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Abstract

An intense and stable continuous beam of S atoms and SO radicals has been produced with a microwave discharge source
operating in the Torr range in mixtures of SO2 with various gases. The beam emerging from the plasma source was velocity
analyzed by a mechanical velocity selector and detected by a quadrupole mass filter. Stern-Gerlach magnetic analysis indicates
that both species are mainly generated in their electronic ground state and in the case of sulfur atoms with fine-structure levels,
populated according to their degeneracies. Total integral cross section measurements are reported, as a function of velocity in
the range 1.0–2.5 km3 s21, for the scattering of S(3PJ) atoms and SO (3S) radicals by D2 molecules. The analysis of
experimental data (cross sections and their velocity dependence, which exhibits glory interference patterns) allows a
characterization of the spherically average component of the interaction potential for the investigated systems. A discussion
of the effect of theS-P splitting, spin-orbit, and electrostatic (including quadrupole–quadrupole) interaction on the dependence
of the hydrogen molecule orientation is given for the S–H2 potential energy surface. (Int J Mass Spectrom 179/180 (1998)
67–76) © 1998 Elsevier Science B.V.
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1. Introduction

Scattering experiments with molecular beams at
high angular and energy resolutions and with control
of internal states are one of the most important
sources of information on van der Waals intermolec-
ular forces. The current focus on open shell species,
such as atoms or radicals, is motivated by the need to
describe inelastic processes concerning both fine
structure transitions in collisions of open shell atoms

with spherical partners [1] and fine structure and/or
rotational excitations in collisons between open shell
atoms and molecules [2], to characterize the role of
the long range forces and the effect of the spin-orbit
interaction in the selectivity of chemical reactions [3],
to understand nature and properties of such weak
forces that exhibit an intermediate behavior between
chemical bonds and van der Waals interactions [4], to
interpret by realistic potential energy functions the
dynamics of photodissociation in clusters and solid
matrices [5], and finally, to accurately describe trans-
port properties of open shell atoms in inert gas baths
[6].

Collisional experiments with unstable species re-
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quire extension and improvement of molecular beam
techniques, with special care devoted to the produc-
tion, detection, and characterization of intense beams
of the desired species.

Microwave and radiofrequency discharge plasmas
are often used as sources of near effusive and super-
sonic beams, respectively: atoms, free radicals, and
molecules, produced in such conditions from dissoci-
ation of the precursor molecules in the plasma, are
typically generated in a distribution of quantum states,
whose relative population is further affected by col-
lisional quenching with the source chamber walls and
with other species. Therefore, in a molecular beam
apparatus, both velocity selection and state analysis
are crucial to completely separate the relative contri-
butions of each species to the beam intensity, and to
characterize and control the distribution of the internal
states. By exploiting the selective deflection in an
inhomogeneous magnetic field of velocity selected
species for which the paramagnetism differs for dif-
ferent internal quantum states, the magnetic substrates
distribution of atoms such as O [7], N [8], F [9,10],
and Cl [11] in effusive beams was analyzed and the
role of excited states assessed.

The same approach has been recently applied [12]
to analyze supersonic beams of N, O, and Cl atoms
employed in parallel experiments of reactive scatter-
ing [13].

Total integral scattering cross section measure-
ments, as a function of beam velocity, have previously
been performed by using magnetically selected ther-
mal effusive beams of O(3PJ) [7,14], F(2PJ) [9,10],
and Cl(2PJ) [3,15,16] atoms as projectiles and rare
gases or simple molecules (D2, CH4) as targets. These
experiments provided an accurate characterization of
potential curves correlating at a large intermolecular
distanceR with specific atomic sublevels. Although
most of these atom–molecule pairs can also lead to
reaction, with activation energies varying between
few and several kcal/mol, the collision energies are
typically so low that the analysis of total integral
scattering cross section results provided information
on the interaction in the entrance valleys to the
manifold of potential energy surfaces that correlate
reactants in the electronic ground state to products in

different quantum states. In particular, the effect of
the spin-orbit coupling on the interaction has been
defined and the role of the electronic anisotropy
discussed.

For the F–H2 system the obtained interaction has
subsequently been taken as a starting point to interpret
reactive [17] and rotationally inelastic [18] scattering
results. In the latter study, a dependence of the long
range part of the potential energy surfaces on the
hydrogen molecule orientation has been proposed.

The purpose of the present work was to determine,
through scattering studies, the interaction features for
the S–H2 and SO–H2 systems. The interest in these
systems arises from the important role played by S
atoms and SO radicals in a variety of processes
occurring in interstellar molecular clouds, in the
combustion of fuels rich in sulfur species (such as
H2S), and in reactions responsible for air pollution.
Furthermore, although S(3P) and O(3P) atoms belong
to the same group, their reactions with hydrogen
molecules differ markedly with respect to endother-
micity and activation energy:

O(3P) 1 H23 OH 1 H DH0
0

5 1.96 kJ mol21 [19]

Ea . 26 kJ mol21 [19]

S(3P)1 H23 SH1 H DH0
0 5 82.8 kJ mol21 [20]

Ea . 83 kJ mol21 [21,22]

That the activation energy of the sulfur atom
reaction is very close to the endothermicity indicates
a small barrier for the reverse reaction, in contrast to
oxygen, for which the barrier is substantial.

For both reactions the intermediate and long range
behavior of the potential energy surfaces in the
entrance channel for the forward direction are con-
trolled by interactions of the same nature, such as
induced multipole–induced multipole attraction and
an electrostatic contribution plus specifically chemical
(essentially charge transfer) and spin-orbit effects.

In Sec. 2 we present a brief description of the
experimental apparatus used for the production, char-
acterization, and scattering of effusive beams of S
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atoms and SO radicals. In Sec. 3 the magnetic analysis
of internal states is discussed, and total integral
scattering cross sections are presented in Sec. 4. A
discussion and conclusions follow in Secs. 5 and 6.

2. Experimental setup

The present experimental apparatus, presented in
Fig. 1, is basically the same as previously used in the
magnetic analysis and scattering experiments with
other open shell species [3,7–11,14–16], and there-
fore only some general features and those details
specifically relevant for the production, characteriza-
tion, detection, and scattering of beams of S atoms
and SO radicals will be outlined in the following text.

The apparatus consists of a set of differentially
pumped vacuum chambers where the beam, produced
in the discharge source, is mechanically velocity

selected [to within 5% full width at half maximum
(fwhm)] by a series of rapidly spinning slotted disks
and is subsequently analyzed by a Stern-Gerlach
magnet in Rabi configuration [23] whose use will be
detailed in Sec. 3. Detection is byelectron bombard-
ment ionization and quadrupole mass spectrometry. The
detector housing is maintained under ultra-high vacuum
conditions (;10210 Torr).

The beam source consists of a quartz cell confined
inside a near-resonant microwave cavity operating at
2450 MHz and a nominal power of;100 W. Several
attempts have been made to produce S atoms and SO
radicals [24] by electric discharge in SO2, both pure
and in mixtures with various gases (Ar, N2, O2, and
He). Mass spectrometric analysis has revealed the
presence in such beams of species of higher masses
produced in the plasma. Optimal yield (i.e. beam
intensity sufficiently high in a wide velocity range)
and minimal interference from parent ion fragmenta-
tion in the mass spectrum at the mass-to-charge ratio
m/z 5 48 andm/z 5 32 have been obtained with a
microwave plasma generated in a 1:1 He:SO2 gaseous
mixture at a total pressure of;4 Torr. Molecular
beam analysis has also clarified the nature of the
signal measured atm/z 5 32, because the detection
of sulfur atoms can be contaminated by the presence
of molecular oxygen, which might be formed in the
discharge and detected at the samem/z ratio. In order
to determine how much of the signal derives from
sulfur atoms, we have simultaneously measured peak
intensities in the mass spectrum at bothm/z 5 32 and
34, the latter due to the isotope34S and to isotopic
16O18O molecular oxygen. According to natural iso-
topic percent abundances (95.02% for32S and 4.21%
for 34S; 99.76% for16O and 0.20% for18O) it should
detect a signal ratiom34/m32 5 0.002 if thebeam is
exclusively formed by O2 molecules, and the signal
ratio should increase to 0.044 in the case of the
exclusive presence of sulfur atoms. The measured
ratio .0.04 is a clear evidence that the latter case
applies. A further control on the composition of the
beam, performed by the coupling of magnetic analysis
with velocity selection, will be discussed in Sec. 3.

Under typical operative conditions the extent of
dissociation of the SO2 precursor in the source is

Fig. 1. Experimental apparatus for beam production, velocity, and
internal state analysis and total integral scattering cross section
measurements. The lower panel shows velocity distributions of SO
and S species produced in the microwave discharge; best-fit
calculations assuming Boltzmann distributions are reported as solid
lines.
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estimated from relative beam intensities to be about
50%. Velocity distributions of S atoms and SO
radicals (Fig. 1) formed in an approximately 2:1 ratio
are sufficiently broad to enable magnetic analysis and
scattering experiments to be performed in a wide
velocity range. Because the higher mass species
present in the beam originate a large contribution
from fragmentation in the lower tail of the velocity
spectrum of bothm/z 5 32 and 48, all the experi-
ments were performed at beam velocities sufficiently
high (v $ 1.0 km s21) to prevent such a contamina-
tion (Fig. 1).

In the third chamber, after a path of;60 cm from
the source, and before the entrance to the magnetic
selector, the beams undergo a final collimation by a
defining slit of 0.35 mm in radius, and then they cross
a copper chamber where the pressure is increased
from 1026 to ;1023 Torr by adding the target gas for
measurements of the beam attenuation due to scatter-
ing. The chamber is cooled at solid air temperature
(;70 K) in order to decrease the blurring of quantum
interference effects by the thermal motion of the
target gas. In the present experiments, the use of D2

instead of H2 as the target gas is crucial to a further
reduction of the collision energy spread. As usual
absolute values for total integral cross section data as
a function of the beam velocity have been obtained
from beam attenuation measurements and using an
internal calibration procedure [25].

The distance from the scattering chamber to the
detector is long enough, when compared with the
sufficiently narrow beam emerging from the defining
slit before the scattering chamber, that, for the present
scattering experiments, no correction is necessary to
account for the finite angular resolution of the appa-
ratus [26].

3. Molecular beam characterization by magnetic
analysis

As we have seen, in the present experiments S
atoms and SO radicals are produced from a micro-
wave discharge source, therefore it appears useful to
assess the role of possible metastable electronic states
that could be formed in the discharge plasma. Indeed

for the SO radical, as in the similar case of the O2

molecule [23,27], not only the ground3S2 but also
the excited and long lived metastable1D and 1S1

states, which lie respectively;6350 cm21 (0.787 eV)
and 10510 cm21 (1.30 eV) [28] above the ground3S2

level, can be expected to be populated in the plasma.
Their lifetimes, ;450 ms [29] and;6 ms [30],
respectively, are sufficiently long for them to survive
during the flight time in the apparatus (,1 ms).

As far as S atoms are concerned, the first electronic
excited state1D2 lies 1.14 eV [31] over the ground3P
state and its lifetime is so long (;28 s [32]) that all
metastable atoms produced in the source reach the
detector.

As before [3,7–11,14–16,24], the characterization
of beams containing open shell species is performed
in the transmission mode with a Stern-Gerlach mag-
netic selector inserted along the beam path and
collocated, in the present experiments, at a distance of
110 cm from the nozzle source (Fig. 1). The beam
transmittance (i.e. the ratioI /I0 between the beam
intensity with and without the magnetic field) is
measured as a function of the applied fieldB at a
selected beam velocityv. The action of an inhomo-
geneous magnetic field on a beam composed of
paramagnetic species of the same mass and velocity is
to induce different deflections depending on the val-
ues of the effective magnetic moments of the various
particles. For a species in a defined quantum statei , to
which a potential energyEi(B) is associated as a
function of the field strengthB, the effective magnetic
momentmi is given by

m i 5 2
­Ei

­B

Accordingly, the measured beam transmittance,
which is determined bym i, strongly depends on the
features and distribution of quantum states. An im-
portant problem to be solved, before planning mag-
netic analysis experiments of any type, concerns the
determination of the dependence ofEi (or m i) on B,
related to the change as a function ofB in the angular
momentum coupling scheme followed by the particle
in the i state. The sulfur atom has a nuclear spin equal
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to zero on both its isotopic components32S and34S
and exhibits a strong coupling between orbitalL and
spin S angular momenta to give the total electronic
angular momentumJ. The energy splittingDJ,J11

between fine levels in the3PJ ground electronic state,
D1,2 5 49.12 meV andD0,2 5 71.09 meV [31], are
sufficiently high that any decoupling ofJ in L andS
(Paschen-Back effect) can be neglected at the mag-
netic field strengths used in our apparatus (#10
kGauss). Accordingly, for both3PJ and1D2 states,m i

can be calculated [23] by the equation

mJmJ

5 m0gJmJ

wherem0 is the Bohr magneton,mJ is theJ compo-
nent alongB and the Lande` factor gJ, relative to the
quantum numberJ, is equal to 1.5 for allJ fine levels
of the3P state, and to 1.0 in the metastable1D2 level.

The situation for the SO radical is complicated by
the coupling of spin and electronic orbital angular
momenta with the rotational motion and by its partial
decoupling in the magnetic field (see Aquilanti et al.
[24]). In such a case them i(B) values for3S2 and1D

states are obtained as described in Aquilanti et al.
[24], and the1S1 metastable level is expected to be
fully diamagnetic.

The transmittanceI /I0 has been measured as a
function of the applied magnetic fieldB at different
velocities for both S and SO beams and typical results
are reported in Fig. 2. In the case of S atoms at
v 5 1.5 km3 s21, experiments have been performed
using bothm/z 5 32 and 34 mass spectrometric
signals: measured beam transmittance data (see left
panel of Fig. 2) are indistinguishable within the error
bars, representing a confirmation that signals at both
masses are mainly due to sulfur atoms. As a further
comparison, the transmittance calculated at the same
velocity for an O2 molecular beam is also reported in
Fig. 2 (dotted-dashed line in the left panel) and clearly
shows a completely different behavior.

Also in Fig. 2, experimental data are compared
with calculations that assume that the S and SO beams
are exclusively formed by particles in a defined
electronic statei . The comparison suggests that the
produced beam is mainly formed by S atoms and SO

Fig. 2. Beam transmittancesI /I0 as a function of the magnetic field intensityB for S atoms and SO radicals at selected beam velocitiesv.
Results of calculations assuming each species in a defined electronic state are also shown for comparison. In the S atom panel the dotted-dashed
curve is calculated assuming that the signal atm/z 5 32 is due to O2 molecules in a mixture of ground3Sg

2 and excited1Dg electronic states
in the ratio 9:1 [27]. Best fit is obtained assuming a “statistical” population ratio ofJ levels for the ground3P state,3P2:

3P1:
3P0 5 5:3:1. In

the SO radical panel the dashed curve is calculated assuming that 7% of the molecules are in the excited1D state and that the rotational
temperatureT is 1500 K, as estimated in Aquilanti et al. [24].
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radicals in their electronic ground states, the concen-
tration of metastable species not exceeding a few
percent. Present results are also in agreement with
previous determinations on effusive molecular O2

[27] and atomic oxygen beams [3,8,9]. In addition
fine levelsJ of the 3PJ ground state of S atoms are
found to be typically populated in their statistical
ratio, 3P2:

3P1:
3P0 5 5:3:1.

4. Total integral cross section measurements:
data analysis and interaction potentials

The absolute values of total cross sectionQ(v), for
the scattering of S and SO species by D2 molecules,
measured as a function of the beam velocityv, are
reported in Fig. 3 where they are plotted asQ(v) 3
v2/5 to emphasize undulations due to the “glory”
interference effect. It has long been established [33]
that glory undulations are semiclassically attributed to
the interference between two types of trajectories,
both leading to a zero deflection angle; the first type
corresponding to trajectories at intermediate impact
parameters, for which the attractive and repulsive
actions balance, and the second type to collisions at
impact parameters so large that the effect of the
potential is negligible. Amplitudes and frequencies of

glory undulations are therefore related to features of
the potential in the intermediate intermolecular dis-
tance range and are a probe of the well depthe and its
location Rm. The monotonic component ofQ(v),
which decreases asv22/5 is mainly responsible for the
size of the cross section, being determined by colli-
sions at large impact parameters (which lead to small
deflection angles). This component is a probe of the
long range part of the interaction [34].

An analysis of the scattering data for both systems
has been attempted by neglecting any interaction
anisotropy effect and describing the interactions in
terms of spherical potential models (i.e. only depen-
dent on the intermolecular distanceR). As usual, we
employ an MSV (Morse-spline-van der Waals, see
Aquilanti et al. [3,24]) parameterization for the inter-
action and standard computational techniques [35] for
cross section calculations. Calculated cross sections
are compared with those experimentally measured in
Fig. 3, where they are plotted as solid lines, and the
best fit potentials are shown in Fig. 4. From scattering
data analysis a long range effective dipole–dipole
constant C0, which includes contributions from
higher order terms, as well as the well depthe and its
locationRm, are obtained. They are reported in Table

Fig. 3. Total integral cross sectionQ(v) for the S–D2 and SO–D2
systems as a function of the beam velocityv. Full lines are
calculated assuming a spherical potential interactionV0(R) (see
Fig. 4).

Fig. 4. Interaction potentialsV0(R), for the S–H2 and SO–H2
systems.
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1, together with estimated uncertainties, and are
compared with results anticipated from previously
proposed empirical formulas [36], which correlate the
potential parameters to the polarizabilities of the
interacting partners. Because these formulas were
originally formulated only for typical van der Waals
interactions, the agreement between experimental re-
sults and predictions indicates that, for present sys-
tems, total cross sections yield information on the
average component of the interactions, whose inter-
mediate and long range behavior is dominated by van
der Waals forces.

5. Discussion

The success of the present analysis in reproducing
total integral cross sections and their collision velocity
dependence suggests that, under present experimental
conditions, an essentially isotropic interaction drives
the collisions in both S–D2 and SO–D2 systems and
that anisotropy effects due to the open shell nature of
the S atom, and to different molecular orientations of
the SO radical and D2 molecule, play only a minor
role.

In the SO–D2 system the main contribution to the
anisotropy is of the van der Waals type and can be
related to the variation of the molecular size and of the
induced multipole interaction as the two partners
change their relative orientation.

This isotropic behavior of the SO radical and of the
D2 molecule in the SO–D2 collisional complex stems
from the fact that the rotational temperature of SO in
the beam (;1500 K [24]) and of deuterium molecules

in the scattering chamber (;70 K) are sufficiently
high to induce, at the low kinetic energies of the
present experiments, an appreciable averaging of the
anisotropic interaction probed during the collision
time. Also, in such a situation rotationally inelastic
transitions are less effective and the system behaves
adiabatically with respect to the vibrations of both
partners. It should also be noted that even though the
use of the heavier D2 instead of H2 and the cooling of
the scattering chamber at solid air temperature allow
us to resolve the glory pattern by reducing the effect
of the thermal motion of the target molecules, such an
effect is still sufficiently high to mask the small glory
quenching associated to anisotropic effects.

In the S–D2 system there are two additional
sources of anisotropy to be considered besides the
contribution due to van der Waals forces. As before
the strength of this van der Waals component (exten-
sively studied for example for the Ne–D2 and Ar–D2

systems through rotational inelastic scattering exper-
iments [37,38]) is expected to amount to only a few
percent of the isotropic interaction: as in previous
experiments [3,10,14], the effect of this component is
cancelled by averaging over rotational and transla-
tional motions of D2 molecules.

A further contribution to the anisotropy of the
interaction is operative in those systems involving
open shell atoms with high electron affinityA. Previ-
ous scattering studies of Cl(2PJ, A 5 3.6 eV)
[3,15,16], F(2PJ, A 5 3.4 eV) [9,10], and O(3PJ, A 5

1.5 eV) [7,14] by closed shell partners led us to
interpret this component as a configuration interaction
between the neutral ground and the ionic excited
potential surfaces of the same symmetry, thus intro-
ducing a partial “chemical” contribution to the bond.
The strength of this interaction component depends on
the difference between the ionization potential (I ) of
the closed shell partner and the electron affinityA of
the open shell atom. Its anisotropy arises by the
change in charge transfer effects that take place when
the orientation of the half filled orbitals of the open
shell atom, relative to the other partner, is varied. This
interaction contribution is expected to be of some
relevance for the system under study because the

Table 1
Potential parameters of the sphericalV0(R) component for S(3PJ)
and SO(3S2) interacting with hydrogen molecules. The estimated
errors are;15% for the well depthe and long range constantC0

and ;3% for the well locationRm (in parentheses are values
obtained from correlation formulas [36]).

S(3PJ) SO(3S2)

Rm (Å) 3.88 (3.84) 3.86(3.92)
e (meV) 6.5(6.4) 7.2 (7.2)
C0 (meV Å6) 2.83 104 (2.853 104) 3.53 104 (3.613 104)
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electron affinity of S(3PJ) is sufficiently high (A 5
2.07 eV).

Indeed, in a parallel scattering experiment involv-
ing S–Ne, Ar, and Kr systems [39], we have observed
a quenching of the glory structure, whose amount
increases in going from Ne to Kr along with the
decrease of the ionization potential of rare gas atoms.
A quantitative analysis of the experimental data has
been performed in terms of an adiabatic scheme
where the collision of a3PJ open shell atom with a
closed shell particle is considered as evolving along
six effective adiabatic potential curvesVJV(R), where
V is the absolute value of the projection ofJ alongR,
each one correlating at large intermolecular distances
R, with a defineduJ mJ& atomic sublevel. As before
[7,40] the adiabatic potentials are given in terms of an
average spherical interaction, an anisotropic compo-
nent, and the spin orbit constants of the open shell
atom. As in previously studied cases of O(3P) [7,14],
F(2P) [9,10], and Cl(2P) [3,15,16], it has been found
for S(3P) that the potential parameters of the spherical
interaction are consistent with those of typical van der
Waals interactions, whereas the strength of the aniso-
tropic component is as expected for the configuration
interaction due to a single electron exchange [4].
Accordingly the correlation formula from Aquilanti et
al. [4], given in terms of the energy separation
between the two coupled states and the well depth of
the isotropic component, can be used here to predict
the strength of the electronic anisotropy for the
interaction between S(3PJ) and hydrogen molecules.
The anisotropic term has been represented as previ-
ously (see Aquilanti et al. [3] for example) with an
(exp,6) Buckingham-type model with the strength
preexponential parameterA2 5 345 eV estimated
from the correlation formula and the long range
constant fixed by the polarizability anisotropy of S
atoms [39]. TheR dependence has been assumed to
be the same as for the S-rare gas systems [39]. This
prediction, and the potential parameters obtained in
the previous section, can be used to generate the
electrostatic interactionsVS and VP for the S(3PJ)-
molecular hydrogen system, where the molecule is
considered to be a structureless particle (Fig. 5). The
symbolsS andP stand forL 5 0 and 1, respectively,

where the quantum numberL, the absolute value of
the projection of the electronic orbital angular mo-
mentumL alongR, indirectly defines allowed orbital
orientations of the open shell atom within the com-
plex. VS and VP interactions, together with the fine
structure level separations of the S(3PJ) atom, can be
used to build up the effective adiabatic potential
curvesVJV(R) reported in Fig. 5. The comparison
between pureVS andVP electrostatic interactions and
the effective adiabatic curves shows the important
role played in this system by the spin orbit coupling in
reducing the interaction anisotropy through the mix-
ing of theS and P characters. A test of the present
analysis is obtained by calculating individual total
cross sectionsQJV for scattering by the six adiabatic
potential curvesVJV(R), and combining them accord-
ing to the weights of S(3PJ) levels determined as in
Sec. 3. Results convoluted in the laboratory reference
frame are indistinguishable, within the linewidth in
Fig. 3, from previous ones, where only the spherical
component of the interaction was considered. An
upper experimental limit to theVS–VP splitting can
be estimated by increasing the strength of the aniso-
tropy further to produce an appreciable quenching of

Fig. 5. Potential energy curves for the S(3PJ)–H2 system: (I)VJV

adiabatic potential energy curves correlating at long range with the
atomic fine structure levels3PJ; (II) blow up of the groundV2V

states; (III) the electrostatic interactionsVS and VP and their
“average”V0 5 (VS 1 2VP)/3.
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the glory amplitude. This upper limit has been found
to be approximately a factor of two higher than the
value obtained from the correlation formula.

A third and final contribution to the anisotropy is
of electrostatic nature and originates from the perma-
nent quadrupole–permanent quadrupole interaction.
The effect of this anisotropic contribution is strongly
attenuated by the rotation of the hydrogen molecule
during the collision, but an evaluation of its strength is
of general interest for many other applications.

The quadrupole moment for an S atom can be
predicted from the mean square radius of its 3p orbital
[32] as5.12e 3 a0

2, whereas a value of0.48e 3 a0
2

for hydrogen molecules is given in Stogryn and
Stogryn [41]. The effect of the quadrupole–quadru-
pole interaction, which has anR25 dependence, varies
with the orientation of the hydrogen molecule with
respect to the orbital configuration of the S atom and
therefore its effect depends also on the electronic
symmetry of the potential energy surface. Potential
curves in Fig. 6 describe the orientational dependence
of the electrostatic interaction in a diabatic represen-
tation (for a similar approach to an analogues case,
see Dubernet and Hutson [42]). As can be seen, the
quadrupole–quadrupole interaction produces a stabi-
lization of the state ofS symmetry and a destabiliza-
tion of the states ofP symmetry for the collinear C̀v

configuration. An opposite behavior shows up with
the C2v configurations. These interaction potentials
can be used, properly introducing spin-orbit coupling,
to assess asymptotic behavior of the manifold of
anisotropic potential energy surfaces for this reactive
system.
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