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Molecular beam scattering measurements of total cross sections have been performed at a sufficiently low
energy in the thermal range and at an angular resolution high enough to permit for the first time the observation
of the “glory” interference effect in collisions of a benzene molecule with He, Ne, and Ar. Information on
range, strength, and anisotropy of the interaction in tiids€ rare gas dimers has been obtained from the
analysis of the energy dependence of the total cross sections. In bett#eneNe, and—Ar dimers bond
energies are 0.98, 1.95, and 4.20 kJ/mol, respectively, for the most stable geometry, in all cases an out-of-
plane configuration with the rare gas atom located on the 6-fold symmetry axis of benzene, at distances of
0.323, 0.331, and 0.359 nm, respectively. The results of the present investigation show that well depths for
all three systems decrease by a factor 2 or 5 and corresponding distances increase by 40% or 70% for planar
rare gas approaches respectively perpendicular to-& ®ond or collinear to a €H bond (estimated
uncertainties of 10% for bond energies and 3% for bond lengths). These experimental findings provide a
crucial test of correlation formulas recently propos€thém. Phys. Let2001, 350, 286-296) to estimate

van der Waals minimum well depths and distances at selected approach geometries of rare gases on
hydrocarbons.

I. Introduction It is the purpose of this paper to show that information on

The characterization of binding effects in aggregates of the range and strength of the interaction for different geometries
increasing complexity represents a crucial objective for inves- Of the complex can be obtained froscatteringexperiments
tigations of microscopic and macroscopic properties of the and specifically from the measurements of collision cross
matter. The benzergare gas Comp|exesl in[eracting via pure sections and their VelOCity dependence on thermal energies.
van der Waals forces, have received particular attention, beingHowever these experiments require high angular resolution to
considered as prototype systems both for the solvation of planarmeasure the “true” quantum total cross section and it is particular
molecules (one or more atoms attached to the substrate) andlemanding to characterize the quantum interference structure,
for the interaction of a spherical particle with an aromatigng. which is very sensitive to the interaction anisotropy and whose
And the role played by molecular interactions involving aromatic €ffect on the observables strongly depends on the experimental

-ring complexes is of great relevance in chemistry, molecular conditions. The only previous scattering study reported in the
physics, and biology. literature on benzeneHe!® yielded an unrealistic anisotropic

Severalspectroscopidnvestigations; 17 involving various potential because of the broad thermal distribution of benzene

techniques and probing different wavelength regions, have beenin the beam source.

carried out on benzereare gas clusters in order to determine ~ The target of the present study is the measurement, as a
their structure and their intermolecular dynamics. Spectroscopic function of the collision energy, of the “glory” structure, an
experiments provide valuable information on the geometry, oscillatory pattern superimposed on the smooth component of
equilibrium distance, and force constants of the bending and the velocity dependence of the total cross sectidds is well-
stretching modes for the more stable configuration of the known, the smooth component is affected by the long-range
investigated system. The main finding of such studies is that attraction, while the glory structure, arising from a quantum
the benzenerare gas dimer tends to assume the shape of ainterference due to forward scattering (near zero deflection
symmetric top complex with the rare gas atom located on the angle), depends on the properties of the well in the neighborhood
6-fold symmetry axis of benzene (out-of-plane configuration). of the minimum in the intermolecular potentfal.

For some systems the spectroscopic studies were also able to The effect of the rotational temperature on the glory structure
provide quantitative estimates on the binding energy in the most was initially ascertained experimentally several years&igo
stable configuration: for example for benzewfa an upper limit ~ collisions of Q on Kr. The scattering experiment showed that
of 3.78 kJ/mol has been recently proposed for the dissociationthe glory ondulatory pattern exhibits a quenching of the

energyls amplitude and a shifting of the extrema location when measured
with rotationally “cold” O, molecules. Thisd a a manifestation
T Part of the special issue “R. Stephen Berry Festschrift”. of the interaction anisotropy and so this effect disappears when
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rotationally “hot” molecules are employed, because the rapidly
rotating molecules approach the collisional behavior of an
effective spherical atom. Here, “cold” and “hot” are clearly =
attributes coming from comparison of rotational energy and z °° o Sos
collisional energy. Indeed a crucial parameter to be considered, - N i o ,
in planning and analyzing scattering experiments, is the ratio ' 500 1000 2000 ’ 500 1000 2000
between the collision timets,, and the typical timeta, selected beam velocily, v', mis target velocity, m/s
associated with the molecular rotation perio@vhich is required
to average the interaction among limiting configurations of the N
system. The collision time varies with the collision velocity, S}I /\ X (\
C R

1.0 1.0 ih)

7
4

L, 7

II'-. SZI - s i 83
scaled over the range of the potential, while the averaging time ?u% _’LLJJ'%EH
of molecular rotations depends on the temperature and on the \1 *J : N
internal motion modes of relevance. When the collision velocity beam velocity target | mass
is high the molecular anisotropy strongly influences elastic and ~ SOUrce selector gas  spectrometer
inelastic events and sudden models can be employed for
calculations of the dynamics. In contrast when the velocity is
low the role of the anisotropy becomes negligible and collisions e ’
are mainly driven by the average component of the interaction. ;‘! 0.5 ¢ i

The characterization of the fundamental features of clusters A i
involving benzene is also one of the challenging tasks of 500 1000 2000
computational chemistry. Severl initio, semiempirical and felativavelosity., g . Ve
empirical methods have been developed to describe the interacFigure 1. Sketch of the experimental apparatus. (a) Velocity distribu-
flons nthe benzenerare gas sysent, Sproviding aelale. (510" ) SABECE L es e e oot e
descrlptlon of the potential energy surface (PES.) In the kept at room temperature. (c) ReIaBtive velocigt]y distributidg, ') as
neighborhood of the most stable geometry. Here the interaction yptained by combining the peak velocity of the beam in (a) and the
energy can assume values on the order of few kilojoules per thermal motion of the target in (b).
mole. However, information on the full topography of the PES - 2
is lacking: in particular, details of the interaction, when the &tom—atom? for atom-molecule, an#=* for molecule-
rare gas atom approaches the benzene molecule along iténolecule systems. The cho_lce of_swtable e_xpenmental condi-
molecular plane (in-plane configurations), are known with much tions, determlnlng both the investigated collision energy range
less accuracy (the bond energy is expected to be much lowerdnd the rotauqnal temperature of molecules, alllowed' us to
with respect to that of the most stable configuration). It should "eSCIve for the first time the glory structure for the investigated
be noted that even the most recent and accurate calcuB&tions SYStems. As will be discussed later such an interference structure

for the benzeneargon dimer overestimate the binding energy appears to be strongly sensitive to the in-plane configuration
in the most stable configuration outside the experimental INteractions. Therefore measured data for benzeaee gas

uncertainty!> It should be also stressed that the full PES, and systems permit the characterization of the intermolecular
in particular the in-plane interaction, plays a crucial role in the potenthls and represent a test of the accuracy of the proposed
collision dynamics of benzene molecules, driving elastic correlation formulas for the estimate of the relevant features of

inelastic, and reactive events. the interactions of rare gases with hydrocarb®ns.

S | off h b dd di find Section Il illustrates some details of the experimental ap-
everal efforts have been addressed in our group to fin aparatus and describes the procedure adopted to measure interfer-
proper description of the main interaction components, in terms

. . . i ence effects in the quantum cross section. Cross section results
of fundamental physical properties of the interacting partners. ¢, CeHs—He, —Ne, and—Ar systems are reported in section

Ourfallm tljas be_lt)en the searchf of a procedure °f| general validity, | ' comparison among observations and predictions is shown
usetul to describe systems of increasing complexity Covering a;, section |V, while a discussion and conclusions follow in
range of interaction energies varying from a few to several section V

kilojoules per mole. Recently we have developed a new
empirical methof suitable to evaluate bond energy, equilibrium 1. The Apparatus
distance, and long-range attraction in rare gas atbydrocar- The experimental apparatus employed for measurements
bon molecule systems. This method, applicable to any geometryyescribed in this paper consists of a set of differentially pumped
of the complex, employs correlation formulas which provide yzcuum chambers connected by slits for molecular beam
these basic interaction features in terms of atomic and molecularcg|limation. The molecular beam emerges throughamm
bond polarizabilities. They represent an extension of formulas nozzle diameter from a source which can operate under effusive
previously introducet] to represent the van der Waals interac- or moderately supersonic conditions. After velocity selection,
tion in atom-atom systems. The results of this procedure can the heam crosses a scattering chamber, which can be filled with
be inserted in a pOtentia| mOde| to prediCt the features Of the the target gas by an automated procedure_ The on_”ne beam
PES at any geometry of the complex. See also related work onintensity is detected, after the scattering region, by an electron
ionic interactiond*2?and on open sheficlosed shell interac-  pombardment ionizer followed by a quadrupole mass spectrom-
tions 0 eter. A sketch of the apparatus is shown in the upper part of
The present paper reports on a new set of collisional Figure 1, while critical dimensions and various operating
experiments, carried out using rare gas atom beams, scatteredonditions are reported in Table 1. The apparatus is basically
on benzene molecules, to measure the dependence of the totehe same as previously employed in other scattering stud-
cross section on the beam velocity. This technique has beenies31:3334put recently, the distance between the detector and
applied for more than two decades for the measurements ofthe scattering chamber has been increased from 100 to 150 cm
intermolecular forces, the most recent examples éifay to improve the angular resolution conditions.
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TABLE 1: Critical Dimensions of the Apparatus and
Typical Operating Conditions

molecular beam defining slits

S 1.2 mm

S 0.7 mm

S 1.2 mm

S—Ssdistance ~150 cm
molecular beam source

nozzle diameter 1.0 mm

stagnation pressure —30 mbar

nozzle temperature 9b70 K
scattering chamber

temperature 300 K

target pressure range P3-10"% mbar

target densityN 10'-10* molec/cni

scattering path lengtth, ~7cm

The measurement of the beam attenuatibyn(wherel and
lo represent the beam intensity with and without target gas in
the scattering chamber) at selected beam veloeitpermits
the determination of the total (elasticinelastic) integral cross
sectionQ(v) in the laboratory frame:

Q) =~ oo

whereN is the target gas density aidthe scattering region
length (Table 1). The experiment@(v) is related to the center-
of-mass cross sectid@™(g), which is a function of the relative
velocity g, through the following relationship:

Q) =R@) [, dv T(v',0) " dg dM(g) f(g.v")

whereR(v) is an apparatus dependent factor which limits the

Cappelletti et al.

TABLE 2: Rotational Period 7 for Rotational Motion
around the Cg, and C,, Axes of the Benzene Molecule at
Two Different Rotational Temperatures?

Trot =300 K Trot= 25 KP
Cy, 1=3.7x 1012 r=13x101
tav~ 1 x 10712 tav~ 3 x 10712
Csy 7=5.6x 1012 7=18x 101

tav~5x 10713 tav~ 1.5x 10712

a1, is the time needed to obtain an average of the interaction between
two limiting configurations. All times are in secondsThis case
describes the behavior of rotationally cold benzene molecules flying
in supersonic beams and colliding with rare gas atom taf§ets.

TABLE 3: Collisional Time, t.y, at Three Different Beam
Velocities, v, Are Reported Together with the Dynamical
Regimes of the Benzene Molecules under Various Conditions

benzene dynamical regimes

v, mlis teoll, S Trot = 300 K Tt =25 K2
500 ~2 x 10712 sphere disk

1000 ~1x 10712 sphere/disk disk/hexagon

2000 ~5x 10718 disk hexagon

2This case describes the behavior of rotationally cold benzene
molecules flying in supersonic beams and colliding with rare gas atom
targets®

perature if in Figure 1). The effect of(g, ') (c in Figure 1) is
seen to be of great relevance, since it directly influences the
observation of the interference pattern in the laboratory frame.

The experimental configuration adopted here is complemen-
tary with the one where benzene is the projectile and its
scattering by rare gas targets served us in studying its alignment
in seeded beams emerging from a supersonic expaffsidre

value of the measured cross section because of the finite angulachoice of the present alternative configuration has been moti-

resolution of the experimeni(s', v) represents the transmission
function of the velocity selector, for which the peak velocity is
v and the full width at half-maximum is-5%, andf (g, ") is
the relative velocity distribution function to be defined below.
TheR(v) function is defineé in terms of the ratio between the

vated by the following considerations. The first one refers to
the necessity of minimizing the effect of the angular resolution,
as represented by tH&v) function. Under the present experi-
mental conditions, the use of the lighter rare gases He, Ne, and
Ar as a projectile, instead of the heavier benzene molecule, is

angular resolution of the apparatus and the limiting angle of crucial to observe in the laboratory frame the quantum interfer-
the experiment (see also ref 36). It depends on dimensions ofence pattern (the “glory” effect), whose amplitudes are typically
and distance between the collimation sfsandS; (see Figure of the order of 10% of the value of the cross section. Using Ar
1 and Table 1), on the mass and velocity of the projectile, and as a projectile, the maximum expected correction is of the order
on the value of the cross section. Hdi’, v) is approximated ~ of 1% (R(v) ~ 0.99) at the highest explored beam velocities (
with a triangular functio® and f(g, +'), which arises from > 1500 m/s). For an experiment with benzene in the beam
combining the motion in the forward direction of a velocity- scattered on Ar, such correction would increase up-20%
selected projectile with the random motion of a target gas at (R(v) ~ 0.80) in the same velocity range. A second important
thermal equilibrium, takes the foh issue is connected with the possibility of cluster formation in

the expansion region, even if moderately supersonic beams of
g 2 v — g 2
b v Up

) benzene were employed. By contrast, in the scattering chamber
fov) = 2
v

kept at a temperature 0£300 K and at a pressure of10-2
mbar the percentage of benzene dimers<it%, this can be

z ] calculated by a semiclassical procedfnaking into account

V' +g

existing information on the bond energy of the dirfier.
Furthermore, under the above conditions the benzene molecules
wherey,, is the most probable velocity of the target particles at are randomly oriented, they show an average rotational period
the scattering chamber temperature. sufficiently short to induce a more or less complete averaging
For the experiments described in this paper, rare gas atomsof the interaction anisotropy during each collision, and the

have been employed as projectiles in the velocity-selected beamprobability of inelastic events is reduced. The various experi-
while benzene molecules, kept at room temperature in the mental conditions pertinent to the present study can be identified
scattering chamber, represent the target. The lowest panel ofby examining the average rotational and collisional times

Y

oud -

Figure 1 shows the behavior f§, ') for the selected projectile
velocity ©* = v = 500 m/s (a in Figure 1), at the, value

reported in Tables 2 and 3.
Finally, a rare gas beam source can operate in wider

corresponding to the random motion of the benzene targettemperature and pressure ranges with respect to a benzene beam

molecules having a Boltzmann distributid@s at room tem-

source, covering a larger collision energy spectrum. A difficulty
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Figure 2. Upper panel: total cross sectio@s¥(g) in the center-of-
mass reference frame as calculated for theSHe, —Ne, and—Ar | | |
systems with the spherical interaction component obtained in ref 26. 0.5 1.0 2.0
Lower panel: relative velocity distributiorfég, ') corresponding to A

three specific beam velocities and assuming the target at room v, kms
temperature (see text and Figure 1).

Figure 3. Total cross sectio(v) for scattering of a rare gas (He,
Ne, and Ar) beam by benzene target molecules measured as a function

is. however. connected with the accurate calibration of the of the beam velocity. Experiments do not provide an absolute scale.
' ’ The one given comes from the comparison with calculations (see

benzene pressure in the scattering chamber. Figures 7-9).

To choose the best operating conditions, a simulation of the
experiment has been carried out, calculating the integral crossy; Experimental Results
sections in the center-of-mass system using the spherical
interactiof® (see also below) which represents the main
interaction component. The calculated cross sect@f¥(g),
for He, Ne, and Ar colliding with benzene, are reported in Figure
2 as a function of the relative velocity and plotted as
QM(g)g?® (this is the usual procedure, which emphasizes the
glory pattern). In the lower panel of the Figure 2 are also shown
the relative velocity distribution functiorig, '), corresponding
to three specific projectile beam velocities= 500, 1000, and
2000 m/s and considering the benzene target at room temper
ature.

The comparison between the period of the glory structure

Integral cross section®(v), measured as a function of the
selected beam velocityfor the three investigated systems, are
reported in Figure 3. Glory oscillations have been clearly
resolved in He-C¢Hg and Ne-CgHg collisions, while in the
case of Ar-CgHg they appear much less evident. These results
are consistent with the simulation discussed in the previous
section. A preliminary analysis was performed by the compari-
son of the integral cross sections measured here with those of
the previously investigated ateratom systems, HeXe,*! Ne—

Xe*? and Ar—Xe*2 The similarity of frequency and location
of the glory extrema suggests that the strength of the interactions,
in the intermediate intermolecular distance region mainly probed

and the width of thd(g, +") function (specifically, its full width by th : 4 involving th il wells. falls i
at half-maximum) suggests the proper range of beam velocities y these experiments and involving the potential wells, falls in
the range of the corresponding rare gas complexes with

where the quantum interference pattern can be observed in a

. ; 41-43
real experiment. In the case of Ar the width of tfg, ¢') xenon. _ o .
function becomes smaller than the period of the glory pattern Since under the present experimental conditions the collisions

only at beam velocities > 1500 m/s, and therefore the quantum  ©f raré gases with benzene molecules are mainly driven by an
interference effects are measurable only in suchrange. In effective sphencal!y avv_eraged_lnteracnon (as outlined in section
the case of Ne such effects are observablesfar 500 m/s. | and further amplified in section 1V), being the component of
For scattering of He by atoms or simple molecule, glory the interaction mostly determlneql by !n-plane conflgurathns,
structures have never been observed before, because the valil€ Scattering results reported in this paper provide direct
der Waals interactions, driving collision complexes, are too weak nformation on the planar geometry interactions of the dimers.

to provide glory interference effects observable only at sub-  Therefore the present experiments on the benzeare gas
thermal collision energies. systems are complementary to spectroscopic investigations,

In He—benzene, the relatively strong van der Waals interac- which are se_nsitive to th_e most_stable out-(_)f-plane configuratiqn,
tion, associated with the large polarizability of the benzene and a combined analysis provides a full picture of the potential
molecule, produces an ample and low-frequency glory pattern €Nergy surfaces for such complexes.
observable in the intermediate velocity rangd Q00 m/s), while .
the most probable velocity of a thermal effusive He beam is V- Data Analysis
~1400 m/s. The simulation of Figure 2 suggests that a successful The present investigation exploits the calculation, within
experiment can be carried out using a cold source of He atomdifferent dynamical regimes, of the center-of-mass cross sections
beam. This is the reason the source nozzle was cooled to liquidQ®M(g), which directly depend, as anticipated in section Il and
air temperature~90 K). more extensively discussed below, on characteristic features of
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ficients for the long-range expansion of the potential attraction,
the equilibrium distanc®&,, and the depth of the van der Waals
well € for a given geometry of the complex. Such an approach
represents an extension of the methodology successfully used
to describe the interaction in a variety of ateatom system3’
Figure 4 shows the angular dependence of the PERy,afor
the benzenerare gas systems investigated in this paper. The
adopted nomenclature is introduced in Figure 5. Corresponding
cuts of the PES’s, obtained by interpolating the results of
correlation formulas with the parametrization given in the
Appendix, are plotted in Figure 6. Tables-@ report the well
depthse and Ry, values and other relevant details of the
intermolecular potential energy functions, which have been used
for the calculations of the cross sectiQM(g), for the spherical
component of the interactiol, and for three selected approach
geometries of the complex.

In the present analysis we have found it appropriate to
distinguish among different dynamical regimes for scattering,

V(®) , meV

3 L et ] each one selectively governed by specific features of the PES.
E oleeereott 4 Such regimes (see Figure 5) emerge as a function of the beam
— 30l /,/// _ velocity and can be classified by comparing the collision time
e L =" d=30 - teol, N@Mely, the time needed to traverse a distante) x 10°°
> -40 - N m (corresponding to twice the glory impact paranemwith
! ] ! ] ! i 1 I imiti
50, = 5 o0 % the typical timet,, required to average between limiting

configurations of the collision complex. The latter is related to
Figure 4. Angular dependence of the interaction energy at the the average rotational periadand therefore to the rotational
equilibrium distance for He (continuous lines), Ne (dotted lines), temperature of benzene.
and Ar—benzene (dashed lines) systems. Upper panel: in piare ( The estimated times, reported in Tables 2 and 3, indicate that
0). Central panel: out of planal(= 0). Lower panel: out of plane ¢ 1o,y collisional velocities benzene molecules at room tem-
(® = 30) (see Figure 5 for the adopted nomenclature). L . _
perature are seen, by the colliding atom, as rotating sufficiently
the potential energy surface (PES) driving the collisions. For a fast to be considered as spheres (limiting case 1 in Figure 5).
comparison with the experimental data, calculated cross sectionsTherefore at low velocities a dynamical regime must apply
are convoluted in the laboratory frame as described in sectionwhere it is proper to consider the scattering to be elastic and
II. The main features of the PES in theHz—He, —Ne, and guided by the spherical component of the interaction. In the
—Ar complexes have been anticipated by using new correlation high velocity range a second collisional regime sets in, where
formulag® based on the assumption that a polyatomic molecule, benzene behaves like a disk-shaped target (rapidly rotating)
interacting with a closed-shell atom, behaves as a cluster of randomly oriented (described as a combination of frisbee and
diatomic molecules each of them corresponding to a particular flywheel configurations, cases 2 and 3 in Figure 5).
bond of the molecule. This is equivalent to treating the  To emphasize differences in the scattering behavior of
interaction as determined by a repulsion due to an effective sizemolecules confined in the various regimes, we have calculated,
of the molecule and an attraction arising from different for all investigated systems, cross sections in the laboratory
dispersion centers distributed on the molecule. The methodframe at fixed geometry of the collision complex, specifically
provides, by proper correlation formulas given in terms of for an out-of-plane (A in Figure 5), a vertex-in-plane (B in
atomic and molecular bond polarizabilities, the relevant coef- Figure 5), and a side-in-plane approach (C in Figure 5). Results

benzene rotations dimer configurations limiting collisional regimes

v/ \ 1
% Cev %—o—‘ out-of-plane

@=0 Pt 2
@— @ disk

B (frisbee)

%ﬂo vertex-in-plane
(©=90,0=0) v vl 3

C (@ disk

(flywheel)
; ; Cc
[+,
°\:O side-in-plane . 4
o (@=90,0=30) O—>&%O hexagonal

toothed
wheel

Figure 5. Benzene-rare gas complex: relevant nomenclature.
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refer to dimer configurations described in Figure 5 and the dashed onesFigure 8. As in Figure 7, for Ne projectiles scattered by benzene
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represent the spherical compon#&ft targets. Employed potential parameters are in Table 5 (see also the
text).
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total cross section data, measured for He projectiles scattered by benzene. N L

targets, and calculations performed with the proposed interaction (seer19uré 9. As in Figure 7, for Ar projectiles scattered by benzene
Table 4 and also ref 26) and considering the dynamical regimes targets. Employed potential parameters are in Table 6 (see also the
discussed in the text. Lower panel: dashed curves represent predicte&exo'

cross sections for fixed geometries of the collisional complex (A, B,

and C in Figure 5), while the detdashed curve is calculated assuming are plotted in the lowest panels of Figures% In the same
benzene as a disk (rapidly rotating) in the frisbee configuration (case figures calculated data, corresponding to a rotational averaging
2 in Figure 5). Middle panel: the dotted curve is calculated taking of the benzene interaction anisotropy, are also plotted. They
benzene as a spherical particle, while the-itished curve represents  jjustrate the predicted behavior of a rapidly rotating frisbee

the behavior of a randomly oriented disk (67% of frisbee and 33% of - . . .
flywheel). Upper panel: Experimental data (full circles) and calculations (lowest panels), obtained by averaging the in-plane anisotropy

(continuous curve) obtained assuming benzene as a spherical particlé®f Denzene, so that the interaction is defined as the average of
at low velocities and as a disk-shaped target randomly oriented at highthose corresponding to the configurations B and C and of a
velocities (see text). spherical molecule (intermediate panels), whose interaction
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TABLE 4: Potential Parameters (See Ref 26 and the
Appendix) Defining the Spherical ComponentV, and Some
Cuts (A, B, and C, See Figure 5) of the Potential Energy
Surface for the CsHg—He System

Cappelletti et al.

TABLE 6: Potential Parameters (See Ref 26 and the
Appendix) Defining the Spherical ComponentV, and Some
Cuts (A, B, and C, See Figure 5) of the Potential Energy
Surface for the CsHg—Ar Systenr

Vo A B C Vo A B C
€, me\e 3.8 10.2 4.4 2.2 €, me\P 21.2 435 22.3(26.9) 13.9(15.3)
R, NM 0.485 0.323 0.493 0.549 R, NM 0.505 0.359 0.516 (0.503) 0.558 (0.552)
b 7 6 7 7 b 7 6 7 7

Cs, meV nn? 3.53x 102 3.00x 102 3.80x 102 3.80x 102 Cs(meVnnf) 2.17x 101 1.71x 101 2.56x 101 2.56x 101

b 5.78 -10 12 12 b 11 -10 18 18

X1 1.12 1.15 1.10 1.10 X1 1.12 1.15 1.10 1.10

%o 1.48 1.75 1.38 1.30 Xo 1.48 1.75 1.38 1.30

a1 meV= 9.648 x 102 kJ mol™

TABLE 5: Potential Parameters (See Ref 26 and the
Appendix) Defining the Spherical ComponentV, and Some
Cuts (A, B, and C, See Figure 5) of the Potential Energy
Surface for the CsHg—Ne System

a Calculated results from ref 25 are in parenthe8dsmeV = 9.648
x 1072 kJ mol™.

TABLE 7: Interaction Features for Benzene—Rare Gas
Systems in the Out-of-Plane Configuration (Case A in
Figure 5)

Vo A B C €, meV Rm, nm
€, me\® 7.76 20.2 9.1 4.9 CeHs—He 10.2 0.323 ref 26
Rm, nm 0.491 0.331 0.496 0.547 0.317 exptl
b 7 6 7 7 8.4 calcd?
Cs, meV nnf 6.90x 102 6.35x 102 7.68x 1072 7.68x 1072 CsHs—Ne 20.2 0.331 ref 26
b 5.57 —10 12 12 18.# 0.330 expf
X1 1.12 1.15 1.10 1.10 19.8 0.332 calct
X2 1.48 1.75 1.38 1.30 CeHs—Ar 435 0.359 ref 26
_ <49.4 0.358 exptl
a1 meV= 9.648 x 1072 kJ mol™. 50 5 0.350 expfl
<46.8 expti®
corresponds to the full average of the intermolecular potential 47.9 0.355 calcép

on the possible relative orientations (see also Figure 6). It is
clear that both slowly and rapidly rotating flywheels (config-
uration A and collision regime 3 in Figure 5) exhibit the same

aCalculated zero point energies were added to the experimental
dissociation energieg?23

total cross sections_ because they interact _in the same Waypetween that of a randomly oriented disk and a randomly
However, marked differences are expected in the behavior of yriented flat hexagon: the latter is represented as a combination
rapldlly and sloyvly rotating frisbees, the latter being more ¢ 5 toothed wheel (67%) and a flywheel (33%) (see limiting

sensitive to the in-plane anisotropy of benzene. The effect cangages 3 and 4 in Figure 5). Under such conditions, a more

be depicted as that due to an *hexagonal toothed wheel” yronounced quenching of the calculated glory amplitude in the
(limiting case 4 in Figure 5), and cross sections are correspond-CGH 6-Ar system is expected.

ingly given as averages of those related to B and C configura-
tions. This procedure leads even in the center of mass system,
to a pronounced quenching of the glory pattern.

In the present analysis, calculated cross sections have bee
defined within the spherical molecule behaviowat 0.8 km/s
and as a combination of fast rotating frisbee and flywheel

(respectively 67% and 33% according to their weight in the Ar the interactions used are close to the results of most recent

;ghprese_tntﬁtkl)or&/vof a :ﬁmdomy gnente_d ?'Sk). foe 1t6 It<m/ S diat ab initio calculations (see Table 6). A detailed analysis of present
€ switch between these two dynamical regimes at intermedia eexperimental findings indicates also that the uncertainties

v was carrle_d out by a Welg.hted sum (the weights depem_jmg associated with the relevant potential parameterstdi@% for
on the velocity) of cross sections calculated for the two limiting ¢ and +3% for Ry. Moreover, well depth and equilibrium

cases which are shown in _the intermediate pan_els of F'gure_sdistance in the out-of-plane configuration, obtained in ref 26,
7—9. Calculated cross sections are compared with the eXPeri-aoree very well for all systems, as shown in Table 7, with

mental data in the upper panel of Figuresd’ spectroscopic determinations and are in the range of more recent
theoretical calculations. Therefore we can conclude that pre-
dicted potential featuré%are accurate in all limiting configura-

Potential parameters of Tables-@ provide calculated cross  tions for the cases of interest. The results of this work open
sections in agreement with the experimental data. In particular, new perspectives in the study of collision dynamics in benzene
the measured glory extrema positions and frequency are wellrare gas systems. For instance the availability of an accurate
described in all cases (see Figures9j. The glory amplitude PES is basic to properly describe elastic and inelastic single
is satisfactorily reproduced forsHs—He and GHs—Ne, while collision events and to further model multicollisional processes
a partial quenching is exhibited by the glory pattern of the generating alignment of the plane of molecular rotation in
CeHs—Ar system. This quenching is a manifestation of the effect supersonic expansions. Moreover, such knowledge is also crucial
of the interaction anisotropy on a high-frequency interference in the tuning of the scattering as a probe of the degree of benzene
oscillation, such as that involved in thels—Ar system (see alignment and of its dependence on the velocity. Such a study
Figure 2). Note also that at the largest explored beam velocitiesinvolves measurement of anisotropy effects in the cross sections
(v ~ 2.0 km/s) the colliding system falls in a dynamical regime and results are already available (for a preliminary analysis see
where the benzene target shows an intermediate behavioref 38).

The very good agreement illustrated in Figure®#epresents
crucial test both of the reliability of the potential parameters
used and of the dynamical regimes for scattering employed in
his analysis. In particular, present scattering experiments are
mainly affected by in-plane interactions and they are well
described by the potential parameters of Table§.4-or GHs—

V. Discussion and Conclusions
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In conclusion present experiments provide direct information  The value of theg parameter, which defines the shape of the
on some relevant features of the PES’s in benzeage gas potential well, has been fixed to 6 for the out-of-plane
systems and represent an important reliability test of the configuration and to 7 for the in-plane configuraticdisg and
predictions of the empirical meth&trecently developed in our  x, are chosen respectively in the range £1015 and 1.3
laboratory and shown to be able to anticipate the characteristic1.75. The values of all parameters, used to generate cuts of the
parameters of the hydrocarbeolosed shell atom intermolecular  PES’s shown in Figure 6, are reported in Table4
potentials. A routine for the potential energy surfaces for the systems in

this paper which provides the full description of rare gas atoms
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