2þ
4 shows that this

6� electron system has the HOMO-dominated diatropic � ring current expected of a typical
aromatic molecule, in spite of its high internal energy.

1. Introduction

Unlike its analogues, S2þ4 , Se2þ4 and Te2þ4 [1], the
tetratomic oxygen dication, O2þ

4 , is apparently experi-
mentally unknown [2], although it has figured several
times in the theoretical literature, mainly in the context
of discussions of aromaticity [2–4]. The consensus from
available calculations is that square O2þ

4 lies in a local
minimum on the potential energy surface, at lower
energy than alternative trigonal and butterfly structures,
but highly endothermic with respect to, for example,
2Oþ

2 [2]. Treatments at the restricted Hartree–Fock
(RHF), Density Functional (B3LYP) and explicitly
correlated (CASSCF, CCSD(T)) levels all predict the
square geometry for O2þ

4 , albeit with a wide range of
predicted bond lengths and harmonic frequencies. Only
MP2 calculations, and small-basis RHF calculations,
fail to find this minimum [3, 4].
In the square geometry, the O2þ

4 system has 6�
electrons occupying the a2u and eg orbitals of the
classical equilateral Hückel monocycle. The electron
count has been taken to indicate aromaticity [2, 3], in
spite of the high energy of the species, and the
delocalized nature of the canonical SCF � orbitals (see
figure 2 of [2]) has been adduced as further evidence to
support this view. The expected aromaticity, if any,
therefore arises from properties of the � electronic
structure.
Aromaticity can also be defined in terms of the

specific magnetic properties that arise from a diatropic
ring current induced by a perpendicular external
magnetic field [5–8]. A popular diagnostic of � ring
current, the Nucleus Independent Chemical Shift
(NICS) [8], gives an equivocal message in the case of

O2þ
4 : a positive (antiaromatic) NICS(0)¼þ4.3 ppm at

the ring centre changes to a negative (weakly aromatic)
NICS(1)¼�4.5 ppm for the point 1 Å above the ring
centre [2]. This may indicate opposing � and � effects,
as found for S2þ4 and Se2þ4 [9]. Alternatively, it may
simply indicate difficulties with the interpretation in
terms of the current pattern of the single isotropic
NICS value, which is an average of an integration of
the response to the three orthogonal components of
external field [10, 11]. A more direct approach would be
to calculate and visualise the ring current in O2þ

4 , as has
already been done for the higher analogues [9]. This
calculation, which gives a definitive indication
of magnetic aromaticity for O2þ

4 , is reported in the
present paper.

2. Computational details

The calculations follow a standard model that has been
used extensively for �-systems: the geometry of the
molecule is optimized at the RHF/6-31G� level using
GAMESS-UK [12] and the current density induced by
the perpendicular external magnetic field is calculated
in the same basis at the Coupled Hartree–Fock (CHF)
level using the ipsocentric distribution of origin of vector
potential in the SYSMO [13] implementation of the
CTOCD-DZ method. In the ipsocentric approach, the
origin for calculation of the current density induced at
a point is placed at the point itself [14–16], which brings
practical computational advantages and also the con-
ceptual advantage of a natural [11] partitioning into
distinct non-redundant contributions from occupied
orbitals. An indication of overall current strength is
given by jmax, the largest value of the modulus in the
plotting plane; values are quoted as multiples of the*Corresponding author. Email: R.W.A.Havenith@chem.uu.nl
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benzene value of 0.08 a.u. calculated for the same

choices of plotting plane, basis and method [17].

3. Results and discussion

In figure 1, the � and � contributions to induced current

density in O2þ
4 are shown. The map of the � current

density in figure 1(a) is typical of a small aromatic ring:

it shows a strong, continuous diatropic ring current,

almost as intense as that in benzene ( jmax is 83% of that
of benzene). The map of the � current density displays

only small currents: the feature at the centre of the ring

is the usual central paratropic circulation that is
observed for a cyclic array of localized � bonds [17]; at

1a0, this feature has jmax¼ 0.05 a.u.
Partitioning the � current further into orbital

contributions (figure 2) indicates that the sole significant

contributors to the current are the 1eg HOMO pair.

Domination of the ring-current magnetic response by
the four HOMO electrons is exactly consistent with the

ipsocentric picture of 4nþ 2� monocycles. In a simple
monocycle, diatropic (paratropic) � current arises from
in-plane translational (rotational) virtual excitations
from occupied to (exclusively) empty orbitals [18].
Rotational excitations preserve the number of angular
nodes in the � or �� orbital, whereas translational
excitations increase this number by one. In D4h

symmetry, only the excitation from the eg HOMO to
the b2u LUMO is allowed under these selection rules
(see figure 3), and the � current is therefore wholly
diatropic and attributable to the four HOMO electrons,
just as in benzene [18]. These results also place O2þ

4

firmly as the first member of a series of aromatic cyclic
chalcogen cations: current density maps for both S2þ4
and Se2þ4 [9] show a very similar global � current, also
dominated by the HOMO contribution.

Maps of orbital contributions can also add detail
to the interpretation of the central paratropic feature
of the � current map. Two sets of � orbitals, the 3eu
combination of edge bonds and lone pairs (the ‘HOMO’
of the � system), and the 1b2g combination of edge

Figure 1. Maps of the current density induced in O2þ
4 by a magnetic field parallel to the principal rotational axis, plotted in a plane

1a0 above that of the nuclei. (a) �, (b) � current density. Arrows represent the in-plane component, and contours the modulus, of the
derivative of induced current density with respect to field. Anticlockwise circulation corresponds to diatropic current. For clarity,
the highly localized ‘core’ circulations in the immediate vicinity of the nuclei are omitted in (b).

Figure 2. Partition of the � current density into canonical orbital contributions from (left) the non-degenerate 1a2u and (right) the
degenerate 1eg HOMO-pair. Plotting conventions as in figure 1.
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bonds (lying below the a2u ‘LOMO’ of the � system),
contribute oppositely to the � current (figure 4). The 3eu
pair, through rotationally allowed virtual excitations
to the 4eu LUMOþ 1, contributes an overall paratropic
circulation, which is cancelled in the region over the
bonds by the pure diatropic contribution of the 1b2g
orbital, which has a translationally allowed virtual
excitation to the same LUMOþ 1 level. These contribu-
tions have exact analogies for S2þ4 and Se2þ4 , as discussed
in detail in [9].
As noted above, different levels of treatment of the

electronic structure of O2þ
4 lead to somewhat different

estimates of the optimum bond length. However, the
appearance of the current density maps (�, �, and
orbital-by-orbital) is robust under changes in geometry.
Repetition of the ipsocentric calculations at the
CCSD(T)/6-311þG� bond length (1.383 Å) [2] gives
no essential change in any of the patterns or conclusions
obtained using the RHF/6-31G� bond length (1.278 Å),
despite the 8.2% increase in O–O separation.

A further corroboration of the aromatic (i.e. benzene-

like) character of the O2þ
4 � system comes from the

behaviour of the contributions to current under

localization of the molecular orbitals. The Pipek–

Mezey scheme [19] preserves the distinction between

� and � orbitals and was used here to localize, as far as

that is possible, the � system of O2þ
4 . An infinite family

of sets of partially localized � orbitals can be derived

in this way for the four-cycle, as for the six-cycle [20].

Figure 5 shows one such set and the corresponding

current density contributions: in the basis of the

canonical molecular orbitals fja2ui, jeg, xi, jeg, yig, the

three occupied localized orbitals of this set

are fð1=
ffiffiffi

2
p

Þ, 0, ð1=
ffiffiffi

2
p

Þg, fð1=
ffiffiffi

2
p

Þ, 0, �ð1=
ffiffiffi

2
p

Þg, f0, 1, 0g.

The first two (figure 5(a) and its rotation through

180�) contribute fragments of a non-uniform global

� current and the third (figure 5(b)), which is an

unchanged component of the HOMO pair, contributes a

complete but also non-uniform complementary circula-

tion. Choice of a different set of equally well localized �
orbitals would remix these contributions but, in general,

summation of all three maps will be needed to recover

the uniform, fully symmetric global � ring current. The

� system of O2þ
4 is not localizable on the magnetic

criterion. Open-ended current distributions as seen in

figure 5(a) are indicators of the intrinsically delocalized

nature of the � response [21].
Typically, the ring current of an aromatic � system

will be attributable to the four electrons of the

delocalized HOMO in a canonical orbital description,

but will be spread over the whole set of occupied

� orbitals in a localized description. The current maps

themselves therefore reflect the inherently delocalized

nature of an aromatic system [21].
Localization can also be applied to the � system to give

an alternative analysis of the overall pattern of current.

The current-density contributions of the two distinct

individual localized � valence orbitals are shown in

Figure 4. Partition of the � current density into canonical orbital contributions from (left) the degenerate 3eu HOMO� 1 pair and
(right) the non-degenerate 1b2g HOMO� 4 orbital. Plotting conventions as in figure 1.

Figure 3. Selection rules for � orbital contributions to
current density. The �/�� orbitals, their energies and their
occupations are shown schematically. The arrow labelled T
indicates the sole allowed virtual transition, which is transla-
tional in nature; it connects an occupied to an empty orbital
with an increase of one in the count of angular nodes.
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Figure 6. Current density contributions of localized � orbitals. One set obtained from the Pipek–Mezey scheme [19] is illustrated.
The eight occupied valence � orbitals span four rotated copies of (a), and four of (b). The superpositions of the contributions of each
of the sets of four symmetry-equivalent orbitals are also shown. Plotting conventions as in figure 1.

Figure 5. Current density contributions of localized � orbitals. One set obtained from the Pipek–Mezey scheme [19] is illustrated.
The three occupied � orbitals span (a), a copy of (a) rotated through 180� and (b). Summation of the corresponding current density
maps (plotting conventions as in figure 1) recovers the total � map shown in figure 1(a).
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figure 6, together with the total contributions from
each set of equivalent orbitals. The four edge-bonding
�O–O orbitals show weak diatropic, localized currents
around the bonds, some core features on the atomic
centres, and the central paratropic circulation that was
noted in figure 1(b). The � lone-pairs cancel out the core
features and add some weak diatropic circulations on the
outside of the square (figure 6(b)). Summation of the
eight localized-orbital contributions recovers the total
� map shown in figure 1(b), which can also be recovered
from summing the canonical-orbital contributions of
figure 4.

4. Conclusions

Analysis of the orbital contributions to the current
induced in the square O2þ

4 molecule by a perpendicular
external magnetic field shows that, on the magnetic
criterion, O2þ

4 , though thermodynamically unfavour-
able, is a � aromatic molecule, fitting into the series
O2þ

4 , S2þ4 , Se2þ4 , Te2þ4 .
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