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Unraveling the mysteries of metastable O 4*
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A recent report from our laboratory described 111 resonant photoionization spectra of an energetic,
metastable O4 species produced in a dc discharge@Bevseket al., Faraday Discuss.108, 131~1998!#.
Although a definitive assignment of the spectra was lacking, the long-predicted covalent forms of
O4, either cyclic (D2d) or ‘‘pinwheel’’ ( D3h), were adduced as possible candidates. We here
present rotationally resolved photoionization spectra, photoelectron spectra, andab initio
calculations providing strong evidence for the identity of this species as a novel complex between
a ground state O2 molecule and one in thec(1Su

2) state, which is excited via an allowed transition
to the 1(1Pg)valence state. The latter then couples to thed(1Pg) Rydberg state, shifted in energy
owing to the presence of the adjacent O2 molecule, from which it then ionizes. The results
underscore the potential importance of the fully allowed but overlooked 1(1Pg)←c(1Su

2)
electronic transition in O2 in the near ultraviolet, and provide a simple interpretation of puzzling
results in an earlier study of electron transfer to O4

1 @H. Helm and C. W. Walter, J. Chem. Phys.98,
5444 ~1993!#. © 1999 American Institute of Physics.@S0021-9606~99!01613-X#
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Interest in tetraoxygen molecules dates to a 1924 pa
by G. N. Lewis;1 since then, studies of O2 dimers have en-
joyed a long history of investigation.2–4 Theoretical studies
of covalently bound O4 species began with Adamantide
1980 prediction5 of a bound cyclic (D2d) form. This stimu-
lated considerable further theoretical effort as this cyclic O4,
nearly 4 eV higher in energy than two O2 molecules, ap-
peared to be a promising candidate for a high energy den
material.6–8 Subsequent theoretical studies have also ide
fied a D3h form analogous to SO3 at a somewhat highe
energy.9,10 Although experimentalists have long observ
evidence of van der Waals’ complexes of ground state2

molecules, no evidence has been found supporting the t
retical predictions of covalent O4 species. In a recent repo
from our laboratory, 111 resonant photoionization spect
were reported for an energetic, metastable O4 species pro-
duced in a dc discharge.11 Intense spectra were observe
throughout the region from 280 to 325 nm, implying an in
tial form of tetraoxygen containing at least 4 eV intern
energy relative to O21O2, as well as the existence of
higher excited state through which the ionization takes pla
In the absence of plausible alternative accounting for all
observations, an energetic covalent O4 species was consid
ered the most likely candidate. In this communication,
present rotationally resolved photoionization spectra, pho
electron spectra, andab initio calculations that provide com
pelling indirect evidence pointing to the identity of this sp
cies as a novel complex involving one ground state2
molecule and one in the metastablec(1Su

2) state.
The experiment11,12consists in passing a pulsed molec

lar beam of oxygen through electrodes held at ground

a!Author to whom correspondence should be addressed; electronic
agsuits@lbl.gov
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63–5 kV so that the discharge occurs in the collision reg
of the beam. The discharge is positively biased when det
ing ions, and negatively biased when detecting electron
inhibit interference from corresponding species in the bea
The molecular beam is skimmed before entering a m
chamber wherein it is crossed by an unfocused~for wave-
length scans! or loosely focused~for photoelectron spectra!
Nd-YAG pumped dye laser doubled to yield light tunab
around 300 nm with a linewidth on the order of 0.08 cm21.
The laser and molecular beams cross on the axis of a ti
of-flight mass spectrometer with velocity map imaging13

~VELMI ! detector, allowing for several different kinds o
experiments to be performed. Mass-selected resonant ion
tion scans are effected by recording the total mass-sele
ion yield as a function of laser wavelength. Total photoele
tron images are recorded on the resonant lines using
VELMI technique, calibrated with Ar* ionization, and con-
verted to electron kinetic energy using established te
niques.

Photoionization spectra recorded form/e564, O4
1 are

shown for the region from 302 to 325 nm in Fig. 1. Tot
photoelectron yield signals are also shown; these signals
recorded under conditions in which the discharge bias is
versed and the total discharge power in the electron cas
lower ~2.5 vs 6 W!. We ascribe the differences in the ion an
electron spectra to inherent noise in the higher power
scans and the correspondingly higher temperature of the
scans, giving more ‘‘hot band’’ contributions. Under th
conditions of the experiment, virtually no ions are observ
other than O4

1. The inset in Fig. 1 is an expanded view of th
electron yield spectrum in the long wavelength region n
323 nm. Clearly resolved rotational spectra are observ
with line spacings on the order of 3.2–3.6 cm21. Similar
il:
5 © 1999 American Institute of Physics
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rotational structure is also apparent on some lines in the
nm region, although not as pronounced.

Photoionization spectra have been recorded using
VELMI technique13 on many of these resonant lines. Typic
images and the corresponding electron kinetic energy di
butions are shown in Fig. 2 for several resonant lines. M
of the observed lines show electron kinetic energy distri
tions dominated by single electron energy peaks. In gene
these are all very near threshold~less than 50 meV!. Occa-
sionally some multiple peaks and some broader peaks
seen, particularly on the lines occurring in the region b
tween 290 and 298 nm.

If one of the covalent species is responsible for th
spectra, then two critical issues are:~1! accounting for the
observed ionization potential of;8 eV from the metastable
state or likely 12 eV or so from two ground state O2 mol-
ecules, and~2! finding a bound excited state;4 eV above
the metastable species. To this end, we have performed
curate coupled-cluster~CC! calculations with theACES II pro-
grams system.14 We use a TZ2P basis of Cartesian Gaussi
contrated as (11s6p3d)/@5s3p2d#15 except as indicated
Table I presents computed coupled-cluster single dou
~CCSD! and coupled-cluster single double trip
@CCSD~T!#16,17energies relative to two ground state O2 mol-
ecules for several states of interest. At the CCSD~T! level,
we find two covalent forms, the cyclic (D2d) at 5.30 eV and
the pinwheel (D3h) at 6.52 eV. We also obtained detaile
structures and vibrational frequencies for these two spec
which are available to interested parties. Included in Tab
are the IP-EOM-CCSD16,17 vertical ionization potentials for
the two covalent forms. The lowest IPs occur at 10.98 for
cyclic and 12.47 for the pinwheel structures. However, thi
much higher than the energy of two photons at 300 nm~;8
eV!, thus outside the range of the experiment. Also shown
Table I are the energies of the ionized van der Waals c
plexes: our result of 11.95 eV is in excellent agreement w
the 11.67 eV complete active space self-consistent fi
~CASSCF! value of Lindh and Barnes.18 Also presented in
Table I are rotational constants for these species. These

FIG. 1. Raw O4
1 photoion yield and total photoelectron yield spectra. E

panded region of the electron spectrum is shown in the inset.
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not consistent with the rotationally resolved spectra in
inset in Fig. 1. Even accounting for the nuclear spin symm
try for theD3h species, a line spacing on the order of 6Be or
1.2 cm21 is the largest expected.

The other question pertains to the existence of a bo
excited state of the covalent species that is 4 eV above
metastable species and whose vibrational frequencies
bene previously estimated.11 STEOM-CC19 calculations in
the POL1 basis15 at the geometry of theD2d ground state
shows a weakly allowedE state at 7.10 eV and a dipol
forbidden A2 state at 8.54 eV and three others weakly
lowed, between 9.2 and 10.0 eV. For theD3h form, the first
state is a forbiddenA19 which occurs at 7.24 eV with a stron
E8 state at 8.92 eV, with the next~dipole forbidden! E8 state
at 12.95 eV. There are five triplet states in the range of 6

FIG. 2. Photoelectron images and electron kinetic energy release dist
tions for several resonant lines of O4* . Wavelengths are~a! 323.478 nm,~B!
306.122 nm,~C! 304.987 nm,~D! 296.788 nm,~E! 294.893 nm, and~F!
282.836 nm.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE I. Computed CCSD and CCSD~T! relative energies and rotational constants at optimal geometries
O4 species. The relative energies, in unties of electron volts, are with respect to O2 X(3Sg

2)1O2 X(3Sg
2) and

rotational constants are from CCSD~T! geometries in cm21. Also shown are the lowest vertical ionizatio
potentials for the two covalently bound forms of O4.The nuclear geometry for these calculations was
optimized CCSD~T!/TZ2P for the ground state.

CCSD CCSD~T! Rotational constants ~Be! IP

1A1 D2d 4.36 5.30 0.254 0.478 0.478 10.98
2B2u D4h ionized state 15.14 15.89 0.260 0.520 0.520

1A18 D3h 5.66 6.52 0.204 0.408 0.408 12.47
Covalent 1A2 C3v excited statea 6.46 0.208 0.406 0.406

4A2 C3v ionized state 17.39 18.49 0.194 0.368 0.368

4Bu C2h ionized state 11.67 11.95 0.149 0.185 0.769
vdW 4B1g D2h ionized state 11.67 11.95 0.149 0.185 0.769

aFor this species, rotational constants are from the EE-EOM-CCSD geometry.
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eV of theD2d form, with the lowest~anE state! at 6.26. The
triplet states start at 7.05 eV for theD3h isomer, with anE8
state at 7.60. However, despite extensive effort, when o
mizing the geometry for excited states either with CCS
when applicable, or EOM-CCSD analytical gradie
techniques20 otherwise to determine if there are bound e
cited states, only two were found: one singlet and one trip
Neither the energies~shown in Table I! nor the frequencies
make a persuasive case for this being the possible inte
diate state in the 111 experiment. Taking all these poin
into consideration, covalently bound energetic tetraoxyg
molecules do not appear likely to be responsible for the
perimental observations.

We now consider electronically excited van der Wa
complexes. There are several metastable states of O2 that
may form long-lived van der Waals complexes of the corr
energy. The relevant potential energy curves for O2 are
shown in Fig. 3. Complexes involving lower lying met
stable singlet states are known, but have neither suffic
energy nor plausible ionization paths to be responsible

FIG. 3. Relevant potential curves adapted from Ref. 23, from calculation
Ref. 21. The Rydberg and ion curves, duplicated and offset20.45 eV~the
energy of the O2–O2

1 bond! are shown as dashed lines~see the text!.
 2005 to 128.227.192.244. Redistribution subject to A
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the experimental observations. The Herzberg states of2,
however, do appear at the correct energy to form comple
that could give rise to the observed spectra. One of these
c(1Su

2) state, is shown in Fig. 3 based on calculations
Saxon and Liu,21 adapted from van der Zandeet al.22,23This
is the only species that may possess an allowed optical t
sition in the wavelength region: there exists an exci
1(1Pg) state very near the energy of our probe transitio
i.e., about 4 eV above thisc state. However, earlier calcula
tions indicted that this 1(1Pg) state is repulsive, adiabati
cally correlating with two ground state oxygen atoms. In
very illuminating series of experiments22,23 looking at atomic
fragments following charge transfer from cesium atoms
O2

1, van der Zandeet al.explored the nonadiabatic dynamic
and coupling among several of the curves in Fig. 3~and with
triplet curves not shown!. Most importantly, they showed
that the 1(1Pg) and 2(1Pg) curves indicated in Fig. 3 do no
interact strongly, and may be viewed in ‘‘diabatic’’ pictur
as shown; the 1(1Pg) level is a bound or quasibound stat
The 1(1Pg)←c(1Su

2) transition of O2 is thus a strongly al-
lowed optical transition in O2 with nearly diagonal Franck–
Condon factors in the region of 280–330 nm. It is not cle
that this important implication of the observations of van d
Zandeet al. has been recognized.

However, direct ionization of this 1(1Pg) state is not
possible in this wavelength region, since the Franck–Con
factors connecting it with the ground state of the ion a
negligible. In fact, the experiments of van der Zande a
co-workers show the importance of the interactions invo
ing the 1(1Pg) valence state and thed(1Pg) Rydberg state
that was initially prepared in their experiments. This show
path to ionization in this wavelength region via the valenc
Rydberg interactions. These considerations yield the follo
ing scenario for this 111 ionization process in O4* , indicated
by the heavy arrows in Fig. 3. If we begin with a van d
Waals complex between O2 X(3Su

2) and O2 c(1Su
2), a fully

allowed electronic transition localized on thec state mol-
ecule takes us to a complex involving the 1(1Pg) state. This
state can either predissociate to give oxygen atoms~and an
O2 molecule!, or couple to thed(1Pg) Rydberg state, or the
system can dissociate to two O2 molecules. It is likely that all
of these occur, no doubt with a strong dependence upon
initially excited vibrational level. If the Rydberg complex i

of
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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formed, it can then ionize easily in this wavelength regio
and the ionization will be dominated byDv50 transitions
owing to the diagonal Franck–Condon factors between
Rydberg and the ion. If this picture is accurate for O4, it is
surprising that no O2

1 is seen; this implies some significa
differences for the ionization dynamics in the complex
opposed to the free O2 molecule. In fact, it is precisely in the
nature of these Rydberg–valence interactions that we
expect a profound impact of the formation of the van d
Waals complex. This is because the Rydberg state will
greatly stabilized in the complex — nearly to the extent
the 0.45 eV bond in O2–O2

1. The valence state curves will b
little perturbed in comparison. The location of the Rydbe
and ion curves for the complex are shown as dashed line
Fig. 3. This provides a reasonable explanation for the
sence of the O2

1 in these experiments despite the likeliho
that the number density of free O2 c(1Su

2) molecules is
much greater than those involved in complexes. The fate
the free O2, upon excitation to the 1(1Pg) state, is either
predissociation via the 21Pg state, or by the triplet state
interacting with thed state.

Many of the experimental results can be satisfacto
accounted for by invoking this complex. The rotational sp
ing in the long wavelength region, about 3.5 cm21, is very
near 4Be for the c(1Su

2) state (Be50.9 cm21).This would
be expected, for example, for a T-shaped complex whe
one of the rotational constants will resemble that of one
the O2 molecules. The photoelectron spectra, dominated
single peaks, arise owing to the fact that the ionization ta
place from a complex involving thed(1Pg) Rydberg state so
that Dv50 transitions dominate as mentioned above.
nally, the absence of O2

1 is readily explained by the very
different Rydberg–valence interactions in the complex as
posed to the free O2. This picture also accounts for som
unusual spectra reported in a closely related study by H
and Walter.24 Their experiments were similar to the studi
of van der Zandeet al. but used charge transfer to O4

1 rather
than O2

1. They reported clearly resolved vibrational structu
in the O2 product kinetic energy distributions followin
charge transfer from cesium, which they reluctantly ascrib
to coincident formation of two O2 molecules inv529, a
rather unlikely process. This was necessary to account fo
vibrational spacing of 800 cm21 observed in the O2 kinetic
energy release distributions. Our alternative interpretation
their results suggests simply the reverse of the ioniza
process outlined above: electron transfer from cesium po
lates the Rydberg state around 7.6 eV, which then cou
efficiently to the metastable O2 X(3Sg

2) – O2 1(1Pg) com-
plex. We suggest the structure in the kinetic energy rele
distributions of Helm and Walter simply reflects the vibr
tional structure in the metastable state. For the Herzb
states, the vibrational frequencies are all on the order of
cm21; the vibrational frequency in the 1(1Pg) state is likely
to be similar.

It is important to note that although these spectra are
associated with covalently bound, energetic O4 species, they
Downloaded 29 Sep 2005 to 128.227.192.244. Redistribution subject to A
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may well be present in the molecular beam. Different te
niques will be required to probe for those species. Fut
experiments will also allow direct probing of this 1(1Pg)
←c(1Su

2) transition in O2, using photofragment excitation
spectroscopy and two color UV1vacuum ultraviolet spec-
troscopy. These studies are underway.
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