
Intermolecular Potential of the O2-O2 Dimer. An ab Initio Study and Comparison with
Experiment†

Ramón Hernández-Lamoneda*
Centro de InVestigaciones Quı´micas, UniVersidad Auto´noma del Estado de Morelos,
62210 CuernaVaca, Mor., México
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Accurate intermolecular potentials for the lowest three multiplet states of O2-O2 dimer have been produced
on the basis of ab initio calculations. The quintet potential was taken from previous highly correlated CCSD-
(T) calculations. In this work, we perform MRCI calculations, with large basis sets including bond functions,
of the singlet and triplet states, which are of multireference character. As expected the size inconsistency and
lack of higher order excitations limit the accuracy of the MRCI potentials specifically in describing the long
range interactions. We show that the Heisenberg Hamiltonian provides an accurate representation of the
exchange interactions in this system and this enables us to combine the accurate CCSD(T) potentials with the
MRCI spin-exchange parameter to obtain accurate singlet and triplet potentials. The reliability of these potentials
is tested by computing integral cross sections and comparing them with the detailed experimental study of
the Perugia group, with excellent results. More interestingly, comparison with the experimentally derived
potential shows important discrepancies for some angular orientations including that corresponding with the
global minima, indicating the need for further work, both theoretical and experimental, to clarify their origin.

I. Introduction

The study of van der Waals molecules is a topic of general
interest in the physical sciences with far reaching implications
in other areas such as the life sciences.1 The weak intermolecular
forces that bind these systems determine a rich variety of
structural, spectroscopical, and dynamical properties which are
the subject of both experimental and theoretical scrutiny using
state of the art methodology.1 One of the reasons that the area
has continued to be prolific in recent years is the interplay
between experiment and theory, where, for small systems, the
level of detail and accuracy of measurements and calculations
are evenly matched. Furthermore, each development in either
approach pushes the other one in a positive feedback chain.

Among the van der Waals systems which remain a challenge,
even for small size systems, are those of open-shell nature. For
these systems additional features arise, such as low-lying
electronic states, spin-orbit coupling, and nonadiabatic effects,
which further complicate their accurate description.2 Further-
more, from the point of view of calculating a potential energy
surface (PES) via ab initio methods, such systems require the

use of multiconfigurational wave functions to properly describe
the features mentioned above. Unfortunately, these type of
methods suffer from size extensivity problems and generally
do not include dynamical electron correlation at the high order
required for an accurate determination of the weak inter-
molecular forces. In this regard, we have to mention the two
methods which have proved to be the most reliable: the CCSD-
(T)3 coupled cluster method, which includes electron correlation
through high orders and is often considered as providing
benchmark results, and the symmetry-adapted perturbation
theory approach4 (SAPT), which provides an excellent frame-
work to analyze the components of the interaction energy and
thus identify and correct sources of error. Unfortunately both
methods rely on the validity of a single reference expansion of
the wave function and cannot be generally applied to open-
shell species. These points illustrate the need for further progress
in developing a new ab initio methodology.

Molecular oxygen dimer O2-O2 is a good example of an
interesting open-shell species with unique properties. The fact
that the monomer has a triplet ground state leads to three
possible intermolecular potentials for the dimer with singlet,
triplet, and quintet multiplicities, which determine its unique
structural, spectroscopical, and dynamical properties, all of
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which have been the subject of many past and recent studies.
The nature of its binding was a topic of interest for early
theoretical speculations by Lewis5 and Pauling.6 Long and
Ewing7 were the first to observe this species at low temperatures
using collision-induced spectroscopy. From their study it was
clear that the complex was bound by weak intermolecular forces.
Goodman and Brus8 trapped the dimer in a neon matrix and
concluded, from high resolution spectra, that the ground state
is a singlet with low-lying triplet and quintet electronic states.
Their spectra was only consistent with aD2h or D2d symmetry
for the complex. More recently it has become clear that the
properties of the dimer are of relevance in a variety of
phenomena: collisional and radiative processes in the atmo-
sphere,9 the chemical oxygen iodine laser,10 and the properties
of new condensed phases of oxygen.11

The accurate determination of the intermolecular potential
and the associated physical properties of the oxygen dimer has
proven to be a challenge for both experiment and theory.
Although the spectroscopical work mentioned above provided
valuable general information on the complex, it could not
produce rotationally resolved spectra due to the collision-induced
nature of the experiment. From the theoretical point of view, it
is worth mentioning the intermolecular potential developed by
Bussery and Wormer12 (BW) constructed from first-order
(electrostatic and exchange) contributions at the Hartree-Fock
level13 and the second-order polarization energy is evaluated
through a semiempirical procedure proposed by Cambi et al.,14

circumventing in this way the difficulty inherent to an ab initio
determination of the dispersion terms.

The most complete and accurate determination of the oxygen
dimer intermolecular potential to date was realized in scattering
of both rotationally hot and rotationally cold (with control of
the alignment degree) O2 molecular beams with O2 target
molecules by the Perugia group.15 By using a spherical harmonic
expansion of the potential, they determined the associated radial
coefficients fitting relatively few parameters to reproduce the
measured integral cross sections, including glory oscillations
which are highly sensitive to the well and long-range part of
the potential. Comparison with the theoretical BW potential
indicated an overall agreement regarding qualitative features
such as relative stability with respect to the spin state and angular
orientation but significant quantitative differences exist, most
notably, the theoretical underestimation of binding energies for
the linear and T-shaped geometries. Significant differences arise
also for the equilibrium center of mass distances (Re) for the
D2h andD2d angular configurations, with theoretical values being
shorter by a few tenths of an angstrom. In this respect it is worth
mentioning that a rotationally resolved spectrum of the O2-O2

dimer was recently obtained.16 The spectrum is highly congested
but, with the help of bound state calculations on the BW surface,
could be analyzed. They confirm theD2h symmetry of the
ground state and predict anRe close to the theoretical estimate.

For the quintet state of O2-O2 a single configuration reference
provides an acceptable zeroth-order wave function (which is
not the case for the other multiplicities) so that it is possible to
apply the RCCSD(T) method to obtain an accurate ab initio
intermolecular potential. We recently17 performed such calcula-
tions providing the best theoretical quintet potentials to date.
Comparison with the Perugia potential showed an excellent
agreement (differences of less than 5%) for the binding energies
as a function of the angular and radial coordinates for most
geometries studied, but a surprising disagreement was observed
for the linear configuration: the theoretical value is larger by
≈65%. Furthermore, appreciable differences were found for the

Re values of theD2h and D2d angular configurations which
coincide with the global minimum for the singlet and quintet
states, respectively. The theoretical estimates are shorter by a
few tenths of an angstrom in analogy to the singlet case
discussed above.

The objective of the present work is to perform high quality
ab initio calculations on the singlet and triplet states, which
cannot be studied with the RCCSD(T) method, to obtain the
most reliable set of theoretical potentials to date. Clearly it is a
challenge for multireference ab initio methods to match the
excellent agreement with experiment obtained for the quintet
state with the RCCSD(T) method.17 We will show that, by a
judicious combination of the ab initio information, we can
reproduce most of the detailed features in the cross sections
measured by the Perugia group.

II. Methodology

Four geometrical arrangements of the dimer O2-O2 have been
considered for the present study: linear (D∞h), T-shaped (C2V),
rectangular (D2h), and crossed (D2d) structures. We will name
them L, T, H, and X, respectively, as is customary for this
system. To test basis set saturation, we have selected three
progressively larger basis sets. First we use the 5s4p3d2f ANO
basis set,18 which we have employed in previous studies for
this system and which is designed to recover a large fraction of
the atomic correlation energy. The basis will be denoted by B1
throughout the present study. The importance of including bond
functions in order to accurately represent the weak dispersion
forces is well established.19 Therefore, we have added the bond
function set [3s3p2d] developed by Tao.20 In that study, it was
shown that with this set excellent results were obtained for the
extremely small interaction energy in helium dimer, and they
proved that inclusion of the bond functions allows to replace
high angular momentum functions centered in the atoms. The
latter basis set will be denoted B2. Finally in order to further
test the basis saturation, we increased the B1 basis to 6s5p3d2f
and added an extra f function for the bond function set to yield
[3s3p2d1f], named B3 hereafter. The bond functions are placed
in the middle of the complex as is customary.

To treat the near-degeneracies present in this system it is
mandatory to use multiconfiguration based methods. In a first
step we optimize the orbitals of the given state using the
CASSCF method. Subsequently the multiconfiguration wave
function so obtained is used as a reference to perform MRCI
calculations in order to include dynamical correlation effects.
Two active spaces have been used: the first one distributes 16
electrons in 12 active molecular orbitals correlating with the
oxygen atomic p shell. For the smallest basis set B1, the lowest
symmetry geometries and the singlet state this choice leads to
MRCI expansions of roughly 108 contracted configurations (1011

uncontracted configurations). With such a size, the study of basis
set saturation would be extremely demanding, though possible.
Since we are only interested in a limited region of configura-
tional space and, in particular, we do not explore the stretching
of bonds in the system, it is possible to reduce the active space
by looking at the occupation numbers of the natural orbitals
resulting from the previously mentioned MRCI wave functions.
This allows us to define a smaller active space of 12 electrons
in 8 active orbitals, which lead to easily manageable MRCI
expansions and the study of basis saturation. The adequacy of
this choice will be illustrated in the next section. The two types
of calculation will be denoted hereafter MRCI-1 for the smaller
active space and MRCI-2 for the larger. One of the main sources
of error with the present methodology is the fact that the MRCI
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method is not size consistent. To improve our predictions, we
thus apply the Davidson’s correction.21,22 Another important
source of error comes from basis set superposition, and we apply
the counterpoise procedure23,24 to obtain the final interaction
energies.

III. Results and Discussion

A. MRCI Test Calculations. Results of MRCI calculations
for the first singlet, triplet, and quintet states of the dimer O2-
O2 are presented in Figures 1-3 and Table 1. A summary of
all the computations using the MRCI-1/B3 level of theory is
given in Figure 1. A qualitative agreement with the inter-
molecular potential of the Perugia group15 is found. For both,
theoretical and experimental potentials, X is the most stable
configuration for the quintet state whereas H is the most stable
one for singlet and triplet states. Also, the ordering of the binding
energies and the equilibrium positions is the same in both sets,
for instance, for the singlet state, binding energies decrease and
equilibrium positions increase for configurations H, T, X, L and
H, X, T, L, respectively. The splitting due to spin-spin
interaction is also similar within each angular orientation.

At this point and for reasons that will become apparent soon,
we do not attempt to compare in more detail with the Perugia
empirical potential, and we turn to a more detailed analysis of
the MRCI calculations. In Figure 2, we report the interaction
potentials obtained for the singlet state in several different levels
of theory, and in Table 1, we summarize the equilibrium
properties for all multiplicities and geometries. Focusing on the
H geometry, it can be seen that the binding energy increases
substantially when adding the first set of bond functions (≈15%
from B1 to B2) but shows only a small increase when further
increasing the basis set (≈6% from B2 to B3) indicating that
we are close to saturation. On the other hand, the equilibrium
bond length becomes shorter upon increasing the basis set. A
very similar basis set dependence was observed in ref 17 in
CCSD(T) calculations for the quintet state using the same three
sets of basis functions. We can also compare the relative
performance of the two active spaces used with the smallest
basis set (MRCI-1/B1 and MRCI-2/B1), and as expected, the
larger calculation yields a larger binding energy (≈8%) and only
slightly shorter equilibrium bond length, suggesting that the
smaller space is already an adequate option. Another test of
this choice can be performed by looking at the relative weight
of the reference wave function in the total expansion, and here

Figure 1. Interaction potentials associated with the first singlet (S )
0), triplet (S ) 1), and quintet (S ) 2) states of the dimer O2-O2 in
four selected geometries as obtained from MRCI calculations at the
MRCI-1/B3 level of theory.

Figure 2. Comparison of interaction potentials associated with the
first singlet state (S) 0) of the dimer O2-O2 in four selected geometries
as obtained from MRCI calculations at different levels of theory.
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we observe values always above 90%. As a final check on this
issue, we performed single point calculations, using the best
estimate for the equilibrium geometry, with the largest active
space and basis set (MRCI-2/B3) for which the binding energy
increased by about 8% relative to the smaller active space
(MRCI-1/B3). The same test was performed for the quintet state,
yielding an increase of 7% in the binding energy. Considering
that the difference in computational costs for the two selected
active spaces is nearly 3 orders of magnitude, the adequacy of
selecting a smaller active space is evident. For the triplet and
quintet state in the H geometry, we have found the same trends
regarding basis set and active space dependence (see Table 1).
The basis set and active space dependence also is similar for
the X and T geometries, although the variation in the binding
energies is weaker than that found for the H orientation (see
Figure 2 and Table 1). Finally, for the L geometry, we also
observe a weaker basis set dependence although we notice that
adding bond functions (from B1 to B2) yields a slight decrease
in the binding energy. We have also performed single point
calculations at the equilibrium geometry of the L configuration
in its quintet state using the largest active space and basis set

under study (MRCI-2/B3 calculations). As expected the binding
energies did not change significantly with respect to the smaller
active space (MRCI-1/B3 calculations), around 6%, whereas
the CPU time for these calculations scaled up roughly 3 orders
of magnitude clearly indicating that the MRCI-1/B3 level of
theory is the choice providing the best balance between the
computational cost and a adequate description of interaction
energies.

A further and important test of the MRCI calculations is the
comparison with the very accurate CCSD(T) method in the case
of the quintet state. In Figure 3, the MRCI-1/B3 interaction
potentials associated with this multiplicity are compared to those
resulting from the CCSD(T) approach using the same basis set.17

The Perugia potential is also shown in this figure. Equilibrium
properties from CCSD(T)/B3 calculations are given in Table
1. It is readily seen that both theoretical approaches provide
rather similar values of the equilibrium bond lengths, but the
MRCI approach underestimates the binding energies for all the
orientations studied and in a very important proportion. This
result clearly indicates that whereas the basis set and active space
used are satisfactory given the weaker dependences discussed
in the previous paragraph, the MRCI method does not provide
the level of correlation needed to quantitatively describe the
dispersion forces in the interaction between oxygen molecules.
This is the reason we do not find pertinent to compare present
MRCI and Perugia potentials at a quantitative level. As an
example of how this comparison could lead to misleading
conclusions, it can be seen that MRCI and Perugia quintet
potentials are in excellent agreement for the L geometry (lowest
panel of Figure 3). After the comparison between the MRCI
and CCSD(T) methods, clearly indicating the MRCI underes-
timation of dispersion energies, one must conclude that this
agreement with the experimentally based potential is fortuitous.

B. CCSD(T)/MRCI Mixed PES. The theoretical interaction
potentials depicted in Figure 3 clearly show the superiority of
the coupled cluster approach over the MRCI method to provide
accurate binding energies in the case of weakly bonded systems.
Nevertheless, until multireference coupled cluster methods
become routinely available the method is still limited to cases
where the electronic state under study can be well represented
by a single configuration wave function. For the dimer O2-O2

such a limitation restricts the use of the coupled cluster approach
to the first quintet state. On the other hand, the energy splitting

Figure 3. Comparison of interaction potentials associated with the
first quintet state (S) 2) of the dimer O2-O2 in four selected geometries
as obtained from ab initio calculations (CCSD(T) and MRCI ap-
proaches) and deduced from the molecular beam experiment.15

TABLE 1: Equilibrium Distances Re (in Å) and Binding
EnergiesDe (in meV) for the Singlet, Triplet, and Quintuplet
States of the Dimer (O2)2 in Four Selected Geometries As
Obtained from MRCI Calculations at Different Levels of
Theory (See Text)

H X T L

calculation Re De Re De Re De Re De

singlet MRCI-1/B1 3.19 14.8 3.48 9.0 3.86 9.4 4.34 9.0
MRCI-1/B2 3.12 17.0 3.39 9.8 3.80 10.0 4.32 8.7
MRCI-1/B3 3.11 18.0 3.39 10.1 3.79 10.6 4.31 9.2
MRCI-2/B1 3.17 15.9 3.46 9.6 3.83 10.2 4.33 9.5

triplet MRCI-1/B1 3.37 11.1 3.48 9.0 3.91 8.8 4.36 8.6
MRCI-1/B2 3.31 12.4 3.39 9.8 3.84 9.1 4.34 8.2
MRCI-1/B3 3.29 13.2 3.39 10.1 3.84 9.7 4.34 8.7
MRCI-2/B1 3.36 11.8 - - - - - -

quintet MRCI-1/B1 3.56 8.0 3.48 9.0 4.01 7.8 4.36 8.7
MRCI-1/B2 3.52 8.2 3.39 9.8 3.94 7.8 4.40 7.4
MRCI-1/B3 3.51 8.8 3.38 10.1 3.93 8.3 4.39 7.8
MRCI-2/B1 3.55 8.4
CCSD(T)/B3b 3.43 13.7 3.30 16.2 3.84 12.9 4.33 11.7

a For the quintet state, the results of recent CCSD(T) calcualtions17

are also reported.b Values corresponding to the PES of Ref 17.
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between the first singlet, triplet and quintet states of the dimer
O2-O2 arises from exchange interactions between the two open-
shell diatoms which break the multiplet states degeneracy as
the diatoms approach each other. According to the pioneering
work of van Hemert et al.,25 the exchange interactions in the
dimer O2-O2 are known to be well represented by the
Heisenberg exchange operatorĤex ) - 2JSa‚Sb, whereSa and
Sb are the electron spin operators of the two diatoms. The
Heisenberg Hamiltonian allows to describe the energy splitting
between the multiplet states from one unique spin-exchange
interaction parameterJ:

whereV is a spin-average interaction potential, i.e., excluding
spin-exchange interactions. In several theoretical studies on the
dimer O2-O2, the spin-exchange parameterJ has been extracted
from first-order perturbation theory calculations and the use of
eq 112,13,25or by more approximate methods.26 The experimen-
tally deduced PES15 also uses eq 1 to represent the energy
splitting between the multiplet states. In that case, theJ values
were adjusted to reproduce the glory amplitudes of the measured
integral cross sections as well as the second virial coefficient.

From Eq. 1, it can be anticipated that values of the spin-
exchange parameterJ could be extracted from the energy
differences between the multiplet MRCI potentials, and then
combined with the quintet state energies obtained from the
CCSD(T) method, to build more reliable interaction potentials
for the singlet and triplet states. In this regard, it is important
to point out that the exchange interactions are not expected to
be as sensitive as the dispersion interactions with respect to high
order electron correlation effects. We have thus decided to
extract theJ parameter from the multiplet MRCI potentials to
test the validity of the Heisenberg Hamiltonian as well as to
compare with previously obtainedJ values.

We report in Figure 4 the spin-exchange parameter deduced
from the MRCI-1/B3 interaction potentials. To plot them in a

logarithmic scale, absolute values ofJ have been reported. First
of all it is worth noticing that, until high values of the interaction
energies along the repulsive wall are sampled, very similarJ
values are obtained from singlet-triplet, triplet-quintet, or
singlet-quintet energy splittings. This finding, consistent with
earlier theoretical work,13,25validates the use of he Heisenberg
Hamiltonian to describe the spin exchange interactions in the
dimer O2-O2. The deviations observed at shortR values arise
from the presence of a low-lying excited state of triplet
symmetry associated with the first excited dissociation limit X
3Σg

-+ a 1∆g. Consequently we will keep theJ values given by
the singlet-quintet energy splitting in what follows. As an
additional check, we have obtainedJ values from MRCI
calculations at different levels of theory, for the case of the H
orientation, where the dependence of the calculated multiplet
energies on the basis set and active space used is most significant
(see Figure 2). It was found that the increase of both the basis
(B1 to B3) and the active space (MRCI-1 to MRCI-2) produces
changes of less than 5% on theJ parameter, validating the
procedure employed to determine this quantity.

The results obtained from the MRCI-1/B3 potentials are
compared in Figure 5 with the experimentally deducedJ values
and the ab initio calculations of Wormer and van der Avoird.13

As can be seen, a remarkable agreement with the empirical
values has been achieved for the H, T, and L configurations,
for which larger couplings are found. Discrepancies of less than
5% with experimental values are found in the potential well
regions for the H and L geometries, and around 10% for the T
geometry. The sign of the spin-exchange parameter is also
correctly reproduced, pointing to an antiferromagnetic coupling
(J < 0) for the H, T, and L configurations in accordance with
experiment. The exception is theX geometry where our
theoreticalJ values are smaller than experiment by about 1 order
of magnitude, withJ < 0 from R∞ down to 3.4 Å where it then
changes sign whereas experiment points to a ferromagnetic
coupling (J > 0) for all intermolecular separations. With regard
to the ab initio calculations of Wormer and van der Avoird,13

theJ values are significantly smaller (around 50% smaller) than
those obtained here for all geometries except for the X
orientation (where larger values are found). This discrepancy
may be due to the shape of the diatom molecular orbitals which
were optimized at the Hartree-Fock (HF) level of theory as a

Figure 4. Absolute values of the spin-exchange parameter|J| from
MRCI-1/B3 energies as a function of the intermolecular separation in
four selected geometries of the dimer O2-O2. The values are given by
|J| ) (1/2)| V(S ) 0) - V(S ) 1)| (filled circles), |J| ) (1/4)|
V(S ) 1) - V(S ) 2)| (filled triangles), and|J| ) (1/6)| V(S ) 0) -
V(S ) 2)| (open circles).

V(S) 0) ) V + 4J

V(S) 1) ) V + 2J (1)

V(S) 2) ) V - 2J

Figure 5. Absolute values of the spin-exchange parameterJ obtained
from singlet-quintet energy splitting of the MRCI-1/B3 interaction
potentials. The results are compared with the experimentally deduced
J values15 and the ab initio calculations of Wormer et al.13
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preliminary step to the first order perturbative calculations.
Indeed, the spin-exchange parameter is directly related to the
overlap between the molecular orbitals of the diatoms, which
explains the nearly exponentialR dependence shown in Figure
5. The exception is again the X geometry for which the
negligible overlap due to symmetry produces a more compli-
catedR dependence of theJ parameter. Also our calculations
include electron correlation effects which are completely
neglected in the HF calculations of Wormer and van der
Avoird.13

The values of the spin-exchange parameterJ deduced from
the MRCI-1/B3 energies were combined with the CCSD(T)
energies obtained for the quintet state to determine the singlet
and triplet interaction potentials:

Results are shown in Figure 6, and the equilibrium properties
associated with each geometry are reported in Table 2. For the

H geometry, the singlet and triplet states are found to be
significantly deeper than experiment and displaced through much
smallerRvalues. Given that our theoretical calculations predict
J values in excellent agreement with experiment such a
discrepancy is directly related to the difference inRe between
the CCSD(T) and experimental quintet potentials: since the
theoretical potential well is located at smaller intermolecular
distances and theJ parameter grows exponentially with decreas-
ing R’s, the splitting due to spin coupling is greatly enhanced
for the present potential. In ref 17, we have discussed with some
detail the possible reasons for the discrepancy in theRe value
of the quintet potential. An issue that is important to bear in
mind is that the functions actually fitted to the experimental
data were the radial terms of the spherical harmonics expansion
and not the specific geometries we are considering here. In that
work,17 the first four radial terms of the expansion were obtained
from the CCSD(T) potentials for the four geometries considered
here and compared with the experimental results. It was found
that the origin of the different equilibrium distances for the H
configuration is the different short-range behavior of the radial
terms of the theoretical and the empirical potentials. Similar
comments apply for theX geometry where the shape of the
theoretical potential agrees with the experimental one although
significantly displaced toward smaller equilibrium positions (see
Figure 6). For the T geometry an excellent agreement with
experiment is found for the three interaction potentials on the
binding energies as well as on the equilibrium positions. Finally,
the results for the L geometry agree with experiment on the
equilibrium bond lengths, and hence on the multiplet energy
splitting sinceJ values agree, but the binding energies are found
to be significantly larger. This arises from the quintet state
energies provided by the CCSD(T) calculations, and again the
difference can be traced back to subtle differences in the radial
terms.17

In Table 2, we have also included the equilibrium properties
of the BW surface.12 Comparison with the present potential
indicates a good agreement for the H and X orientations,
particularly forRe, but smaller values ofDe for the singlet and
triplet states which can be easily traced back to their smallerJ
values as discussed above. On the other hand for the T and L
configurations the BW surfarce largely underestimates the
binding energies.

In this point, it is worthwhile to comment on the spectroscopy
experiments of Biennier et al,16 where a rotationally resolved

Figure 6. Interaction potentials associated with the first singlet (S )
0), triplet (S ) 1) and quintet (S ) 2) states of the dimer O2-O2 in
four selected geometries as obtained from the CCSD(T)/MRCI mixed
and the molecular beam experiment.15

Vmix(S) 0) ) V(ccsdt)(S) 2) + 6J(mrci)
(2)

Vmix(S) 1) ) V(ccsdt)(S) 2) + 4J(mrci)

TABLE 2: Equilibrium Distances Re (in a) and Binding
EnergiesDe (in meV) for the Singlet, Triplet, and Quintet
States of the Dimer O2-O2 As Obtained from CCSD(T)
Calculations and the CCSD(T)/MRCI Mixed PES (See Text)

H X T L

Re De Re De Re De Re De

singlet BWa 3.23 19.0 3.33 14.7 4.02 8.0 4.55 5.8
this work 3.04 25.6 3.31 16.2 3.73 15.8 4.24 13.4
exptb 3.56 17.0 3.63 15.3 3.74 16.0 4.26 9.1

triplet BW 3.28 17.3 3.33 15.0 4.02 7.9 4.55 5.7
this work 3.22 19.6 3.31 16.2 3.76 14.7 4.27 12.7
expt 3.61 15.9 3.62 15.5 3.79 14.7 4.30 8.6

quintet BW 3.39 14.8 3.28 15.6 4.02 7.6 4.66 5.6
CCSD(T)c 3.43 13.7 3.30 16.2 3.84 12.9 4.33 11.7
expt 3.68 14.3 3.60 16.0 3.88 12.9 4.38 7.7

a Values corresponding to the PES of ref 12.b Values corresponding
to the PES of ref 15. Absolute uncertainties are estimated as(0.07 Å
on Re and(0.8 meV onDe. c Values corresponding to the PES of ref
17.
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spectra for the singlet-singlet transition [O2(1∆g)V)0]2 r
[O2(3Σg

-)V)0]2 was recorded and partially assigned. The analysis
of the spectra, assisted by bound state calculations on the BW
potential, led them to confirm that the H geometry is the most
stable one for the ground singlet state, in accordance with both
the Perugia and the present theoretical potentials. Experimentally
obtained rotational constants were found to be larger than those
obtained using the BW potential, indicating that the H equilib-
rium distance should be smaller than the theoretical estimation
of 3.23 Å, which is in line with the present findings but contrary
to expectations based in the Perugia potential (see Table 2).
On the other hand, the experimentally obtained dissociation
energy isDe ) 8.0 ( 2 meV,16 which compares well with the
dissociation energy based on the BW potential (9.2 meV) while
the Perugia potential leads to a dissociation energy of 14.20
meV27 (A detailed discussion on the comparison with the
spectroscopical work and with the BW potential is given in that
work). Clearly, the potential anisotropy plays a crucial role in
the determination of bound states so, at this moment, we cannot
foresee the value that would be obtained with the present
potential, until more orientations are considered to build a singlet
potential energy surface and bound state calculations are
performed on it.

C. Collisional Cross Sections.To better assess the reliability
of the MRCI and CCSD(T)/MRCI mixed potentials previously
discussed, we decided to test them on experimental findings
such as the total integral cross sections reported in ref 15 for
scattering of rotationally hot O2 effusive beams by O2 target
molecules. The experimental conditions used to measure these
data are such that they mainly probe the isotropic component
of the interaction; i.e., the colliding system approaches the
atom-atom limit. Hence for each of the multiplet states we
determined the isotropic radial componentV000(R) of the
corresponding interaction potential following the first expression
of eq 6 in ref 15:

where H, X, T and L refer to the four configurations studied. It
is worth noticing that theV000(R) terms so obtained represent
an approximation to the spherical interaction components. They
would be the exact isotropic contributions if the total anisotropic
interaction was expanded in spherical harmonics and only the
first four terms were considered, as it was previously done for
the experimentally deduced PES.15

The V000(R) isotropic terms associated with each of the
multiplet states obtained from the MRCI-1/B3 calculations are
reported in Figure 7a together with those obtained in the
experiment. We observe that the spin-exchange interactions
produces in both sets similar effects such as binding energies
larger for the singlet states than for the quintet ones, thus
pointing to an antiferromagnetic spin coupling character of the
isotropic interaction. Nevertheless, rather deeper wells and more
attractive profiles in the long range part of the potentials can
be globally noticed for the experimentally deduced PES’s. To
take into account the spin-exchange interactions in the analysis
of the experimental scattering data, it must be noted that, as a
consequence of the conservation of total spin quantum number
Sof the system during a collision, transitions between surfaces
with different spin values are not allowed. Hence the measured
total cross sectionsQ(V) as a function of the collision velocities
V are the weighted sum of the three partial cross sections

QS)0(V), QS)1(V), andQS)2(V) associated with the singlet, triplet,
and quintet states respectively:

where the weighting factors are given by the multiplet spin
degeneracies. We report in Figure 7b the experimental total
integral cross sections measured for a wide range of collision
velocities, corresponding to collision energies ranging ap-
proximately from 20 to 300 meV. The multiplet isotropic terms
V000(R) associated with both the MRCI and experimentally
deduced PES’s have been employed in semiclassical calculations
following a JWKB method to compute the corresponding total
cross sections shown in Figure 7b. It is worth pointing out that,
in the atom-atom collision regime assumed for the experimental
scattering data, the glory structure of the cross sections provide
infomation on the potential well features28,29while their absolute
values contain information about the long-range attraction.30

Moreover, the quenching of the glory amplitudes at low collision
velocities are known to be related with the isotropic component
of the spin-exchange interaction. As can be seen in Figure 7b,
the comparison between the experimental cross sections and
those obtained from the MRCI potentials suggests an underes-

V000(R) ) 1
9
[2VH(R) + 2VX(R) + 4VT(R) + VL(R)] (3)

Figure 7. Comparison of the multiplet isotropic termsV000(R) obtained
from the MRCI-1/B3 calculations and experiment15 (upper panel);
Comparison of the total integral cross sections measured from the
rotationally hot molecular beam experiment and obtained from semi-
classical calculations using the experimentally deduced PES and the
MRCI-1/B3 PES (lower panel).

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

9
(4)

Intermolecular Potential of the O2-O2 Dimer J. Phys. Chem. A, Vol. 109, No. 50, 200511593



timation of both theoretical long-range attraction and well area.
Properly adjusting the long-range part of the MRCI potentials
with an analytical form as-C6/R,6 and then using a 64% higher
C6 dispersion coefficient, it is possible to obtain a good
agreement with the absolute values of the experimental cross
sections. Nevertheless, the predicted glory pattern of the cross
section still exhibits a dephased behavior with respect to the
experimental one. This marked difference suggests that the
potential well area of the different MRCI multiplet isotropic
termsV000(R) needs to be much larger.

A similar analysis has been performed for the CCSD(T)/
MRCI mixed PES, and the results obtained for the multiplet
isotropicV000(R) terms are shown in Figure 8a. It is readily seen
to give a better agreement with the experimentally deduced
V000(R) terms than that obtained from the MRCI potentials. The
theoretical potential wells are now more shallow than experiment
by only a small amount (less than 2 meV) while the equilibrium
bond lengths are found larger by 0.05 Å. The better agreement
in the description of long-range interactions is noticeable with
differences of about 1 cm-1 for R > 6 Å. This considerable
improvement with respect to the MRCI potentials is reflected
in the associated total cross sections shown in Figure 8b. As
can be seen, the absolute values of the cross sections calculated
from the CCSD(T)/MRCI mixed potentials are much closer to
experiment. A further improvement is obtained by adjusting the

long-range part of the potentials to a-C6/R6 analytical form
where theC6 dispersion coefficient is increased by 26%. From
this corrected potential, we can appreciate only a slight shift
with respect to experiment in the glory structure of the cross
sections at lower collision velocities. It has to be noticed that
an optimal description of the glory pattern (location of the
extrema) would be obtained in the case where the potential wells
area associated with the present isotropicV000(R) terms would
be 13% larger. From the present analysis, it follows that the
largest inaccuracy in the CCSD(T)/MRCI mixed PES corre-
sponds to its description of long-range interactions since it leads
to cross section absolute values understimated by about 10% at
low to moderate collision energies. Nevertheless, it is clear that
a further improvement of long-range interactions, which actually
differ by about 1 cm-1 with experiment, would be very difficult
from theoretical ab initio methods.

IV. Summary and Conclusions

An accurate set of intermolecular potentials for the singlet
and triplet states of the O2-O2 dimer have been obtained on
the basis of strictly ab initio information. Advantage was taken
of the fact that the Heisenberg Hamiltonian provides an accurate
representation of the exchange interactions allowing the com-
bination of CCSD(T) and MRCI ab initio information to
construct the potentials. The potentials developed have been
tested by computing total integral cross sections and comparing
them with the detailed experimental study of the Perugia group.15

Comparison with experiment is very good, especially when one
considers the subtle dependence of glory oscillations and
absolute values of the cross sections on the details of the
intermolecular potential. On the other hand, comparison with
the experimentally derived intermolecular potentials is less
straightforward. For some angular orientations (most notably
the T-shaped), agreement is excellent, but for other orientations,
there are significant discrepancies either in the equilibrium
geometries (H and X) or in the binding energies (most notably
the linear geometry).

To analyze these differences, we use the same spherical
harmonic expansion of the potential used in the experiment.15

Concerning the interaction in the well region, the theoretical
isotropic terms (V000(R)) slightly underestimate the average van
der Waals interaction probed by the rotationally hot molecular
beam experiment: the present analysis suggest that a larger long
range attraction (as the one used for the cross section absolute
value fit) combined with a slightly lighter short range repulsion
would improve the description of the averaged van der Waals
interaction. On the other hand, it is important to point out that
these radial terms have been obtained using a four term spherical
harmonic expansion and a limited set of angular orientations
(4), which could also be partly responsible for the observed
discrepancies specially when these have been shown to be very
small.

Regarding the reliability of the theoretical anisotropic com-
ponents it would be important to test its capacity in predicting
both integral cross sections measured with rotationally cold
aligned molecular beams15 and second virial coefficients at low
temperatures.31 For this, an analytical representation of the
theoretical PES is needed. An analytical extrapolation, following
the procedures described in ref 15, could be attempted. This
should prove of crucial importance since subtle differences in
the anisotropic components are responsible of the main dis-
crepancies observed for the H, X, and L orientations.17 Finally,
it would be important to perform sensitivity analysis of the
potential parameters in the simulation of the experimental

Figure 8. Comparison of the multiplet isotropic termsV000(R) obtained
from the CCSD(T)/MRCI mixed potentials and experiment15 (upper
panel). Comparison of the total integral cross sections measured from
the rotationally hot molecular beam experiment and obtained from
semiclassical calculations using the experimentally deduced PES and
the CCSD(T)/MRCI mixed PES (lower panel).
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observables as well as more detailed analysis of the different
components of the interaction energy such as exchange-
repulsion and dispersion which dominate the shape of the
potentials.
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