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Abstract. Weakly interacting molecules leading to collisional complexes, and to either stable or metastable
dimers, potentially play an important role in molecular and surface physics, in astrophysics, in atmospheric
photochemistry and physics, and climate. Accurate intermolecular potential energy surfaces for the major
components of the atmosphere, leading to the characterization of the O2-O2, N2-N2 and N2-O2 dimers, have
been obtained from the analysis of scattering experiments from our laboratory, also exploiting where avail-
able second virial coefficient data. A spherical harmonic expansion functional form describes the geometries
of the dimers and accounts for the relative contributions to the intermolecular interaction from components
of different nature. For O2-O2, singlet, triplet and quintet surfaces are obtained accounting for the role of
spin-spin coupling. The new surfaces allow the full characterization of structure and internal dynamics of
the clusters, whose bound states and eigenfunctions are obtained by exact quantum mechanics. Besides the
information on the nature of the bond, these results can be of use in modelling the role of dimers in air
and the calculated rotovibrational levels provide a guidance for the analysis of spectra, thus establishing the
ground for atmospheric monitorings. Reference is also briefly made to recent insight on the role of water.

1. INTRODUCTION

An important goal of atmospheric research is the as-
sess the role of weakly interacting species with the aim
of quantifying the impact of their optical and dynam-
ical properties in key issues like climate change, radi-
ation budget and global warming. We present here an
account on recent progress of our understanding of the
dimers of the major components of the atmosphere. Po-
tential energy surfaces (PES) have been characterized by
scattering experiments for the O2-O2 [1] and N2-N2 [2]
cases. Quantum mechanical predictions of spectral fea-
tures have been preliminary reported [3], other papers
having published on the ground PES N2-N2 [2] and
O2-O2 [4] and recently also on N2-O2 [5]. Another pa-
per deals with additional excited PES for these sys-
tems [6]. An interesting feature is that configurations
corresponding to minima in the PES differ in the differ-
ent cases.

In recent years experimental and theoretical inter-
est has been focused on the study of weakly bound
complexes, and we consider here both those regarding
the major components present in the atmosphere and
other species relevant for its modeling. High resolution
spectra for van der Waals clusters can give insight into
the nature of intermolecular forces and of internal dy-
namics, but results for the case of non polar molecules
are limited. For them, the interactions involve dis-
persion forces (induced multipole-induced multipole)
which usually are weaker than those arising from elec-
trostatic effects (permanent multipole-permanent mul-
tipole), and their complexes rarely have transition mo-
ments active in the medium infra-red or microwave

ranges. As a consequence, experimental information on
the equilibrium geometry and on the bond energy even
for diatom-diatom complexes is scarce and a full char-
acterization of the interaction is often lacking. There-
fore, new experiments are necessary and a simultane-
ous analysis of different experimental data is recom-
mended. In our work, interferences effects in scattering
cross sections are measured, obtaining information on
interaction potentials, which in the case of anisotropic
intermolecular potentials require advanced molecular
beam techniques, and possibly a control of mutual ori-
entation.

Our current knowledge on the structure of the
dimers is presented in the next section. A further sec-
tion deals with their dynamics and is followed by con-
cluding remarks.

2. DESCRIPTION OF THE INTERACTION

We give some background information on the in-
teractions and their representations. From spectro-
scopic studies available for (N2)2, the infrared spec-
trum [7] suggested that the equilibrium conformation
is T-shaped with the center-of-mass of the monomers
approximately separated by 3.7–4.2 Å. The (N2)2 dimer
has been studied by ab-initio methods which have pro-
vided several alternatives for the interaction poten-
tials [8–15], yielding different results for the equilib-
rium geometry and for the bond energy of the ground
state. The latest ab-initio methods yielded as most sta-
ble geometries a T-shaped and a Z one (see Figure 1)
with bond energy in the range 70–80 cm−1 [11, 12], a fre-
quency of the stretching van der Waals mode of 22 cm−1
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and internal rotation barriers with a maximum at
30 cm−1, in fair agreement with experimental results of
Long et al. [7]. Spectroscopic and theoretical informa-
tion on the N2-O2 system is very scarce, see e.g. [16].

Another experimental source of information is the
second virial coefficient. Low temperature data depend
on the full anisotropic potential energy surface while at
high temperature only the spherical part of the inter-
action is of relevance. Data are available for O2-O2 in a
wide temperature range and accurate results have been
recently derived for the N2-N2 system from new acous-
tic measurements [17]. For the N2-O2 system, for which
information is limited, the main features can be indi-
rectly derived as average of those for O2-O2 and N2-N2,
being the correction due to the “excess” of the second
virial coefficient for mixtures negligible, exploiting the
similarity of the nature of the interaction in N2-N2, and
O2-O2 [18, 19].

The measurement of quantum mechanical interfer-
ence effects in the scattering cross-sections provides
data which, together with accurate second virial coef-
ficients, yields information on the intermolecular po-
tential and on the dimer structure. We have demon-
strated the use of this technique for the O2-O2 case [1],
for which not only the singlet, but also the triplet
and quintet potential energy surfaces have been char-
acterized. In the velocity dependence of the integral
cross-section, the “glory” oscillations, overimposed to a
smooth average component, are a probe of the depth of
the potential well and of its position, while the absolute
value of the cross-section depends on the long range
attraction. In our laboratory, experiments can be per-
formed by using “hot” molecules (Trot � 103 K) as pro-
jectile and “cold” molecules, kept at liquid air temper-
ature (Trot � 102 K), as target. At low velocity the mea-
sured cross-sections mainly probe the spherical com-
ponent of the interaction, since the collisional time is
larger than the period of a molecular rotations—the
critical time needed to induce an angular averaging
of the interaction. As the collisional velocity increases
the anisotropy enters into play, since the collisions
tends to assume a “sudden” character. The novel tech-
nique developed in our group, first reported in Nature
in 1994 [20], for cooling oxygen to the lowest vibro-
rotational state and for aligning the rotational angular
momentum, allows the control of the relative orienta-
tion of the colliding molecules and provides more di-
rect information on the interaction anisotropy from the
measurement of changes in the smooth component, in
the amplitude and in the extrema position in the “glory”
pattern, as a function of the projectile molecular align-
ment degree.

Along these lines, a simultaneous analysis of our
experimental cross-sections and of available second
virial coefficients has been carried out to obtain a re-
liable interaction for dimers of the major components
of the atmosphere. Scattering experiments with “hot”

projectile molecules had been also performed on the
N2-N2 and O2-N2 systems. These previous results on
the N2-N2 system [8] have been reanalyzed, and a char-
acterization of the N2-O2 complex has been presented
in a recent paper [5]. These results indicate that most
of the bonding in the dimers comes from van der
Waals (repulsion + dispersion) and electrostatic (per-
manent quadrupole-permanent quadrupole) forces. On
the other hand, chemical (spin-spin) contributions are
not negligible for (O2)2, which is an open-shell-open-
shell system [1]. Therefore the geometrical properties
of the three dimers has been found to show interesting
differences, to be seen in the next section.

3. POTENTIAL ENERGY SURFACES

We find useful to represent the interaction potential for
a dimer of homonuclear diatomic molecules [1, 10, 21]
as a spherical harmonic expansion, separating radial
and angular dependencies

V(R,θa, θb,φ) = 4π
∑

lalbl
Vlalbl(R)Ylalbl(θa, θb,φ)

where Ylalbl(θa, θb,φ) are bipolar spherical harmon-
ics (angles are as in Figure 1). The radial coefficients
Vlalbl(R) include different types of contributions to the
interaction potential (electrostatic, dispersion, repul-
sion due to overlap, induction, spin-spin coupling, …).
For the three system, we look for a compact expansion,
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Figure 1. Characteristic configurations [angular coordi-

nates are (θa, θb,φ), where φ is φa −φb].
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truncating the series to a small number of physically
motivated terms. The number of terms used are six for
the N2-O2 system corresponding to the number of con-
figurations of the dimer (see Figure 1: for N2-N2 and
O2-O2 this number of terms is reduced at five and four
respectively, see below).

The radial coefficients are derived from the analy-
sis of experimental data assisted by empirical corre-
lation formulas [22]. The V000 term has the meaning
of a typical isotropic van der Waals interaction, arising
from a short-range repulsion, associated to the spheri-
cal “size” of both partners, and a long-range dispersion
attraction, depending on the spherical polarizability of
each of the two monomers. The V202 and V022 coef-
ficients are associated to the orientational anisotropy
of each diatom when the other one is considered as
a spherical partner: this is the anisotropy expected in
the diatom-“pseudoatom” limits. For N2-N2 and O2-O2

these terms are equal but not in the case of N2-O2 where
two different limits are possible. To be specific, in the
analysis of the scattering of “hot” O2 (103 K) by “cold”
N2 (102 K), O2 acts as a “pseudoatom”, and therefore
cross-sections at high velocity provide information on
the potential in this limiting case. V220 and V222 are co-
efficients which introduce corrections to the repulsion
arising from the mutual orientation of both molecules.
V224 is an electrostatic component exclusively depend-
ing on the quadrupole-quadrupole interaction, which
can be accurately estimated. [This term is negligible
in the O2-O2 system]. Induction contributions due to
permanent quadrupole-induced multipole interactions,
which should be included in the V202, V022, V220, and
V222 coefficients, play only a minor role especially in
the intermediate region of the intermolecular distance
R, which are those of interest here.

The analysis of the total cross-section measured as
a function of the collision velocity provides direct in-
formation on the V000 component on the low velocity
range, and yields information on the strength of the
leading anisotropic terms from the “glory” quenching
observed at high velocity, which is an attenuation on the
amplitude of an interference phenomenon which shows
up in the molecular beam scattering. The second virial
coefficient is affected by all the radial terms in the low
temperature range while in the high temperature limit
it mainly depends on the spherical component.

The intermolecular potentials in the limiting con-
figurations of the dimers are shown in Figure 2, while
relevant features of the interactions are compared in
Table 1. For the O2-O2 dimer the additional contribu-
tion due to the spin-spin coupling, for which infor-
mation had been obtained from the analysis of the
“glory” quenching in the low velocity range [1], had
been included in the expansion and yielded the split-
tings among singlet, triplet and quintet surfaces.

Interestingly, the three dimers differ both for their
geometry and for the nature of the bond. For N2-N2 (no

Table 1. Equilibrium distances Rm (in Å) and well depth en-

ergies E (in cm−1; 1 cm−1 = 0.1240 meV) for selected ge-

ometries and for the spherically average V000. Uncertain-

ties are estimated as ±6 cm−1 for E and ±0.07 Å for Rm.

In Italics the most stable configurations.

System VN2-N2 VO2-O2
a VN2-O2

configuration E Rm E Rm E Rm
H 95 3.81 137 3.56 120 3.70

X 97 3.87 123 3.63 130 3.66

T 107 4.03 129 3.74 100b 4.00b

Z 74 4.30 77 4.03 71 4.24

L 30 4.65 73 4.26 53 4.47

V000 79 4.11 107 3.81 88 4.02
aFor triplet and quintet states, see [1].
bAverage of the two T configurations.

electronic spin) the basic feature which determines the
equilibrium geometry is the quadrupole-quadrupole in-
teraction, which favors the T-configuration (see Fig-
ure 2). In the case of oxygen the equilibrium ge-
ometry obtained for the ground singlet state is the
H-configuration (see Figure 2). A crucial role is played
by the spin-spin interaction, in spite that its contribu-
tion to the bond is small (approximately 15% at the
equilibrium configuration [1]). This leads to the H ge-
ometry as the most stable configuration, where the two
O2 molecules are parallel. Indeed, the binding forces
are slightly stronger than in the nitrogen case because
of such contribution from the spin-spin interaction. Fi-
nally, a X-configuration (see Figure 2) is found to be
the most stable for N2-O2: here no role is played by
spin interaction and the quadrupole-quadrupole inter-
action is not strong enough to stabilize the two pos-
sible T-configurations. These potential energy surfaces
are considered to be such that their handling and the
physical interpretation of their terms make them “real-
istic” in the sense that they reproduce micro and macro-
scopic quantities experimentally available. Since spec-
troscopic information, when available, has not been
fully analyzed (see e.g. [23]), and more spectra may be
taken in the future, whose analysis will require theo-
retical guidance, we proceeded to study the associated
quantum dynamics.

4. CLUSTER DYNAMICS: BOUND STATES AND
SPECTRAL FEATURES

A particular effort has been addressed to the study of
the dynamics within the dimer and to the characteri-
zation of the low lying rotovibrational states in view of
potential interest for the analysis of spectral features in
atmospheric research. Calculations of the bound rovi-
brational states of the dimers have been performed
for J ≤ 6 by solving the secular problem over the ex-
act Hamiltonian. We have calculated the rotovibrational
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Figure 2. Cuts of potential energy surfaces (1 Å= 10−8 cm)

corresponding to the configurations of Figure 1. The O2-

O2 curves are for the singlet surface (for the triplet and
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levels for the new surfaces for the dimers N2-N2, N2-O2

and for O2-O2 (for all three surfaces, singlet, triplet,
quintet) [1]. A summary of results and their discus-
sion follows. Full account of all available data has been
given in [2, 4, 5].

Our potentials enable us to computing rovibrational
energy levels of the dimers treating each monomer O2,
N2 as a rigid rotor, decoupling intermonomer (van der
Waals) and intramonomer vibrations (by almost two or-
ders of magnitude larger).

The theory to solve the Schrödinger equation for
this Hamiltonian is reported in ref. [21]. The full quan-
tum mechanical calculations of bound states are car-
ried out using the program BOUND [24], where the in-
termolecular distance R is treated as a scattering coor-
dinate, and a basis set expansion is used for the re-
maining degrees of freedom. The coupled equations

are then solved using the standard techniques of scat-
tering theory, but with bound state boundary condi-
tions. This method is found to be particularly appropri-
ate for van der Waals complexes, where there is wide-
amplitude vibrational motion along the intermolecular
coordinate [25]. Previously, the N2-N2 and O2-O2 dimers
had been studied in the body-fixed formulation [9, 26],
which has some advantages when one neglects Coriolis
couplings, an approximation that we do not make but
assess below.

It is found that some of the levels which are degen-
erate without Coriolis coupling are actually split. Be-
cause of Coriolis mixing, there are energy levels (with
J > 0 but different K) which perturb each other lead-
ing to a stabilization of the order of 1 cm−1 in some
cases. The splitting is of the order of 0.03 cm−1 for the
J = 1 case in some levels, but for higher J can be more
than 20 times larger. Computing time for the exact close
coupling calculation is only twice than for the helicity
decoupling approximation for J = 1, but becomes quite
demanding as J increases. For example, for J = 6 it is
40 times larger.

We calculated also other spectral aspects, vibra-
tional frequencies, rotational constants, etc. The results
can be compared with previous works [9, 26] where
the potential surfaces used are very different: we found
that although some features are similar, zero point and
dissociation energies differ (Table 2 should be com-
pared with corresponding ones in refs. [9, 26]).

Surprisingly we have seen that although the used
potential energy surfaces can have different topogra-
phy, comparable results are obtained for some spec-
troscopic observables, in spite of the fact that geometry
and values of well depths and positions differ signifi-
cantly, what varies is their ability to reproduce exper-
imental data (integral cross-sections and second virial
coefficient).

We also calculated harmonic frequencies through
the second derivative of the potential around the equi-
librium geometry of the dimers given in Table 2. From
these values we obtain the energy levels of each vi-
brational level (harmonic), and the values calculated
are also very different from the exact results, because
the interaction forces are very weak and the potential
anisotropy is important.

We can conclude that the range and strength in the
bonds of the three dimers N2-N2, O2-O2, and N2-O2

present characteristics more of those of clusters than
of weakly bound molecules and that the interaction be-
tween the monomers is very anharmonic.

In this work we have dedicated special emphasis
to the characterization of the low lying energetic lev-
els and of the associated wavefunctions exploiting the
availability of realistic potential energy surfaces. This
study leads to a faithful representation of internal dy-
namics of the system involving levels pertaining to the
lowest energy states for the dimers.
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Table 2. Selected vibrational frequencies [harmonic: calculated from second derivatives; exact: close-coupling calculations].

(All values are in cm−1).

ωR ω(φb−φa) Zero point energy Binding energy

exacta 30.78 2.47 27.27 79.87

N2-N2
harmonica 28.70 12.77 35.73 71.40

exactb 33.2 8.1 47.1 74.94

harmonicb 39.2 13.9 48.7 73.3

exacta 29.26 13.45 22.59 120.26

O2-O2
harmonica 48.28 11.32 65.97 71.15

exactc 23.59 6.92 79.82 73.18

harmonicc 43 18 78 75

N2-O2
exacta 28.5 9.7 12.0 120.6

harmonica 46.56 8.05 44.68 85.1
aPresent work;
bRef. [9];
cRef. [26].
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To obtain a complete characterization of the vibra-
tional states and of related motions within the dimer a
simultaneous analysis of the radial and angular behav-
ior of the total wavefunction is required. The program
BOUND provides the rotovibrational energy levels but
not the associated wavefunctions. In order to obtain
the latter we make recourse to a method developed by
Thornley and Hutson [27]. Specifically, starting from a
known eigenvalue of the wavefunction at a particular

value of the R coordinate we can recover the behavior
of the involved wavefunction in a wide R range making
use of the equations for the propagation of the loga-
rithmic derivative. This mechanism allows us to exam-
ine the total wavefunction, facilitating the assignment
of the fundamental vibrations within the dimers.

Distributions of such probabilities for the ground
and second excited state, represented in terms of the
coordinatesφ = φa−φb and θa are shown in Figure 3.
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The plots in this figure suggest a H shape conforma-
tion for the ground state complex: the maximum prob-
ability occurs at θa = 90◦ and φ = 0◦ and 180◦. In
the second excited state (Figure 3 left panel), the wave-
function presents a maximum probability also for the H
conformation. Nodes in the angular part are absent and
therefore this level exhibits features close to the ground
state. However a node in the radial part can be recog-
nized and assigned to an excitation in the stretching
mode, characterized by a marked anharmonic behav-
ior. It can be seen in fact that a poor symmetric distri-
bution of probability in the R coordinate, and most of
probability is confined at the larger value of R.

The results are not presented here for brevity, but
they are accessible through the net http://bong.chm.
unipg.it.

5. CONCLUSIONS AND FURTHER EXTENSIONS

Implications for the interpretation of recent labora-
tory [23] and atmospheric [28] spectroscopic obser-
vations, as well as of current measurements of high
pressure behavior of oxygen [29] are amenable to be
discussed in this framework. This work provides the
ground for the interpretation of complicated band fea-
tures in rotational spectral, as exemplified by the case
of oxygen. Still appears to be valid the statement [30]
that spectral analysis alone is not sufficient to extract
information on structure and bonding, and the com-
bined use of scattering and gaseous properties infor-
mation is therefore confirmed to be crucial.

Progress along the lines outlined above is ac-
counted for in [31]. In the context of atmospheric pho-
tochemistry and physics, and climate (Figure 4) proba-
bly the most important is the interaction of H2O with
N2, O2, and itself giving rise to a variety of processes
that have received little attention and are not well un-
derstood.

Among these are homogeneous nucleation of water,
water cluster mediated photochemical reactions, and
the radiative properties of water vapor and water clus-
ters in the visible/near IR and mid-IR spectral ranges.
There has been a long-standing controversy in atmo-
spheric physics as to the origin of the infrared contin-
uum absortin by water vapour and of the potential role
for dimers in explaining this continuum absortion. An-
other recent challenge concerns our quantitative under-
standing of the atmospheric absortion in clear skies,
in which water clusters may play an important role.
Following recent reports of the first spectroscopic de-
tection of water dimers (H2O)2 in the Earth’s atmo-
sphere [32] and the mutual role water dimers can play
in atmospheric processes, the present research may
contribute to conduct in-depth studies of the physics
of weakly interacting molecules and their impact for
atmospheric physics and climate.

SUN

N2-N2

O2-O2

H2O-N2

H2O-H2O

H2O-O2

N2-O2

N2

Figure 4. Schematic view of currently investigated systems

of relevance for atmospheric photochemistry and physics.

To give a flavour of the accuracy of our technique
in the case of water molecules, we have reported in [31]
the test of a recent ab-initio potential for the H2O-
He dimer [33] on the measured cross section integral
cross section data. Since in our experimental condi-
tions water molecules in the beam are kept at 500 K, the
molecules rotate so fast to fully average the interaction
during the cross sections collision and we calculated
the cross sections with the interaction potential prop-
erly averaged over all orientations in space. Further
work on interactions of H2O with the rare gases and
with those molecules relevant for atmospheric studies
(especially Ar, N2, O2, CO2, …) is currently being com-
pleted.
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