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Recent high-pressure research has
demonstrated that typical nonmetals
such as elemental hydrogen, oxygen,
and sulfur, that is, prototype insulators
at ambient conditions, turn into semi-
conductors and even into metals at very
high pressures.!) Some of these “metals”
become superconductors if the temper-
ature approaches the absolute zero
point.”3 This behavior, observed by
measuring the electrical conductivity,
indicates that dramatic structural
changes must occur if the density of
the material is increased further and
further. In the case of oxygen a density
of about 10* atoms per cm® is needed to
reach the metallic state!P! Studying the
properties of such samples in the labo-
ratory is not at all trivial since the
sample volume is usually very small,
the sample is enclosed in a thick-walled
high-pressure cell, and the temperature
may be far from room temperature.
Besides measurement of the electrical
conductivity, vibrational and optical
spectroscopies have been among the
first methods to elucidate the structures
of novel high-pressure phases.
Molecular oxygen has now come up
with another big surprise. This colorless
gas condenses at 90 K (at standard
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pressure) to a pale-blue paramagnetic
liquid, which freezes at 55 K to give blue
crystals of y-O,, which on further cool-
ing turn into rhombohedral B-O, (at
44 K) and eventually into monoclinic
a-0, (at 24 K), the low-temperature
phase. Increasing the pressure produces
first orange-colored 0-O, (stable at
room temperature between 9.6 and
10 GPa), then dark-red &-O, (range 10—
96 GPa), and eventually the metallic
phase C-O, (above 96 GPa). Of course,
these pressure values depend on the
sample temperature; the phase diagram
of oxygen is known up to temperatures
of about 650 K and to pressures of about
130 GPa.¥

The structures of the oxygen allo-
tropes that are stable at equilibrium
vapor pressures have been known for
some time. While the high-temperature
v phase is a disordered arrangement of
O, molecules, a- and 3-O, as well as the
orthorhombic high-pressure phase 6-O,
are all of similar structure consisting of
planar layers of parallel-oriented O,
units in differing packing modes, with
the molecular axes normal to the layers
(see Figure 1).

Figure 1. Packing of O, molecules in the low-
temperature o phase of solid oxygen. Within
the layers each molecule is surrounded by six
neighbors. The shortest intermolecular distan-
ces are (320£12) pm. From reference [20].

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The interaction of the molecules
within these layers and between them
is of the van der Waals type (dispersion
forces), but in addition there is a more
or less strong magnetic coupling of the
spins of the two unpaired electrons in
the degenerate mt* levels of neighboring
O, molecules. Expectedly, this intermo-
lecular interaction is temperature-de-
pendent. Therefore, the low-tempera-
ture phase a-O, is antiferromagnetic
(long-range order; also in 98-O,), -O,
is diamagnetic (short-range order), and
the high-temperature phase y-O, is
paramagnetic, as is liquid O,. The mag-
netic properties of €-O, are not yet
known with certainty, but most likely
this phase is also diamagnetic.!*

It has always been an intriguing
question whether small sections of the
layers in solid dioxygen, that is, oligom-
ers such as O,, O, Og, and so on, can be
prepared or at least detected as distinct
species in gaseous oxygen, in analogy to
elemental sulfur for which the corre-
sponding molecular sizes are well-
known.”! The dimer O, has in fact been
observed but as a very weakly bound
van der Waals molecule (O,), of
D,, symmetry with an interaction en-
thalpy of just 1.2(1) kJ mol 1! With the
first convincing structure determina-
tions of the high-pressure phase ¢-O,
this situation has now changed dramat-
ically since the first true oligomer of O,
has been discovered. According to two
independent X-ray investigations, €-O,
consists of layers of well-defined Oyg, or
(0,),, molecules.” This phase was first
prepared in Germany in 1979,®! but its
molecular composition has long been
disputed. O,, among others, has been
proposed as the dominating molecular
unit.”)
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However, as part of an international
team, Lundegaard et al. have now suc-
ceeded in growing single crystals of &-O,
from a mixture of helium and O,
(2.6 mol %) in a diamond anvil cell at
450 K and a pressure of 22.5 GPa. Dark-
red monoclinic crystals were obtained
which allowed a definite structure de-
termination by X-ray crystallography
despite the twinning of the crystals."
Simultaneously, a Japanese group has
proposed essentially the same structure
on the basis of angle-dispersive powder
X-ray diffraction experiments and a
Rietvield refinement.”’

The €-O, phase comprises layers of
collinear O, molecules, the axes of
which are oriented perpendicular to
the layers, but in contrast to the struc-
tures of the o-d phases the distances
between the O, units within these layers
are not equal, but distinct Oy units can
be identified. The symmetry of the
rhomboid-shaped Ogz molecular units is
D,, with three characteristic shortest
interatomic distances: 120-121 pm with-
in the O, units, 218-219 pm between
neighboring O, units within the Og
molecules, and 257-261 pm between
neighboring Og units (see Figure 2).""
The shortest interlayer distance is
250 pm. For comparison, the van der
Waals distance between two oxygen
atoms is listed as 300 pm. The character-
istic bond angles in the Oy units are 84°
(03-01-03 and 03-02-03), 96° (O1-

03-02), and the trivial value of 90°
(e.g. 03-01-02).

There is a large volume contraction
when 8-0, is transformed into &-O,.["
This observation can now be explained
by the reduction of the intermolecular
O—0 distance from 257 pm within the
layers of 8-O,'% to 219 pm within the Oy
units of &-O,. Evidently, a kind of
pressure-induced Peirls distortion takes
place. The very substantial density in-
crease (ca.10%) not only favors the
formation of &-O, at high pressure but is
also responsible for its stability over a
remarkably large range of pressures.
Despite the unpolar nature of both O,
and Oy, the latter gives rise to a strong
infrared absorption.[*"]

How can the bonding in these spec-
tacular Og molecules be understood?
Previous theoretical studies on Og have
focused only on the crown-shaped eight-
membered ring, a valence isoelectronic
analogue of the well-established molec-
ular structure of Sg.'! Interestingly, the
crown-shaped Og molecule is highly
unstable with respect to four O, mole-
cules, by more than 500 kJmol .MM
Density functional calculations suggest
that this D,,-symmetric Og structure is
likely to lie in a very shallow potential
well.[''

However, in the case of Sg a hypo-
thetical cuboid-shaped isomer of
D,, symmetry has been proposed with
a structure similar to that of rhomboid

Figure 2. Geometry and packing of the Og molecules in the high-pressure & phase of solid
oxygen (internuclear distances in pm, at 17.6 GPa; modified from reference [7a]). The bond
lengths within the O, units (standard deviation: 1 pm) are identical to the gas-phase value.
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O; (Figure 3).”0 This singlet cuboid
structure was calculated to be a local
energy minimum at the MP2/6-31G*
level. The structure is characterized by
four parallel-oriented S, molecules held
together by some attractive force, as

Sg (Dap)

Figure 3. Structures of a) the theoretically pre-
dicted cuboid S; molecule (D,,)'? and b) the
prism-shaped S; isomer (D).l The mw*—m*
interactions between the S, units are indicated
by broken lines.

indicated by the calculated S—S bond
length of 281 pm between the S, dumb-
bells (Figure 3).*) The bond lengths
within the S, moieties (194 pm) are
almost identical to that of the diatomic
S, molecule (192 pm, at the same level
of theory). This unusual molecular ge-
ometry was explained in terms of w*—m*
interactions. However, this elusive struc-
ture is not a stable species at higher
levels of theory.

But in the case of S; a similar
oligomer, (S,); of Ds, symmetry, was
predicted as a local energy minimum
on the potential hypersurface (see Fig-
ure 3). Essentially, this species consists
of three S, molecules connected by weak
m*—mt* interactions, with predicted S—S
bond lengths of 190 and 276 pm. The
existence of these m*—m* interactions
was supported by an analysis of the
molecular orbitals and by a topological
analysis of the charge density (o) and its
Laplacian (/%0). A bond order of 0.28
was estimated for the m*-m* bonds.!"”
The energy of this prism-shaped struc-
ture is 51kJmol™' above that of the
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chair-shaped form  of
D;, symmetry.

On the basis of the above theoretical
findings for S¢ and Sg, one would antici-
pate a cuboid Og structure to be a
potential high-energy species for oxygen
also. Indeed, preliminary G3X(MP2)
calculations indicate that a similar
rhomboid Oy structure of D,;, symmetry
is a stable species, that is, a local energy
minimum."¥ Remarkably, this structure
is 281 kJmol™' more stable than the
crown-shaped isomer of D, symmetry
mentioned above. The calculated O—O
bond lengths (120 and 212 pm) and bond
angles (82.3 and 96.7°) are in accord
with the X-ray results on the e-O, phase.
This molecular geometry is close to a
cuboid structure of D, symmetry.'*]

What is then the spin state of the
rhomboid Og? The m*—x* interaction is
a two-electron stabilizing interaction
involving the two open-shell «t* orbitals
of the O, molecule. In the case of (O,),
four sets of m*—m* interactions involving
eight degenerate (singly occupied)
mv* orbitals of four O, molecules will
lead to eight molecular orbitals, four
bonding and four antibonding. The eight
electrons occupy the four bonding orbi-
tals, resulting in an overall spin-paired
molecule (Figure 4). Our quantum
chemical calculations have confirmed
that the ground state of rhomboid (O,),
is a singlet."¥! This theoretical finding is
consistent with the experimental sug-
gestion that the e-O, phase is diamag-
netic. The crucial role of m*—m* inter-
actions in rhomboid (O,), is readily
reflected in the shapes of the four high-
est occupied molecular orbitals shown in
Figure 5.

The remarkable formation of the Oy
species in solid oxygen is the first case in

cyclo-Sg

molecules

EH: HOMO-2
HOMO-3

sl

HOMO HOMO-1
HOMO-2 HOMO-3

Figure 5. The four highest occupied molecular
orbitals of the rhomboid (O,), molecule.

which compression of an element results
in a novel small molecule that was not
observed or even speculated about be-
fore. Theoretical calculations may assist
in the further characterization and un-
derstanding of this surprising species.
The concept of m*—n* bonding between
the open-shell O, molecules explains the
formation of closed-shell Og. Such
bonds are widespread in chalcogen
chemistry!™ and have already been
identified between four sulfur atoms in
a rectangular arrangement in the dimers
of heterocyclic radicals and radical cat-
ions containing a disulfane group."'® The
seemingly omnipresent w*-nt* bonding
interaction also provides the fundamen-
tal understanding of the structures and
conformations of all binary sulfur-rich
oxides.'"”! In halogen chemistry m*-m*
bonds are also well-known.

From these findings it is to be
expected that more exciting species

o, — } antibonding

8 e .~
| il ———
eight degenerate\‘:\
n* orbitals of ety —ff— HOMO
four triplet O, ";.“‘\ H— Homo-1 Bording

(C2)s

Figure 4. Schematic energy diagram showing the interactions of eight degenerate 7t* orbitals of
four O, molecules to form the bonding and antibonding molecular orbitals of the rhomboid

(0,)4 species."

www.angewandte.org

1770

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

related to Oy will be discovered exper-
imentally or computationally in the near
future, probably also for the higher
homologues selenium and tellurium.
For example, Raman spectra of the
metallic phase of oxygen clearly show
that this material also consists of molec-
ular entities based on O,.!! Since the
volume decrease at the ¢ —C transition is
less than 1.4 %, it can be assumed that
metallic oxygen is also built of (O,),
molecules (n > 2).

Further possible candidates for m*—
mt* bonding in Group 16 of the periodic
table are mixed clusters of dioxygen
with either dinitrogen or carbon mon-
oxide such as (N,)(O,); and (N,),(0,),.
In the case of the solid N,/O, system
there is already evidence from the phase
diagram as well as from X-ray diffrac-
tion measurements that two
gruently melting phases of composition
(N,)3(0O,) and (N,)(O,), exist at high
pressures, but most probably these do
not consist of molecular entities of the
same composition.!™

Another chalcogen compound likely
to undergo m*—m* interactions is sulfur
monoxide, the valence isoelectronic
congener of O,. The hypothetical com-
plex (SO), with neighboring molecules
in an antiparallel orientation could be
held together not only by four m*-m*
bonds but also by Coulomb forces
resulting from the opposite atomic
charges on oxygen and sulfur. This
cluster may help to explain the extreme
reactivity of SO, which is a very short-
lived species in the gas phase.!"!
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