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Abstract: Molecular beam experiments are reported for collisions between oxygen molecules. Total integral
cross sections have been measured as a function of the collision energy with the control of molecular alignment.
The low collision energy (in the thermal and subthermal range) and the high angular resolution permit observation
of the “glory” effect, manifestation of quantum-mechanical interference, which allows an accurate probe of
intermolecular interactions. This first complete experimental characterization of the interaction yields a ground
(singlet) state bond energy of 17.0( 0.8 meV for the most stable dimer geometry (the two oxygen molecules
lying parallel at a distance of 3.56( 0.07 Å). Also the splittings among the singlet, the triplet, and the quintet
surfaces are obtained, and a full representation of their angular dependence is reported via a novel harmonic
expansion functional form for diatom-diatom interactions. These results indicate that most of the bonding in
the dimer comes from van der Waals forces, but chemical (spin-spin) contributions in this open-shell/open-
shell system are not negligible (∼15% of the van der Waals component of the interaction).

Introduction

The first study in which the existence of a weak chemical
bond between two oxygen molecules has been proposed dates
back to 1924, when G. N. Lewis1 studied the magnetic
susceptibility of liquid oxygen and concluded that oxygen is a
mixture of O2 and O4 species, the paramagnetic character being
given by O2, while O4 “ is chemically saturated and also
magnetically saturated in the sense that it is not paramagnetic.”
He also gave a value of 5.60 meV for the heat of dissociation
of the O2-O2 dimer.

Actually, the interaction potential in the dimer depends, not
only on the distance and relative orientation between the
molecules but also on the orientation of the molecular spin (S
) 1). This results in three distinct potential-energy surfaces
corresponding to the singlet, triplet, and quintet states of the
dimer arising from different spin coupling of the monomers in
the ground electronic state. Spin coupling leads to many peculiar
bulk properties of oxygen molecules, but even in the gas phase
the intermolecular interaction could deviate from a typical pure
van der Waals nature. Linus Pauling, in an early search for a
definition of the concept of a chemical bond, stated:2

“ In general we do not consider the weakVan der Waals forces
between molecules as leading to chemical-bond formation; but
in exceptional cases, such as that of the O4 molecule [...] it
may happen that these forces are strong enough to make it
conVenient to describe the corresponding intermolecular inter-
action as bond formation.”

The knowledge of the intermolecular interaction potential in
the O2-O2 dimer is basic to describing scattering processes
responsible for energy transfer in the gas phase, transport
phenomena in the atmosphere, and spectroscopic features of
O2 in oxygen bulk and to the understanding of O2 behavior in
the condensed phase. The O2-O2 dimer shows several weak
absorption regions in the Infrared, the red (around 630 and 580
nm), the blue, and the near ultraviolet. These bands have been
extensively studied,3 as for example the absorption bands of
the atmosphere of oxygen under pressure and of the liquid, but
their analysis is far from complete. Some of these absorption
bands in the visible occur in the same wavelength region as the
Chappuis bands of ozone and hence can interfere with measure-
ments of stratospheric ozone.4 Medium-resolution absorption
cross sections and high-resolution absorption spectra, in super-
sonic slit expansion with a rotationally resolved structure,5 have
recently been observed for both visible bands in the red. The
photochemistry of the oxygen dimer has been investigated in
the ultraviolet range.6 The interaction between oxygen molecules
affects the magnetic couplings and dynamics in solid O2,7 which
is considered one of the most interesting molecular crystals
because of its peculiar structural and magnetic properties. Solid
oxygen can, in fact, exist in three different phases: theR phase
which is orientationally and magnetically ordered (antiferro-
magnetic), theâ phase which is also orientationally ordered and
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possibly has a short-range antiferromagnetic order, and theγ
phase which is orientationally disordered and paramagnetic just
like liquid oxygen.

In spite of such an interest, the detailed characterization of
the intermolecular potential in the oxygen dimer still continues
to pose a challenge both to the experiments and to the theory
of weak interactions. From an experimental point of view, it is
very hard to measure properties giving direct insight into the
interaction. As detailed later, the analysis of the available
experimental findings often provides only limited information
on the intermolecular potential. Additional efforts are needed
to characterize the interaction in a wide range of intermolecular
distances and as a function both of the relative molecular
orientation and of the molecular-bond stretching. The main
difficulties for the theory are inherent with the high dimension-
ality of a four-atom systems, and a further complexity is given
by the open-shell nature of the monomer which is a3∑g

- in its
ground electronic state.

Recently8 we succeeded in measuring integral-scattering cross
sections for the O2-O2 system with a control of the molecular
alignment and with sufficient resolution to observe three
quantum interference “glory” extrema. These data allow the first
complete experimental characterization of the interaction in such
a system, including an assessment of the role of the spin-spin
interaction.

In the section of this paper titled Previous Studies we will
review the previous experimental and theoretical works on the
subject. In the following section we will present the experimental
technique and results, while the representation of the potential-
energy surface employed in this work will be described in the
section by that name. A discussion of the analysis of the data
and of the obtained potential-energy surfaces will follow in the
last section.

Previous Studies

In the early 70s, Long and Ewing9 were the first to reveal
clearly the presence of O2-O2 dimers in the gas phase, by
collision-induced spectroscopic studies at low temperature in
the IR and visible range. From the analysis of the absorption
spectrum they concluded that the dimer is stabilized both in
the ground and the excited electronic state (dissociating to O2

(1∆) + O2 (1∆)) by a weak bond of van der Waals nature with
well depths of 10.8 and 6.2 meV, respectively. The IR features
were associated with end-over-end rotation of O2-O2, a floppy
molecule with some of the dimers locked in a semirigid
configuration and some others undergoing hindered rotations.
Because of the low resolution of the spectroscopic data, the
analysis gave no information on the spin-spin coupling effect
and did not allow the determination of the structural properties
for the complex: an equilibrium distance of∼3.5( 0.2 Å was
tentatively associated with a parallel (H) geometry.

The magnetic properties of oxygen dimers in the gas phase
have also been studied: Reuss et al.10 found O4 molecules,
formed in a supersonic molecular beam, to be paramagnetic from
Stern-Gerlach deflection spectra of the dimers. On the contrary,
more recently,11 similar deflection spectra have lead to no
appreciable paramagnetism and so to the conclusion that the

ground state of the dimer is a singlet. Other studies considered
dimers diluted in solid rare gas or nitrogen matrixes. Goodman
and Brus12 used a solid neon host matrix to isolate oxygen
dimers: they measured high-resolution electronic spectra in the
visible region and concluded that the dimer ground state is a
singlet state (zero spin) and has a D2h symmetry, with the two
monomers lying parallel to each other in an H geometry.

Other sources of information on interactions in the dimer
include also the second virial coefficient,13 transport properties
(shear viscosity and thermal conductivity,14 and stimulated
Raman self-broadening cross sections.15 Although these studies
have provided interesting additional insight on the system, they
did not allow an accurate characterization of the interaction and
in particular of the molecular anisotropy and of the role of spin.

There have also been extensive computational approaches.
A first-order exchange perturbation calculation for the ground
state potential energy surface of the dimer by van der Avoird
and co-workers16 was followed by other ab initio17,18,19and semi-
empirical20 calculations. Bussery and Wormer21 have developed
semi ab initio potential energy surfaces for O2(3∑g

-) and
O2(1∆g), and more recently Bussery et al.22 have carried out
full size-consistent ab initio calculations for the lowest singlet
excited states of the dimer dissociating into O2(1∆g) + O2(1∆g).

The remaining significant differences among all these cal-
culations (for the singlet well depth, in the D2h (H) configuration,
values such as 3.0,19 19.1,21 and 24.518 meV are reported) testify
to the inadequacy of current quantum chemical methods to cope
with this challenging problem.

A calculation of the magnetic coupling between oxygen
molecules in the solid phase23 has shown a strong anisotropy
for the spin-coupling parameter,J (see eq 7 below), explaining
the anomalously large libron splitting inR - O2. Furthermore,
semi ab initio calculations24 showed how theJ parameter, related
to the exchange interaction (i.e., to the overlap of outer electronic
orbitals of two partners), contributes to stabilize the dimer in
its singlet state in a D2h structure.

To explain part of the “ozone deficit” problem, numerous
experimental25 and computational18,26,27 studies have been
carried out on the dynamics of the highly endothermic reaction
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(and its inverse) in the last few years. Those computations are
sensitive to the repulsive part of the interaction because the
reaction dynamics is assumed to involve highly vibrationally
excited O2 colliding at hyperthermal energies25 and have been
found to be inconsistent with observations.26

Experimental Technique and Results

We report in this paper molecular beam studies for the
collisions between oxygen molecules. Such studies represent
precious sources of information on interaction potentials
especially when carried out with sufficiently high angular and
energy resolution to allow the measurement of quantum
interference effects. For molecule-molecule systems, these
effects are often experimentally washed out when there is no
control of rotational temperatures and of molecular orientations.

An early attempt28 made with a hot effusive beam of fast
rotating molecules emerging from a microwave discharge source
allowed the measurement of total integral cross sections
providing information on the interaction averaged over all
mutual molecular orientations. In the last years considerable
progress has been accomplished concerning production and
characterization of beams emerging from supersonic sources,29

permitting collisional studies with seeded beams of cold
molecules, slowly rotating and with a controlled degree of the
molecular alignment. Such an alignment could be probed for
O2 by measurements which exploit its paramagnetism.30 Align-
ment effects also show up in scattering properties, especially
in the glory phenomenon and on the overall size of cross
sections,31 providing an alternative quantitative probe for
alignment also for nonparamagnetic species.32 Recent progress
on the understanding of the role of experimental conditions has
been based on a detailed quantum mechanical analysis.33,34

This work is a continuation of experimental studies carried
out in our laboratory on the O2-Xe and O2-Kr systems.31,35

Measurements of the dependence of the total integral cross
section on the rotational states and on the alignment degree of
O2 projectile molecules have been performed for the O2-O2

system in a wide velocity range, and some results have been

recently anticipated.8 The analysis of such data provides unique
information both on the van der Waals component, including
its dependence on the relative orientation of the molecules, and
on the strength of the spin-spin coupling.

The Apparatus. The experimental apparatus employed for
the measurements described in this paper is the same as that
used recently for the O2 rotational alignment study29 and
scattering experiments31,35 with rare gases and, thus, will not
be described here.

Two different beam sources have been used, operating under
various regimes of pressure and temperature. Total (elastic+
inelastic) integral cross sections are obtained through the
measurement of the intensity loss of the velocity-selected beam
as it crosses the scattering chamber, filled with the target gas
(O2, at the typical pressure range of 10-2-10-3 torr) cooled
down to liquid or solid air temperature, to decrease the
quenching of the glory interference effect by the thermal motion
of the target gas. For details on the angular and velocity
resolutions see ref 35.

Scattering cross sections in the glory energy range have been
measured under different experimental conditions, namely using
both effusive (rotationally “hot”) and supersonic seeded (ground
vibro-rotational state) beams of oxygen, the latter involving a
control of the alignment of the rotational angular momentum
of the projectile molecule. As done previously, the absolute
values of total cross sections have been obtained by an internal
calibration based on direct measurements of the gas flowing in
the scattering chamber and on the absolute value of He-Ar
elastic scattering cross sections reported in ref 36.

Scattering Results: Experimental Informations from
Rotationally “Hot” Beams. Effusive beams have been pro-
duced with a heated nozzle (source temperature,T ∼ 500 K)
of ∼1 mm in diameter with an O2 pressure in the source of a
few torr. The high rotational temperature of oxygen projectiles
(several rotational states are populated, the most probable levels
beingK ) 9-13) and the low translational temperature of the
target O2 molecules allow us to resolve the glory structure.
Absolute total integral cross section results, plotted in Figure 1
asQ(V)V2/5, as appropriate to emphasize quantum interference
effects (the glory), clearly show three extrema. Error bars
represent standard deviations over a large number of experi-
mental runs. Curves are cross section calculations to be
discussed below. These results extend previous ones,28 covering
a wider collisional velocity range under better experimental
resolution.

In atom-atom collision systems, from the glory pattern it is
possible to extract information on the potential well features,37

while the absolute value of the cross section contains information
about the long-range attraction.38

In the case of atoms colliding with moleculesseven when
vibrational effects can be neglectedsthe glory structure can be
damped and shifted by the anisotropy of the interaction. These
effects can be reduced by increasing the rotational temperature,39

because when the molecular rotation period is short or compa-
rable with the collision time, the cross-section feels an average
of the intermolecular interaction. Moreover, the higher rotational
levels are widely spaced in energy, and this limits the role of
inelastic events.
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In the diatom-diatom case, anisotropy effects are expected
to be larger. However, also, in this case, they can be partially
removed by increasing the rotational temperature of one or both
partners. Projectile oxygen molecules emerging from the hot
effusive beam source exhibit a broad rotational distribution
(about 20 rotational levels are significantly populated), and their
average rotational period is∼1 × 10-12 s. The target O2
molecules are kept in the cell at∼90 K, showing again a
sufficiently ample rotational distribution with an average
rotational period of∼2 × 10-12 s. The collision time ranges
from ∼2 × 10-12 s at the lowest experimental velocity to∼5
× 10-13 s at the highest one. Considering that O2 molecules
are homonuclear, so that the molecular configuration is repeated
after a half period, and comparing collision times and rotational
periods, atlow andintermediatecollision velocities (see Figure
1) the anisotropy of both diatomic partners is averaged toward
the atom-atom limit, while at high velocities the projectile
anisotropy is always averaged, and the target anisotropy can
play some role only in the extreme velocity conditions, where
the system approaches an atom-diatom limit. Therefore,
scattering data with rotationally hot oxygen beams mainly probe
the isotropic component of the interaction. In particular, the
absolute value of the cross sections is sensitive to the long-
range attraction, while the features of the glory pattern give
information on the potential well.

Scattering Results: Experimental Information from “Cold”
Beams with Alignment Control. Supersonic seeded beams are
obtained expanding 2.5% O2 mixtures in lighter gases at total
stagnation pressures of∼1 atmosphere at room temperature
through a nozzle of∼100-µm diameter. In the expansion the
molecules experience several collisions with the carrier gas
providing focusing along the beam axis, cooling to the lowest
rotovibrational state (K ) 1), and alignment of rotational angular
momentum. Since these molecules rotate slowly (average period
of ∼8 × 10-12 s), the study of their collisions is a probe of the
interaction anisotropy in the whole velocity range presented in
this work. The alignment degree, given by the ratioW0/W1 of
the weights for the two helicity states possible forK ) 1 (M
equal to either 0 or 1) can be measured and controlled as detailed
in refs 29, 31, 35.

Absolute total integral scattering cross sections are reported
in Figure 2 as a function of the collision velocityV for four
values of the alignment degreeW0/W1 of the O2 projectile
molecules. The figure shows that, increasingW0/W1, scattering
cross sections present an overall average increase and a shift in
the velocities corresponding to the glory extrema. In the figure
the dashed line is the same as in Figure 1 and allows comparison
with data obtained with rotationally hot effusive beams. Other
curves in the figure are calculations (see below). These results
obtained with rotationally cold and aligned O2 molecules will
serve to extract information on anisotropy of interactions at long
range and in the well region.

Other Experimental Results.Other experimental measure-
ments on the O2-O2 system are available in the literature as
detailed in the previous sections.

In addition to the scattering cross sections, in the following
analysis we will also consider the second virial coefficientB(T),
plotted in Figure 3 and reported in Table 1 for the temperature
range for which it is available.13 The second virial coefficient
at high temperatures mainly depends on the spherical component
of the interactions, while at low temperatures it is also influenced
by their anisotropy.

Representation of the Potential Energy Surfaces

The geometry of the O2-O2 dimer and its interaction energy
will be described in Jacobi coordinates appropriate for four-
body systems and shown in Figure 4. The vector pointing from
the center of mass of moleculea to the center of mass of
moleculeb is denotedR and has modulusR. The diatomic
internuclear vectors are denoted asra and rb; they define the
orientation of the two oxygen molecules with bond lengthsra

andrb. In a body fixed reference frame chosen with thez axis
to coincide with the direction ofR, the set of internal
coordinates, on which the interaction energy depends, is given
by the intermolecular distanceR, the bound distancesra andrb,
and the anglesθa, θb andφ ) φa - φb.

Figure 1. Total integral cross sectionQ(V) for scattering of a
rotationally hot O2 effusive beam by O2 target molecules. In this case
anisotropy effects due to the relative mutual orientations can be
neglected and only the spherical component of the PES has been used.
The dotted-dashed curve is calculated excluding spin-spin interaction
and the dashed curve is obtained considering the scattering on the three
potential-energy curves of singlet, triplet, and quintet. Calculations
performed with the semi ab initio PES of ref 21 are also reported as a
dotted line.

Figure 2. Total integral cross sectionQ(V) for scattering of rotationally
cold O2 supersonic seeded beams by O2 target molecules at four
different degrees of molecular alignmentW0/W1. Solid lines are quantum
mechanical close-coupling calculations (see text). Dashed curve is as
in Figure 1 and is repeated for comparison.
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In this work, we will considerra and rb as fixed and, thus,
the molecules as rigid rotors. The interaction can be expanded
in spherical harmonics, separating the radial and the angular
dependencies16,21

with La, Lb ) 0, 1, 2, ... and|La - Lb| e L e La + Lb. The
angular functionsY LaLb

L0 are bipolar spherical harmonics

whereYLam andYLb-m are spherical harmonics, (:::) is a Wigner
3 - j symbol, and-min(La,Lb) e m e min(La, Lb).

The radial coefficientsVLaLbL(R) include different types of
contributions to the interaction potential (electrostatic, disper-
sion, repulsion due to overlap, induction, spin-spin coupling,
...).

In previous applications (such as to N2-N2
40 and to O2-

O2,21 in order to represent results of calculation on grids of
intermolecular distances and geometries, the spherical harmonic
expansion included a large number of terms (for the oxygen
dimer more than 2021) each one defined by functions which at
least contain two variable parameters. Seeking for a more
compact representation of the interaction, we propose a harmonic
expansion consisting of four terms: this is the minimum number
of moments needed to characterize four basic configura-
tions of the dimer (to be referred to in Figure 4). Contribu-
tions to the interaction of higher order are less and less impor-
tant and will not be explicitly included, therefore the terms
retained in our representation must be considered as “effective”
because they are adjusted to account for possible higher order
contributions. Thus the present treatment extends the usual
approach to the atom-diatom case, for which the interaction is
developed in a polynomial Legendre expansion truncated to
an effective anisotropic second-order term. One important
advantage in using such a simplified representation is that
the terms in the expansion lead to a small number of parameters,
to be varied in the procedure of fitting to the experimental
data.

Since O2 is a homonuclear molecule, only even moments
contribute to the sum in eq 2:

The first term of the expansion,V000, represents the isotropic
component of the interaction, whileV202, V220, andV222 describe

(40) van der Avoird, A.; Wormer, P. E. S.; Jansen, A. P. J.J. Chem.
Phys.1986, 84, 1629-1635.

Figure 3. In the upper panel is reported the experimental second virial
coefficient B(T) for the O2-O2 system and it is compared with
calculations performed using the present potential-energy surfaces.
(Calculations with or without spin-spin contribution are not distin-
guishable in the scale of the figure.) In the lower panel is plotted the
deviation of the calculated second virial coefficientBcal including spin-
spin contribution (see Table 1) from the experimental resultsBexp. The
experimental uncertainties are also shown at some indicative temper-
atures.

Table 1. Experimental and Calculated Second Virial Coefficient
B(T) as a Function of Temperaturea

this work

T (K) full PES
full PES

without spin V000
experimental

ref 13

90 -251 -248 -208 -241( 10
100 -205 -202 -171 -197( 7
140 -108 -107 -91 -104( 5
170 -74 -73 -61 -69 ( 4
210 -47 -46 -37 -45 ( 2
220 -42 -41 -33 -40 ( 2
250 -30 -29 -22 -29 ( 2
310 -14 -14 -8.1 -14 ( 1
380 -3.0 -2.8 2.0 -3 ( 1
400 -0.7 -0.4 4.1 -1 ( 1
406 0.0 0.2 4.7 0( 1
600 13 13 17 13( 1
800 19 19 22 19( 1

1000 22 22 25 22( 1
1400 25 25 27 26( 1

a The calculations have been performed using the present potential-
energy surface (full PES), excluding the spin-spin interaction, and
using only the spherical componentV000(R).

V(R,θaθb,φ) ) 4π ∑
La,Lb,L

VLaLbL(R)Y LaLb

L 0 (θa,θb,φ) (2)

Figure 4. Orientation anglesθa, θb, and φ and selected relevant
geometries for the oxygen dimer system.

Y LaLb

L 0 (θa,θb,φ) )

(2L + 1)1/2∑
m

(-)La-Lb(La Lb L
m -m 0 )YLam

(θa,φa)YLb-m(θb,φb)

(3)

V(R,θa,θb,φ) ) 4π{V000(R) + V202(R)[Y 20
20(θa,θb,φ) +

Y 02
20(θa,θb,φ)] + V220(R)Y 22

00(θa,θb,φ) +

V222(R)Y 22
20(θa,θb,φ) + ...} (4)
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the overall anisotropy. Higher order terms will be neglected,
and the truncated expansion will be found appropriate to analyze
the present experimental data and the second virial coefficient.

Also, by inserting proper values of the three anglesθa, θb,
andφ in the explicit expressions of bipolar spherical harmonics,
the interaction potentials of the four basic configurations H, X,
T, L (Figure 4) are given by

These expressions can be inverted, to give

Once the interactions for the four limiting geometriesVH,
VX, VT, and VL are obtained, the effective radial coefficients
V000(R), V202(R), V220(R), V222(R) allow the representation of the
potential energy surface through eq 4. The parameterization of
the radial coefficients is reported in Appendix A.

When the spin-spin interaction is introduced, three distinct
potential energy surfaces arise, corresponding to the singlet (total
spin S ) 0), triplet (S ) 1), and quintet (S ) 2) states of the
dimers, obtained from the coupling of the two spins (Sa ) Sb )
1) of the monomers in their ground3∑ state. Splittings between
these surfaces are caused by an exchange interaction, due to
the overlap of outer-shell electronic clouds and which can be
represented in the form of a Heisenberg spin Hamiltonian
-2JSa‚Sb,16 whereSa and Sb are the monomer electron spin
operators andJ is the coupling parameter which is linked to
the exchange integral and depends both on the distance between
the O2 molecules and on their orientations, just as the van der
Waals component of the interactions.

Eigenvalues for the Heisenberg Hamiltonian are 4J for S )
0, 2J for S ) 1, and-2J for S ) 2, so that the interaction for
each of the multiplet states can be described as:

A convenient representation of the radial and angular de-
pendencies of the spin interaction follows along the lines of eq
4 and is given in terms of a spherical harmonic expansion
consisting of the first four termsJ000(R), J202(R), J220(R), and
J222(R)

where the radial coefficientsJijk(R) are parametrized as follows

The harmonic expansion (8) allows reproduction of the
general features of the complete spherical harmonic expansion
of ref 16 in particular, the orientational dependence of the
coupling termJ yields positive values for crossed geometry (X)
but gives antiferromagnetic coupling (J < 0) for parallel (H),
T-shape (T), and linear (L) configurations. The functional form
of eachV(S) state can be now given16,21by separately expanding
V andJ according to eqs 4 and 8 and subsequently combining
them.

The PES: Analysis and Discussion

The van der Waals Interaction. The reliability of the
representation of a diatom-diatom potential energy surface with
four effective terms has been firstly tested on a recent accurate
semi-empirical potential for the N2 dimer from this laboratory.41

Reproduction of detailed features required only slight modifica-
tions of the original first four terms of the expansion, confirming
the validity of the approach and its perspective applications to
other systems.

The data from rotationally hot effusive beam scattering has
been analyzed using the average interaction only, i.e., using the
first term of the spherical harmonic expansion,V000; the cross
section calculations have been performed following a JWKB
method. To assess the sensitivity of our experimental data and
the quality of the obtainable information on the interaction, we
tested the more accurate PES21 available in the literature. In
Figure 1 we have reported calculated cross sections (as dotted
lines) by using theV000 term of the semi ab initio PES:21 the
glory pattern is dephased with respect to the experimental one
and has a different frequency. This marked difference suggests
that the negative area of theV000 potential needs to be much
larger than that calculated in ref 21, and this is also in the same
direction as indicated by comparison with the data on the second
virial coefficient.21

In this work theV000 term of the PES has been parametrized
as a Morse-spline-van der Waals (MSV) potential (see Appendix
A): the C000 (long range dispersion coefficient) value has been
obtained by fitting the absolute value of the rotationally hot
scattering cross sections, theε (well depth) andRm (well
location) parameters have been varied until the best fit for
position and frequency of the glory oscillations is obtained.
Calculations for scattering cross sections - from the best fitV000

term - are also shown in Figure 1 as dot-dashed lines.
The potential parameters so obtained (See Table 2) were

found to be in good agreement with those estimated by
correlation formulas based on the average polarizability of the

(41) Cappelletti, D.; Vecchiocattivi, F.; Pirani, F.; Heck, E. L.; Dickinson,
A. S. Mol. Phys.1998, 93, 485-499.

VH(R) ) V000(R) - x5V202(R) + x5V220(R) + 5

x14
V222(R)

VX(R) ) V000(R) - x5V202(R) -
x5
2

V220(R) - 2
5

x14
V222(R)

VT(R) ) V000(R) +
x5
2

V202(R) -
x5
2

V220(R) + 5

x14
V222(R)

VL(R) ) V000(R) + 2x5V202(R) + x5V220(R) -

2
5

x14
V222(R) (5)

V000(R) ) 1
9
[2VH(R) + 2VX(R) + 4VT(R) + VL(R)]

V202(R) ) 2

9x5
[-VH(R) - VX(R) + VT(R) + VL(R)]

V220(R) ) 1

9x5
[4VH(R) - 2VX(R) - 4VT(R) + 2VL(R)]

V222(R) )
x14
45

[VH(R) - 2VX(R) + 2VT(R) - VL(R)] (6)

V(S) 0) ) V + 4J

V(S) 1) ) V + 2J

V(S) 2) ) V - 2J (7)

J(R,θa,θb,φ) ) 4π{J000(R) + J202(R)[Y 20
20(θa,θb,φ) +

Y 02
20(θa,θb,φ)] + J220(R)Y 22

00(θa,θb,φ) +

J222(R)Y 22
20(θa,θb,φ)} (8)

Jijk(R) ) aijkexp(-bijkR)
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oxygen molecule.42 This represents a further proof of the fact
that integral cross sections measured with rotationally hot beams
mainly probe the spherical part of the interaction. Nonetheless,
we notice (in Figure 1) that the exclusive use of the spherical
term V000 in the O2-O2 case fails to fully reproduce the
amplitude of glory oscillations in the low-velocity range
(differently from what had been observed in the N2-N2 case:41

experimental cross sections appear to present a partial quenching
with respect to those from calculations, implying the presence
of a residual anisotropy, to be attributed (see below) to the spin-
spin interaction.

The analysis of scattering cross sections measured with
rotationally cold beams of aligned oxygen molecules has been
based on a quantum close-coupling calculation of the scattering
matrix, performed using the MOLSCAT package43 and follow-
ing the lines of calculations adopted for Kr-O2 and Xe-O2

systems (see refs 31 and 35).
As previously observed, oxygen molecules in the scattering

chamber have a sufficiently high rotational temperature (∼90
K, average rotational period∼2.0× 10-12 s) to basically behave
as pseudo atoms during the collision with an oxygen molecule
aligned in the ground rotational stateK ) 1 (average rotational
period∼8.0× 10-12 s). On this basis, the MOLSCAT program
has been adapted to calculate the cross section for an aligned
oxygen molecule with a pseudoatom of mass equal to 32 amu
(see Appendix B for the reduction of the potential-energy surface
to the atom-diatom limit), allowing the characterization of the
main anisotropic termV202(R). In particular, the increase of the
value of the cross section with the degree of alignment of the
molecules has been used to probe the long-range part of the
anisotropy, while the shift of the glory position allowed the
determination of the anisotropy in the well region. The check
of the amplitude of the quantum oscillations has been performed
as discussed below including the effect of the spin-spin

coupling.44 The results are reported in Figure 2 as continuous
lines.

The final refinment of the anisotropy has been done including
the remaining two minor (but not negligible) anisotropic terms,
V220 andV222.45 The full anisotropic PES has been checked on
second virial coefficientB(T) in the full temperature range and
scattering cross sections.B(T) values have been calculated using
a method based on the expressions for two linear molecules
presented by Pack,46 including the first quantum corrections due
to the relative translational and rotational motions, with the
Coriolis term in the latter. The same approach had been used
previously for the N2-N2 system.40,41The calculated values of
B(T) are in good agreement with experimental ones, as shown
in Figure 3 and Table 1.

The best-fit radial functionsVijk(R) are plotted in Figure 5,
while cuts of the PES for the four limiting geometries are
reported in Figure 6 together with the corresponding values of
Bussery et al.,21 for a comparison.

The best-fit potential parameters are reported in Table 2
together with the estimated uncertainties. A comment on the
relative extent of anisotropic terms is here in order: The main
contribution to anisotropy derives from the firstV202(R) which

(42) Cambi, R.; Cappelletti, D.; Liuti, G.; Pirani, F.J. Chem. Phys.1991,
95, 1852-1861.

(43) Hutson, J. M.; Green, S. MOLSCAT computer code, distributed
by Collaborative Computational Project No. 6 of the Engineering and
Physical Sciences Research Council (UK). http://www.gis.nasa.gov/molscat/.
(accessed May 1999).

(44) Integral cross section calculations for the full dimensional problem,
i.e., considering the scattering between two linear rigid rotors, are still
prohibitively expensive and time-consuming.

(45) In the analysis we have neglected electrostatic quadrupole-
quadrupole contributions to the interaction because of the very small
quadrupole moment of the oxygen molecule (see Stogryn, D. E.; Stogryn,
A. P. Mol. Phys.1966, 4, 371-393).

(46) Pack, R. T.J. Chem. Phys.1983, 78, 7217-7222.

Table 2. Parameters of the Potential-Energy Surface (see
Appendix A) for the O2-O2 System As Determined in the Present
Worka

V000

ε (meV)b 11.7 ((0.6)
Rm (Å) 3.90 ((0.08)
â 6.7
C000 (meV Å6) 5.3 ((0.5)× 104

x1 1.12
x2 1.55

V202

A202 (meV) 7.7 ((1.5)× 106

c202 (Å-1) 4.0 (2%)
d202 (Å-2) -0.060 (2%)
C202 (meV Å6) 6.12× 103

V220

A220 (meV) 5.0 ((1.5)× 106

c220 (Å-1) 3.83 (2%)

V222

A222 (meV) -4.0 ((1.5)× 106

c222 (Å-1) 3.83 (2%)

a Estimated uncertainties are in parentheses.b 1 meV) 9.648× 10-2

kJ‚mol-1.

Figure 5. Radial coefficientsVijk(R) as a function of the intermolecular
distanceR as obtained in the present work.

Figure 6. Cuts of the potential-energy surfaces excluding spin-spin
interaction, for relevant geometries of the O2 dimer (see Figure 4) as
obtained by the present analysis (continuous lines) and by the previous
semi ab initio PES.21
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accounts for∼30% of the global interaction, whileV220(R) and
V222(R) are much smaller (<5%), but they are necessary to
introduce the proper angular dependence and thus give a realistic
description of the PES.

Role of the Spin-Spin Interaction. As already anticipated,
scattering results performed with effusive beams containing
rotationally “hot” oxygen molecules show a quenching in the
glory amplitudes at low collision velocities which we attribute
to the role of the spin-spin interaction and, specifically, to its
spherical componentJ000(R), i.e., independent of averaging over
molecular orientations. This small but appreciable quenching
allows an estimate of the magnitude of theJ000(R) term, which
is expected to be only a small fraction of the whole interaction.
As a consequence, the relatively small anisotropy introduced
by the J000(R) term influences only the glory amplitude (and
not the frequency and location of the extrema) and theB(T)
values at low temperature.

To take into account the spin-spin interaction in the analysis
of integral-scattering cross sections and second virial coefficients
it must be noted that, as a consequence of the conservation of
total spin quantum numberS of the system during a collision,
transitions between surfaces with different spin values are not
allowed, and the presently measured total integral cross sections
Q(V) are the weighted sum of the three partial cross sections
QS ) 0(V), QS ) 1(V), and QS ) 2(V), which, respectively, refer to
singlet, triplet, and quintet surfaces

where the weighting factors are determined by degeneracies
associated with each spin state. An analogous expression applies
when similarly extending the treatment of the second virial
coefficientB(T).

A calculation using the present best fitV000(R) and the ab-
initio J000(R),16 obtained by properly compactingJ to four terms
as in the section titled “Representation of the Potential Energy
Surfaces”, has been compared with the data measured with
rotationally hot beams (not reported in Figure 1) but doesn’t
show any appreciable quenching in the glory amplitude. This
indicates the need of a larger spin-spin contribution.

Therefore, the pre-exponential coefficienta000 of the radial
termJ000(R) has been increased until an appreciable quenching
appears in the calculations. Results presented in Figure 1 as a
dashed line have been obtained by using a scaling factor of 2.5
(with respect to the ab initio results), which we consider
consistent with the experimental data. The same factor has been
used for scaling the three remaining coefficientsaijk of the radial
termsJijk in order to obtain the full PESs and to calculate cross
sections for aligned molecules and second virial coefficient at
low T (see Figures 2 and 3). The best fit parameters for the
spin-spin interaction are reported in Table 3. The present study
also allows the determination of an upper limit forJ, forcing
the quenching of the calculated cross sections to the limit of
experimental error bars of the data in Figure 1 (not reported),
with a further increase of the pre-exponentialaijk coefficients.
This determination relies on the assumption that the quenching
of the glory structure in effusive data is exclusively due to spin-

dependent interaction. This upper limit forJ corresponds to a
40% increase of theaijk best-fit coefficients reported in Table 3.

Concluding Remarks. Potential-energy curves for singlet,
triplet, and quintet states in selected geometries are plotted in
Figure 7, where results for the lowest singlet state are compared
with ab initio calculations of ref 21.

It can be noted that, in agreement with ab initio calculations,
the planar rectangular H geometry is the most favorable for the
singlet state: this is therefore the configuration of the ground
state for the dimer. It is also favored with respect to other
geometries in the triplet state while the X structure results in
being the most stable for the quintet state. Such a stabilization
of the X geometry for the quintet state originates, as also pointed
out in ref 21, from the different sign of the spin-coupling
parameterJ which is positive (i.e., ferromagnetic) for the
previous configuration and negative (i.e., antiferromagnetic) for
the latter. Table 4 reports the main features (equilibrium
distancesRm and binding energiesE) for singlet, triplet, and
quintet potential-energy surfaces for the four basic geometries.
Data for the average over spin states, which represent the pure
van der Waals interactions, are also shown together with the
corresponding results for the N2-N2 system of ref 41. Absolute

Table 3. Parameters for the Coupling TermJ which describes Spin-Spin Interaction in the (O2)2 Dimer System

J000 J202 J220 J222

aijk (meV)a -1.7× 106 (40%) -1.3× 106 (40%) -1.7× 106 (40%) 2.1× 106 (40%)
bijk (Å-1) 3.96 4.09 4.30 4.63

a Estimated uncertainties are in parentheses.

Q(V) )
QS) 0(V) + 3QS) 1(V) + 5QS) 2(V)

9
(9)

Figure 7. Cuts of the potential-energy surfaces for relevant geometries
of the O2 dimer (see Figure 4) and including spin-spin interaction
(S ) 0 singlet,S ) 1 triplet, andS ) 2 quintet states) as obtained by
the present analysis. Also shown are semi ab initio results for the singlet
state.21

Table 4. Equilibrium DistancesRm and Binding EnergiesE for
Singlet, Triplet, Quintet, and Spin-Averaged Potential Surfaces in
Selected Geometries for the Oxygen Dimer System

V(S) 0) V(S) 1) V(S) 2) V N2-N2
a

Eb Rm
c Eb Rm

c Eb Rm
c Eb Rm

c Eb Rm
c

H 17.0 3.56 15.9 3.61 14.3 3.68 15.1 3.64 10.9 3.68
X 15.3 3.63 15.5 3.62 16.0 3.60 15.8 3.61 11.5 3.67
T 16.0 3.74 14.7 3.79 12.9 3.88 13.7 3.84 12.0 4.10
L 9.1 4.26 8.6 4.30 7.7 4.38 8.10 4.34 3.4 4.81
V000 13.3 3.81 12.4 3.86 11.1 3.94 11.7 3.90 9.5 4.10

a Corresponding results for the N2 dimer are shown for comparison
in the last two columns. These numerical values correspond to data
shown graphically in Figure 12 of ref 41.b meV. Absolute uncertainties
are estimated as(0.8 meV. 1 meV) 9.648× 10-2 kJ‚mol-1. c Å.
Absolute uncertainties are estimated as(0.07 Å.

Nature of the Bond in the O2-O2 Dimer J. Am. Chem. Soc., Vol. 121, No. 46, 199910801



uncertainties are estimated as(0.8 meV forE and (0.07 Å
for Rm. Relative values are accurate to the digits given.

It is interesting to note that, differently from what is observed
in O2-O2, the most stable geometry for N2-N2 has a T shape.
This can be attributed to the non-negligible role of quadrupole-
quadrupole interaction for the nitrogen case.41

Indeed, the nature of these interactions can be shown to be
mainly due to pure van der Waals forces, the spin-spin
interaction being only of the order of∼15%sperhaps less than
would have been anticipated by Pauling,2 but larger than that
maintained by others.16

Present results confirm previous experimental evidence
concerning the planar rectangular H geometry of dimers of
oxygen molecules in the solidR phase (stable for temperatures
between 0 and 23.9 K) and in theâ phase (stable in the
temperature range 23.9< T < 43.8 K), both such phases having
an antiferromagnetic character.7 The spectroscopic work of ref
12 also indicated an H geometry for the singlet ground state of
the dimers diluted in a solid neon host matrix. For the higher
lying triplet and quintet states, D2h (H geometry) or D2d

(X geometry) symmetries have been found.
Our estimate of the spin-spin coupling term in the distance

range corresponding to that for the equilibrium of the dimer can
be an ingredient for modeling magnetic properties in solid O2.

The characterization of the three surfaces will contribute to
the assignment of features of absorption spectra and of spectral
broadening due to dimer formation. Moreover, since the bond
length and, thus, the polarizability of O2 molecules do not
appreciably change for electronic excited states1∆ and1∑ (see
also ref 22), the corresponding excited surfaces of the dimer
are expected to behave similarly to the van der Waals component
in the ground electronic state, while spin-spin coupling are
absent there. All these surfaces are relevant for the elementary
processes of ozone chemistry.
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Appendix A - Parametrization of the Radial Terms

The effective radial coefficients in eqs 4 and 7 have been
represented by standard parametrizations. The isotropic
V000(R) component has been described by the following MSV
(Morse-spline-van der Waals) parametrization, scaled for
locationRm and depthε of the potential well

Morse forx e x1

spline forx1 < x < x2

van der Waals forx g x2

The â parameter, which defines the shape of the potential
well, is fixed at 6.7, as is characteristic of van der Waals forces;47

x1 and x2 are chosen, as for other previous cases,31,35 in the
neighborhood of 1.1 and 1.5; thenb1, b2, b3, andb4sthe spline
parameterssare automatically fixed by imposing the rule that
functions join with the same value and the same derivative at
x1 and x2. The free parameters (related to the isotropic
component of the interaction) in the fit areε, Rm, andC000.

The V202(R) term, which describes the anisotropy of short-
range repulsive interaction and long-range dispersion forces, has
been parametrized as

where the exponential function describes the behavior of short-
range repulsion, and theC202 coefficient quantifies the long-
range anisotropy. According to the Buckingham notation48 in
the case of pure dipole-dipole attraction

whereR| and R⊥ are the collinear and perpendicular polariz-
abilities of the diatomic molecule,35 respectively.

The V220(R) andV222(R) terms have been represented as:

In the present workc222 has been taken to be equal toc220. Thus,
the free parameters (related to the anisotropic component of the
interaction) in the fit areA202, c202, d202, A220, A222, andc220 )
c222. The best-fit parameters with relative uncertainties are
reported in Table 2.

Appendix B - The Atom-Diatom Limit
For the analysis of integral scattering cross section measured

in our laboratory a reduction of the dimensionality of the
problem arises when the interaction can be averaged over the
orientation of one of the molecules. In this pseudo atom-diatom
representation (see also ref 41)

where theVLaLbL(R) are moments of the spherical harmonic
expansion andPλ(cosθ) are Legendre polynomials.

Allowing for oinly the first two terms of this expansion and
introducing the spin coupling

JA9917215

(47) Aquilanti, V.; Cappelletti, D.; Pirani, F.Chem. Phys.1996, 209,
299-311.

(48) Buckingham, A. D.AdV. Chem. Phys.1967, 12, 107-142.

x ) R
Rm

, f(x) )
V0(R)

ε
(10)

f(x) ) exp[-2â(x - 1)] - 2 exp[-â(x - 1)] (11)

f(x) ) b1 + (x - x1){b2 + (x - x2)[b3 + (x - x1)b4]} (12)

f(x) ) - (C000

εRm
6 )x-6 (13)

V202(R) ) A202 exp(-c202R - d202R2) - C202

R6
(14)

C202

C000
≈ 1

x5

R| - R⊥

R| + 2R⊥
≈ 0.116 (15)

V220(R) ) A220 exp(-c220R) (16)

V222(R) ) A222 exp(-c222R) (17)

V(R,θ) ) V000(R) + x5V202(R)P2(cosθ) +

3V404(R)P4(cosθ) + x13V606(R)P6(cosθ) + ... (18)

V(S) 0)(R,θ) ) V000(R) + x5V202(R)P2(cosθ) + 4[J000(R) +

x5J202(R)P2(cosθ)] (19)

V(S) 1)(R,θ) ) V000(R) + x5V202(R)P2(cosθ) + 2[J000(R) +

x5J202(R)P2(cosθ)] (20)

V(S) 2)(R,θ) ) V000(R) + x5V202(R)P2(cosθ) - 2[J000(R) +

x5J202(R)P2(cosθ)] (21)
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