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Abstract

The sign of the theoretically predicted steric asymmetry S in rotational inelastic state resolved molecule-atom collisions is
questioned. It is shown that the sign of the 7T-matrix obtained on a basis of non-oriented rotational states of the molecule depends on
the choice of the Jacobi coordinates in which the collision problem is solved. Explicit expressions for the state-to-state dependence of
the integral and differential cross-sections for oriented and non-oriented molecules are presented. The effect of the choice of Jacobi
angles and the inertial frame of reference on the sign of S are discussed in detail. The sign of the earliest obtained expression for the
steric asymmetry of the integral cross-section (as reported by van Leuken et al.) is found to be correct, whereas that of the ori-
entational-dependent contribution of the differential cross-section (as reported by Alexander and Stolte) requires a negative mul-
tiplication factor. Quantum mechanical calculations on collisions of OH with Ar are performed. These calculations do not agree
with the experimental sign of S and cannot be interpreted in terms of a simple ball and stick model. Inspection of the HIBRIDON
source code shows that the prepared wavefunction carries an orientation that is opposite to the one assumed. This could offer an
explanation for the disagreement for S. For collisions of NO with Ar, the signs of the quantum mechanically calculated and the
experimental values of S appear to disagree with the simple ball and stick model. The experimental sign of S has been reinvestigated.
Previous experimental results are confirmed.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Orientation effects in atom—molecule collisions are commonly described using the steric asymmetry S, that is defined as

UHead _ O_Tail
~ gHead T oTail® (1)
Head

Here o and ¢™' denote the cross-sections for molecules oriented preferentially with their head or tail towards the
atom. The first striking experimental evidence for large orientation effects in rotationally inelastic state-resolved NO
(ON) and Ar collisions, was performed by van Leuken et al. [1]. In their convention, the N-end and the O-end of the
NO molecule were defined as head and tail, respectively. In addition, quantum mechanical scattering calculations were
performed. Van Leuken and coworkers succeeded in deriving a contracted equation that expresses the difference
between the integral cross-sections for N-end preferred and O-end preferred collisions (respectively, o™N°
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and ¢° ) into a weighted sum over products of 7-matrix elements. The total angular momentum of a
QE—] m Q !

dlatomlé (or a Symmetrlc top alike) molecule is denoted by j, having projections € and m; along, respectively, the

molecular axis and the space-fixed Z-axis. The absolute value of Q is written as Q and e (= —1, 1) gives the symmetry

index that distinguishes between the two components of the A-doublet [2]. The index E indicates the electric orientation

field at the scattering region.

In NO-Ar collisions the O-end was reported to be preferred for high rotational final states [1,3-5]. This is not what
one would expect from a simple ball and stick model that seems to apply very well in OH-Ar collisions [6]: the O-end is
more round (ball) than the H-end (stick) that extends further from the center-of-mass (CM) of the OH molecule. As a
consequence, high rotational final states prefer H-end collisions.

This paper focusses on the sign of the steric asymmetry. It is organized in the following way. Section 2 consists of a
number of relevant experimental and theoretical considerations. In Section 3, the sign issue concerning the steric
asymmetry is introduced. Experimental results for collisions of OH with Ar serve as a benchmark system here, as
experimentally observed rotational state transitions exhibit a propensity in S that can qualitatively be understood in a
simple ball and stick model. These experimental results for S are compared to those obtained from new close coupling
calculations (HIBRIDON [7]) that have been carried out on the most recent UMP4 ab initio PESs for OH-Ar, de-
veloped by Klos et al. [8]. Section 4 focusses on the parameters that are involved in defining the sign of the steric effect.
We will show that the 7-transition matrix that results from HIBRIDON, T { B ey , depends on the choice of Jacobi
coordinates that parameterize the interaction PESs. The resulting scattermg amphtude depends also on the actual
choice of the inertial coordinate frame of the corresponding center-of-mass system (CMS). The cases of the space fixed
Z-axis parallel and anti-parallel to the incoming relative velocity vector are considered.

If one chooses the Jacobi coordinates such that the displacement vector R points from the atom to the molecule, the
relative velocity vector points oppositely to the conventional case in which R points from the molecule to the atom. The
outcome for the 7T-matrix will depend upon this choice of R. This dependence is typically unimportant in cases other
than those in which steric effects are concerned. In Section 5, an experimental investigation is reported that confirms
the sign and magnitude of S that was found in earlier experiments. In Section 6, we will close with a brief discussion
and concluding remarks.

2. Experimental and theoretical considerations

To be experimentally observable, the determination of the steric asymmetry requires the application of a homo-
geneous electric orientation field E in a direction parallel or anti-parallel to the relative velocity vector of the colliding
particles. The NO-beam can be state selected in the upper component (u) of the A-doublet (°IT; /2] =5 €= =—1)
by hexapole focussing. All focussed molecules reside in a low field seeking state for which m; = +m; and m; = —7m;
have equal probability. Having applied E at the scattering volume, either the O-end (tail) or the N-end (head) pre-
dominantly points towards the incoming Ar atom. The field strength is chosen such (£ ~ 16 kV/cm) that it is suffi-
ciently large to mix the selected |/, m;, Q, €,) and the |j, m;, Q, —e,) components of the A-doublet of opposite parity with
(positive) mixing coefficients o(E) and f(E). The oriented wavefunction as follows as

|j7mja§aE>:OC ‘]7m179 6u>:l:ﬁ ’]amjvgv 6u>a (2)

with oc(E)2 + B(E)2 = 1 [9]. Note that this convention deviates from that of [4] in which the role of « and f is reversed
and their absolute value is multiplied by v/2. Because one has to do with a low field seeking state, 2(E) > B(E) = 0. The
+ denotes which molecular end is preferred to point along E. Neglecting Hund case b mixing for the moment, the
rotational wavefunction can, for arbitrary values of ¢, be written as [10]

_ 1 _ _
|j,m;, @, €) 5\72[|j,mj,+9>+e]j,m_,‘, - Q). (3)

Besides large enough for mixing, we assume E to remain small enough to keep the Stark shift of the spacing between
the rotational energy levels minor. Test calculations showed that these shifts (in the order of A-doublet splitting) had
negligible effect on the calculated cross-sections [1]. As the energy may be assumed independent of the actual values of
o(E) and B(E), van Leuken et al. [1] expressed the 7-matrix elements for an incoming oriented rotational state
lj, m_,-7§,E> and non-oriented outgoing state |j/,m}7 Q€Y as

T; m’ NS m’ Q S iy Lmy, QE a(E)]}’,nz’/.,lﬁm'],5’,6’;j,m,-41,m1,5,6u + ﬁ(E) T;”,m}l’,m’rﬁ/,f’:j,m,-,/,m,,ﬁféu' (4)

The orbital angular momentum of the incoming and outgoing state are, respectively, represented by the quantum
numbers / and /[, with projections m; and m) on the Z-axis. The uncoupled representation of the 7-matrix
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o ot T g Ly where the 7-matrix relates to the scattering S-matrix as T =1 — S, assumes incoming and out-
goinlg waves with a single direction of the space fixed quantization axis. The uncoupled representation of the T-matrix
relates to the coupled representation as

— J A A T .
7}/1,,,},1/,,,,;75’_,6/;.,-_,,,,/,17,,,,,5,6 = Z ];/1//,5"51:‘/1/,5,6 J My |j m; ) m1> J My |j m; [ mp). (5)
M,
The coupled T-matrix 7/ VG 01D is independent of M = m; + m; = m’, + m) and diagonal in J [11]. Unlike Alexander,
who uses 77 _,  _ [1'21,’vér’f’ie’uken et al. use the coupled representation 77 _,  _ [1]. Some algebra with Wigner
. L 0.Q ) 1.Q . . 5 ' 3Q e;lj, Qe .

3j symbolsleads o the straightforward relation between Alexander’s and van LeuKen et al. coupled representations as
J — (_1)11+/+j/+j+2./TJ (6)
_/".,l’ﬁ/,e’;]’,Lﬁ,e l’.,jﬂﬁ/,e’:l‘/'.ﬁ,e'

Alexander relates the 7-matrix expression of Eq. (5) to the dimensionless scattering amplitude for a transition between

two states [4]

o 1/2 g7 ] J Z
Sy o ®) = VR (204 1) (2T + 1) <m(,- 0)

—m;
JLU J

! !
J J ! G\
X I ! Y[’,m —nt, (k )T, S D (7)
mj mj mj mj 7 J0.Q €. 1.Q.e

where (:::) is a Wigner 3j-symbol [10]. The sum extends over all allowed values of the initial and final orbital angular
momenta / and /. The initial and final wave vectors are denoted by k and k’. The direction of the initial velocity vector
k, defines the axis of m; quantization in the so-called ‘“‘collision frame”. Combination of Egs. (4) and (7) gives
0/
'fi,mj,ﬁﬁ—»j’,m}’f,ﬁ/.e’ (k) = a(E)flm,',ﬁ,eu:,jﬁm’/.,ﬁ/,e’ + ﬁ(E)f',mj,ﬁ,—eu;j’,m}’/.,ﬁl,e" (8)

J J

Eq. (8) relates directly to the differential scattering cross-section of an oriented molecule [4]:
2

I/
daj,mj,ﬁ,Eﬂj"m;.ﬁl‘e’/dw = ﬁ Jpj,m/,ﬁ‘Eﬂj"m"f,ﬁ/‘f’ (k ) . (9)

Integration of the differential cross-section do, 5. . & /doin Eq. (9) over all scattering angles, provides the in-
tegral scattering cross-section O o Bl T U's’in'g tile/scattering amplitude instead of the 7-matrix for the treatment
of molecular orientation offers'a more direct insight into the underlying collision properties, leading to a better un-

derstanding of the origin and magnitude of the observed steric effects [1,5-6,13-17].

3. Considerations regarding the sign of the steric asymmetry

For NO-Ar, S exhibits a striking undulatory character at a collision energy of Ey, = 475 cm™!, as shown in Fig. 1.
When the orientation field is applied such that the N-end of the NO molecule is favored to point towards the Ar, the
collision yields mostly Aj = even. For O-end collisions, Aj = odd is preferred [1,4,5,16]. This effect is seen for both
spin—orbit conserving and spin—orbit changing collisions. The value of the steric asymmetry as a function of Aj = j/ — j
for collisions of both OH and NO with Ar turns out to be insensitive of €. In the search for a better understanding of
the striking oscillatory behavior of S, a semi-quantum mechanical hard shell model is being developed. Application of
this model [17] to NO-Ar yields a similar undulatory behavior, but S carries an improper sign compared to mea-
surements and quantum mechanically calculated values. Application of this model to OH-Ar yields the “proper” sign
of S compared to the reported measured and calculated values [6,13].

To render insight into the “proper” sign of S, we turn to a recent study of van Beek et al. [6]. This study reports
about the steric dependence of (state resolved) rotational energy transfer for the ‘hetero’ nuclear OH-Ar collision
system. A hexapole is used to select the OH beam predominantly ina j = Q = m; = %, eu(f) state, that is oriented in the
collision region using an electric field E. In accordance with their experimental convention Schreel et al. and later van
Beek et al. define S such that according to Eq. (1) the O-end of the molecule corresponds to the head, while the H-end
refers to the tail [6,13]. At a collision energy of 746 cm~!, van Beek et al. observed a general trend that was independent
of the final spin—orbit state and of the A-doublet component. For excitation to low rotational states, S is typically small
and positive, indicating a weak O-end preference. For excitation to a higher rotational state, S becomes large and
negative, implying that H-end collisions are preferred. A simple ball and stick model explains this behavior. In the case
of “tail” (H-end) orientation of the molecule, the H atom will have a much higher probability of pointing towards the
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Fig. 1. Experimental steric asymmetry (e = ¢, = ¢ = —1) as a function of Aj = j/ — j for spin—orbit conserving collisions of NO with Ar at a collision
energy of E; = 475 cm~! [16]. Earlier data [5] have been improved using a flux to density transformation that transformed LIF intensities into proper
state-to-state cross-sections. This treatment overall enhanced the amplitude of S, but not its sign.

Ar atom. For the “head” orientation, the O-end of the molecule is likely to shield off the H-end from the Ar atom. Due
to the shape of the OH molecule, the torque that is exerted on the H-end (“stick’) is much larger than that on the O-
end (“ball”) at a similar relative velocity (vy). A large torque results in a high rotational excitation, as was noticed for
the dependence of S on j/ by van Beek et al. [6].

In addition to van Beek’s measurements, close coupling scattering calculations for OH-Ar were carried out on the
CEPA [18] and on the UMP4 (unrestricted fourth-order Moller—Plesset [8]) ab initio OH—Ar potential energy surfaces
(PESs). For both PESs, the steric asymmetry as well as the integral inelastic cross-sections (depending on @ and )
have been calculated with HIBRIDON [7]. These results agree reasonably with the experimental values. A close in-
spection of the HIBRIDON code, however, shows that the orientations that correspond with HIBRIDON’s “heads”
and “tails” labels relate directly to the choice of the Jacobi coordinates R (displacement vector between atom A and
molecule BC), t (BC bond vector, that points from the tail C towards the head B) and ¥ (angle between t and R). For
NO-Ar, ¢ = 0 corresponds with collinear Ar—NO configuration for both the CEPA [19] and the CCSD(T) [20] PESs.
These PESs have been used to calculate scattering cross-sections and steric asymmetries with HIBRIDON [7] and with
a (modified [1]) version of MOLSCAT [21]. In the case of OH, for both the CEPA and the UMP4 PESs, ¢ =0
corresponds to the linear Ar—HO geometry. This means that HIBRIDON assumes the H-end of the OH molecule as
being the head, while the H-end of the molecule is defined by van Beek and coworkers as being the tail of the molecule.
Without adapting HIBRIDON’s definition to the experimental one, HIBRIDON is expected to provide results for S
that carry a sign opposite to that of van Beek’s experimental value, which was reported not to be the case [6].

To investigate whether the theoretical results reported by van Beek et al. carry the “proper” sign, steric asymmetries
have been recalculated for OH (v = 0, X I, nJ= %) scattered by Ar at a collision energy of 451 and 746 cm™! on the
UMP4 PESs. Calculations have been performed on three different cases: 94% m,; = 3 and 6% m; = 1, 100% m; = 3 and
on a “hard shell” assuming 100% m; = % The calculated steric asymmetries for three cases are shown in Table 1. From
this table, one immediately notices a reasonable agreement between the experimental and all theoretical amplitudes of
S, resulting from the UMP4 PESs. The present calculations yield an overall smaller amplitude for S at high j/, than the
measured values. As far as the sign of S is concerned, there is a striking opposite trend for the experimental values (SF)
compared to our theoretically calculated values (S¢) based on the UMP4 PESs. The steric asymmetry as defined in the
experiment S = (¢OH — ¢H9) /(6O 4 6HO) should carry a sign opposite to that calculated by HIBRIDON reflecting
the parameterization of the UMP4 and CEPA PESs S¢ = (610 — ¢OH) /("0 4+ ¢OH) = —SE To advance quantum
mechanical calculations closer to the ball and stick model, a hard shell alike system was mimicked for the OH-Ar
system. To damp the attractive well, the sum potential (V) was multiplied with

%[1 — tanh{3(R — 7.08)}] (10)
and also set Vg = 0. It should be noted that in this case R is in Bohr. The amplitude of S© for the “hard shell” alike

calculations (shown in Table 1) is much stronger than that for the full PESs, as it is no longer diluted by the attractive
part of Vyum(R). ST shows a proper negative sign for nearly all rotational excited states, in accordance with the ball and
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Table 1
Experimental and theoretical steric asymmetries for rotational excitation of OH X *I1; 12,) = %,e = —1 in collisions with Ar at a collision energy of
746 cm™!
Final state® Steric asymmetry (%)
Experimental Theoretical results on UMP4 “Hard shell”
) J ¢ van Beek® 94% mi; = 3° 94% m; = 100% m; = 3° 100% m; = 3°
2 2 e 1.4+04 5.8 49 5.0 -21.4
f 50+1.9 4.9 10.7 11.2 -22.5
1 e -193+£1.0 =57 -12.1 -14.0 -22.2
f -1.3+£35 -1.2 0 0.5 -20.5
3 e -78.1+£1.3 -82.1 -12.1 -52.6 -50.6
f -232+254 —47.5 -5.8 -10.6 -36.8
i : e 9.6+1.8 11.8 0.4 0.5 9.1
f 22.3+3.1 -1.3 -7.5 -10.8 8.4
3 e 2.9+2.2¢ 3.7 -3.6 -11.6 -25.4
f -24.1+£2.6 —-18.1 -1.3 =33 =353
3 e 2.9+2.2¢ —40.7 -1.3 -89 -34.6
f -25.8+3.0 -34.6 -7.5 -10.9 -28.3

It should be noted that the published [6] steric asymmetry is defined as SF = (6% — ¢10) /(g1 4 ¢M0), while the present calculations use the
definition that follows from HIBRIDON in combination with the UMP4 and CEPA parameterization [8,18]: S = (610 — ¢OH)/
(a110 4 OM) = _gE.

#The label “e” corresponds with ¢ = 1 and “f” corresponds with ¢ = —1.

®Values from [6].

¢ Present calculations, this work.

4 Transitions for scattering into the % % e and % % e level cannot be separately resolved. Accordingly, the steric asymmetries in the experimental

column is the combined steric asymmetry for the %, %, f—»%, %, e and %, %, f—»%, %, e excitations.

stick model. Only the spin—orbit changing transition j = %,ﬁ =3 E—j= %,ﬁ =3,¢ = —1 carries an opposite sign
for SE. Comparison of the results of the “hard shell”” calculation with the outcome of the ball and stick model makes it
plausible that the present HIBRIDON calculations provide the improper sign for S€. One would not expect that the O-
end is preferred to yield high rotational states. Steric asymmetries are shown in Table 1 and Fig. 2.

50 50
Q=372ce Q=321
of 0 —
2 s °
? 50 TN -50 x
Q
-100 -100
1 2 3 4 1 2 3 4
} }
40
Q=12 40 Q=1/2,1
20
& 20 ©
— 0 A.\ffl,g
£ R —— of 1 s
® - .
20 -20 % R
-40 x -40 ‘
-60 -60
0 1 2 3 0 1 2 3

Fig. 2. Steric asymmetries as a function of the final state of OH-Ar at E;, = 781 cm~!. Note that the experimental steric asymmetry is taken conform
[13] and is defined as S¥ = (6O — ¢H0)/(°H + gHO), while the present theoretical results are plotted according to the definition following HI-
BRIDON parameterization and UMP4 and CEPA PESs S€ = (610 — gO1) /(610 4 gO1) = —SF. Experimental values [6] are indicated with open
circles “o”, theoretical results on the UMP4 PESs with 94% m; = 3 are given with a dotted line and a cross “x” [6]. Theoretical results from our work
[94% m; = % and 6% m; = %] and [100% 7; = %] are respectively given by a solid line and a star ““*”” and a dashed line in combination with a triangle
“A”.
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Table 2
Theoretical integral state-to-state cross-sections (A?) for rotational excitation of OH X M35,/ = 2,1 in collisions with Ar are listed for comparison
Final state E. =451 cm™! Eeo = 746 cm™!
Qo J' € Pure® Pure® Pure? pure®
3 3 e 16.5 16.50 11.5 11.40
f _ _ _ _
3 e 11.8 11.80 11.2 11.20
f 2.42 2.42 1.62 1.62
1 e 2.19 2.19 2.15 2.13
f 0.350 0.35 0.756 0.75
3 e 0.553 0.53 0.703 0.70
f 0.013 0.01 0.090 0.09
i i e 2.10 2.10 2.19 2.22
f 0.238 0.24 0.197 0.20
3 e 0.524 0.52 0.826 0.83
f 0.711 0.71 0.927 0.90
3 e 0.458 0.46 0.598 0.60
f 0.458 0.46 0.598 0.60
Total 37.86 37.73 32.76 32.64

A collision energy of 451 and 746 cm~! has been used. All calculations are based on the UMP4 PESs.
4 Present result.
®van Beek et al. [22].

As there is not a perfect agreement among the absolute theoretical results for S¢ on the UMP4 PESs as ob-
tained in this study and in [6], integral state-to-state cross-sections have been calculated to test the integration
procedure. Truncating the summation over the coupled T-matrix elements in Eq. (7) at J > 101 (E. = 451 cm™!)
and at J > 130 (E. = 781 cm™!), perfect agreement (Table 2) with “pure” theoretical integral state-to-state cross-
sections is reported [22]. We have no answer on the question why our results for S€ differ this much from previous
calculations [6].

Although the NO-Ar system is more homo-nuclear than OH-Ar, one can also apply the ball and stick model on this
system. The O-end is more round than the N-end, that extends further from the center-of-mass. From a ball and stick
model, one would conclude that the N-end will be preferred for high rotational states, but this is not what was found in
earlier experiments and theory [1,4,5]. The only exception in respect to this finding is the first (erroneous) measurement
of S by van Leuken, that did not correspond with theoretical results in the same paper [1]. Except this experimental
result, all published results for S of NO-Ar collisions show a negative value for S for high rotational states. This
indicates that molecules with high rotational states mostly carry back on O-end collisions. There is no satisfactory
explanation for this effect that goes against ones natural wit.

4. Theory
4.1. The coupled Schrodinger equation, T-matrix and scattering amplitude

The CMS in which the collision of an atom A and a diatomic molecule BC can be described allows for two dis-
tinguished conventions regarding the definition of R. The convention followed in most theoretical procedures [7,12,21]
uses the displacement vector of the center of A in respect to the CM of BC:

R:RA—BC:RA_RBC~ (11)
Alternatively, the “opposite” convention
R =Rpc_a = Rgc — Ry (12)

provides an equally well-suited definition of R. Both conventions are illustrated in Fig. 3. For the simplest (elastic) case
of the collision between the two particles A and BC, the scattering matrix T reduces to a row of dimensionless scalars.
The value of these scalars does not bear any relation upon the chosen convention of R (see, e.g. [10,23,24]). In the case
of rotationally inelastic scattering this also holds for the value of the CMS scattering angles (0, ¢»), whereas the
scattering matrix and the scattering amplitude could depend on the choice of R = Ry_pc or R = Rpc_4. In this section,
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Fig. 3. Incoming planar wave and outgoing spherical wave that represents a state-to-state collision between a molecule BC and an atom A. The right
panel depicts this process in the (A-BC) CMS with R = Ra_gc, the left panel reflects the so-called inverted CMS with R = Rgc_s = —Ra_pc. This
figure elucidates that a change from one convention to another also alters the Jacobi angles ¥. The Jacobi angles for both cases are related as
Ja—pc = T — Ipc—a. Note that the ¥ has to be distinguished from the CMS scattering angle 6 which denotes the angle between the outgoing and
incoming wave vectors k and &’.

we will show that a change of convention will not cause any problem in relation to the state-to-state differential and
integral cross-sections, as long as one refrains from orientational dependence.

To elucidate the influence of the choice of Ry_pc or Rgc_a on the T-matrix, the set of (close) coupled differential
equations that substantiate the Schrodinger equation of the scattering problem will be considered. When denoting the
total wavefunction as

i1.Q D0
Jil, Qe — R J.0I.Q.¢ a
I "M

1 _ .
W ER) = S0 U (R) Sl Ul M) m) )Y (R), (13)

the set of close coupled equations that has to be solved numerically becomes [11,12]

w o d? +h21(1+1)
2u dR? 2uR?

+(j,1,9,,J,M)|V]j, 1,Q, e,J,MJﬁ UMM (R)+ Y (1= 8;7000550.0)

j,l,ﬁ,e
YA
X (7, 1,9 € T, M)\ V)j, 1,9, 6,0, M) U™ (R) = 0. (14)

Ja

The radial part of the wavefunction of Eq. (13) obeys to the boundary condition

k.~
. T i.Q J
(R) = 0,701,105 Oc.cr €XP { - 1<k,-§ ‘R—1 5)} Ié.—ﬁ(fsj,j'fsz,l'%@'fsae' - 7}),,75",#%,‘5,5>
Js

X exp [i(kj,ﬁ-R—z'g)} —0. (15)

. J,.M,
lim U,
Rooo  JIQ ¢

When one assumes that the equations above correspond to the convention R = Ry _pc, Eq. (14) can easily be adapted
to the case R = Rpc_a, applying the inversion operator ig

YLWI](ﬁA*BC) = iRY/‘m[ (RBC—A) = (_I)IYI,mI(RBcfA)- (16)

Eq. (16) leads to
”odt RH(+1 — —
-t % U LB, 6T My V1] LB, M) |USY (Roca) + 30 (1= 8,0108550,0)

Ja e

< (1,2, T My|V1j, 1,86, M) (=) UM (Ruc4) = 0. (17)
JL Q2 e

Application of the boundary condition of Eq. (15) onto the solutions of the coupled equations Eqs. (14) and (17) leads
immediately to

J),A—BC _ I4+1I' 1+(J),BC—A
TVATC =l () pDBCA (18)
Q) 1,Q.¢ Q5,100 J Q€ ),1,Q,¢



300 A. Gijsbertsen et al. | Chemical Physics 301 (2004) 293-308
As elucidated in Eq. (5) T-matrix elements T JATBC and TV)BCA may be uncoupled, for example, to the regular
collision frame or to the reversed collision frame S’ubstltutlon on Eq le 8) into Eq. (7) yields the scattering amplitude in
the (BC-A) collision frame (Fig. 4):

fBC -A \/—Z 21+1 1/22(]+ )l 1 ] J ] j/ J 4
Iy 8 ¢ AN m; —m; 0 m; —mj mj— m;
X Y/’,m_,-—m’/,(f(/)(_1>[+[/ T(J)réTBC — . (19)

YRR BARY:

As noted by Alexander [3], the absence of coupling between incoming and outgoing states of different total parity leads
to

T_,«Yz)«,a’,cej,lﬂa,c =0 unless (—1)*" =e'(=1)7. (20)
Application of Eq. (20) in Eq. (19) yields
f/BcfﬁAﬂm T k) = jrjfj;%‘fw_ﬁm}ﬁ,,g (K)ec' (—1) . (21)

As illustrated in Fig. 4, the relation between the scattering amplitudes of Eq. (21) remains valid either within the
regular or within the reversed collision frame.

4.2. The m;-dependent state-to-state collision cross-section for non-oriented molecules
Application of Eq. (21) into Eq. (8) with S(E) = 0 and substituting this result in Eq. (9) gives

1 A—BC k/ ? _ 1
K2 ff,mfﬁwfam;ﬁﬁe/( | =z
Depending on the A—-BC or BC-A sign convention for the intermolecular displacement vector, the scattering ampli-
tudes and coupled 7-matrix elements do not have to be equal in sign. Eq. (22) however, shows that their relation to the
differential cross-section da/ iy B i T ,/dw does not depend on the choice of the A-BC or BC-A convention. In
addition to this, the insensitivity of the differential cross-section to the sense of rotation in the (regular or reversed)
collision frame do, my Besfol T /do = do, ,/dw [3] infers that non-oriented molecules do not yield a
different outcome for scattefmg calculatlons in the collision and in the reversed collision frame.

Not only the dependence of the differential cross-section on the scattering angle that is treated above, but also the
dependence of the total cross-section on the final state has experimentally been investigated [16,22]. The total cross-
section can be obtained by numerical integration of the differential cross-section do, iy el B /dw over the full
range of dw. The rapid diffraction oscillations in the differential cross-section can cause this 1ﬁtegrat10n to be cum-

bersome [3]. Alternatively, the integral cross-section can be obtained directly as an exact summation over products of

2
A W) (22)

f,nzj,Q.5—>_/’,m',

,/do =

G/,ny,ﬁ.e%jﬂm’/,!? €

—m; Q). 7m SZ €

rel

Fig. 4. Two convenient CM inertial frames in which a collision between a molecule and an atom can be described. In the regular collision frame (left
panel) the relative velocity v is directed parallel to the Z axis of m; and m; quantization. In the reversed collision frame (right panel) v is directed
anti-parallel to the Z-axis, thus giving the opposite sign for all m; and m; quantum numbers. Both panels depict the A-BC CM system with
R = Ra_pc. The T-matrix elements themselves do not depend on the choice of the coordinate frame. Eq. (29) of [25] relates the scattering amplitudes
to the T-matrix for arbitrary orientation of the coordinate frame of which the Z axis provides the quantization axis. Application of this expression
leads to an extra multiplication factor (—I)M to the 7" matrix elements in Eq. (7) when one applies this formula for the reversed collision frame. Note
that the same multiplication factor (71)’”/ appears in Eq. (18) when one switches from the (A-BC) CMS (R = Ra_pc) to the inverted CMS
(R =Rpc-a)
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T-matrix elements by making use of the orthogonality properties of the spherical harmonics Y]/,mj,m} (R’ ). The con-
tributions to this summation are restricted by Eq. (20):

«

7 > Wmmﬂxyﬁ)(;‘ J l)(/ J 1’/)

o. = 5, =
jﬁmj,Q,rﬂ]’}m’/,Q N k2 m: —m: 0 m: —m: O
JJ'LII (141" even) ] J J J

*/ ! ~/ ! !
Jj J / iy [ (I=1")/2 o J!
(7, (7 R e o)
mj —m; mj—mj m/. —m; mj—mj JLQ " Qe JLNQ € 1LQe

Since the detection selectivity for the scattered BC molecules is typically too low to resolve m’, the experimental ob-
servation relates to

O-jﬁmj ,§,e~>j’«,§,,f’ = Z O-j,mb,-.ﬁ,eﬂj’,m; ,5,,6’ . (24)
',
J

This allows one to contract Eq. (23) to

I 1"
_ J (= (1=1")/2 s J
O-j4m_/a§,e—rj’,§,,e’ - kZ Z Clvl”(‘]’ mj)( 1) ]}’,l’,al,e’;jﬁ]”,é,sTj’,lﬂﬁ/.s’;j.ﬁﬁ,f’ (25)
JLLILI (141" even)

with
J . _ j J 1 j J U
o (jymy) = V21 + V20 + 12T + 1) . (26)
‘ mj —m; 0 )\mj —m; 0
Note that C/,.(j,m;) = Cy. ,(] m;) = (— )H[ CJ(j, —m;). In experiments with NO [1,5] the initial state is selected in
Jj =1, which leads to m; = 5. Because of Eq. (26), I"=1'=J+ L
1 1 2J+1
Cly (ga ) C. J+‘<§’mf> =5 (27)
Combination of Eq. (27) with Eq. (23) gives a convenient expression for the integral cross-section:
— n Jx J
TimBe—y@e = 252 Z (27 +1) [T' 19 e 11967;’ 19 ek 0 (28)

Jl =) £}

The explicit expression for the integral cross-section of Eq. (28) for j =2 with m; = 3 and/or m; = 1 (OH experiments
[13,14,22]) contains a more extended summation over / and /”. Non-zero contributions may occur in Eq. (26) when
I=0'=J+31=1I"=J+3andl=J+3,I"=JFlorl=JF3,I"”=J+3 Application of Eq. (26) for m; = 3 leads
to

33 2J+1F2)(27+1)
J
3l =9~ = 5 2
Craos (2 2) 827 +1+1) (29)
33 3(W+1F2) (27 +1)
Lo 30
CJ*"* (2 2> 82/ +1F1) ’ (30)
33 33 327 —-1)(27+3)(2T+1
CJﬁJ 1 Cj i3\ 5y \/ )( ) (31)
=\2'2 TR\ 272 8(2J+1ﬁ:1)
The integral cross-section can be calculated after substitution of Egs. (29)-(31) in Eq. (25):
(2‘] + 1 + 1) J * J
G%,ﬁ/:%‘ﬁyg_;j/ﬁ/’e k2 Z 2J + 4 ]42 (2] + 1+ 1) 7}/,11,5/45/%,145,67;/7[/,51,6/1%71,576
Z 2J+1:F2TJ*_,;_TJ _,3_—£ Z (27 - 1)(2J +3)
4 (2T +1F1) /r@dnlle jIQ e300 2 2J+1+£1

-y i] I=J43,1"=JF}

S J
x Re| T" T . 32
e< '1’95'3195/1'95'31”95 ( )
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To complete the treatment for OH, application of Eq. (26) for m; = 1 leads to

31 327 +14+2)(27 +1)
J ey =
C&%ﬁ<2?> S +1£D) (33)
31\ (+1+£2)27+1)
J T~ o~ =
Ci]i‘<2’2> 8(2J+1q:1) ) (34)
3 ] 31 327 — 1)(2J +3)(2J + 1
iy (25 —V3( ) ) "
4:7 22 T2/ 2 2 8(2]+1i1)
The total cross-section can be calculated after substitution of Egs. (33)—(35) in Eq. (25):
_ T 3 2J+14£2) . :
G%ﬁj:%ﬁ e— ', Q € - ﬁ ;(2«] ‘|‘ 1) Z 123 m]},ﬁ],’ﬁ"e,%’l,ﬁ‘s];,.],‘5/,\:,%‘175‘6
" +
(27 +1£2) . »
Z = %m Jr 0 @310 10 310
V3 (27 —1)(2J +3) . §
+ 7 Z 2J + 1+1 Re <7;/7]!751’5,%’]15?(]},11,’5%,%4’1,,15‘() . (36)
I=J43,1"=JF}

4.3. The m;-dependent state-to-state collision cross-section for oriented molecules

The next issue that will be addressed is whether the choice for either the Ry_pc or the Rgc_4 displacement vector
affects the orientational dependence of the collision cross-section. As a first step notice that |j, +m;, +Q) and
I/, Fm;, FQ) correspond to wavefunctions that, respectively, favor head and tail orientation of the BC molecule along
the Z-axis (which is the quantization axis). As pointed out by Loesch [26] collisions on the C-end of the BC molecule
are preferred when the B-end favors to point along v, in the (A—BC) CMS. In the (BC-A) CMS used by Stolte et al.
[27,28], collisions impinging onto the B-end of the BC molecule are preferred when the B-end favors points along vy.

Depending on the direction of the orientation field in the scattering region (E 17 v or E T] v) collisions on the
head or on the tail of BC are preferred. The oriented wavefunction in the regular collision frame may be written as

|j,:|:mj,§,E>:oc |],:tmj,Q eu>+[)’ |],:|:mj,Q, eu> (37)
or as

|j, £m;, QE) = a(E)|j, £m,;, Q,e,) — BE)|j, £ m;, Q, — €). (38)
Taking the limit for a high field E («(E) = f(E) = %\/5) and subsequent substitution of these states in Eq. (3) leads to

Jlim |j, £m;, Q. E) = |j, £ m;, + Q) (39)

or
lim |/, £, Q,E) = e j, £, — Q) (40)

The pairs of oriented wavefunctions that favor collisions onto the head (B) of BC in the regular frame of the (A-BC)
CMS and onto the tail (C) in the regular frame of the (BC-A) CMS are represented by
w(E)|j,m;, Q,e0) — B(E)|j,m;, Q, —e,) and  «(E)|j, —m;, Q,e,) + B(E)|j, —m;, Q, —€,). The pair of wavefunctions
w(E)|j,m;, Q, e.) + B(E)|j,m;, Q, —e,) and a(E)|j, —m;, Q, e,) — B(E)|j, —m;, Q, —e,) favor collisions onto the tail (C) of
the molecule in the regular frame (A-—BC) CMS and on the head in the regular frame of the (BC-A) CMS.

The orientation-dependent contribution

%(daHmd/dw —do™/dw) = (41)

@ AO—j,mi,- Q.E—] ,m; «ﬁl,s’
of the cross-section follows from Egs. (8) and (9), upon insertion of the proper sign for f(E). In the A-BC CMS one
obtains

4, = A EE) 5 [ SR KA (R . “2)

d(,{) Jms QE*}// ml Q < m k2 j«,m_st‘u:j/sm}:Q/f/ JomjQ,—euj m Q !




A. Gijsbertsen et al. | Chemical Physics 301 (2004) 293-308 303

The complex conjugate is indicated by cc. Note that initial states with m; = 0 cannot be oriented because of m; - Q = 0.
When one compares Eq. (42) with Eq. (15) from [4], a sign mismatch appears when one assumes positive values for o
and f§ conform the caption of Fig. 3 of [4]. In HIBRIDON, it is assumed that one works in the A-BC CMS, but the
oriented wavefunction is taken with respect to the BC-A CMS similar to [1]. In the BC-A CMS, one gets

L s, =T BB g | 1O RN () e (#3)

_ - _ - _ —
j,m/',Q,EH/,m"/‘Q e mj 'jAmj,Q,eu;j’Am;,Q,f’ 'j,m_,u!l,ffu:j’,m’/,Q/,f’

which yields the incorrect sign of S when one ignores the A-BC and BC-A dependence of the scattering amplitude that
is based on the coupled T-matrix of Eq. (20). When taking this dependence into account by combining Egs. (22), (42)
and (43), identical outcome in the A-BC and the BC-A collision system results in { (d¢"**! /dw — de™! /dw). This can
offer an explanation for the discrepancy between the experimental and the theoretically calculated values of S for OH-
Ar as presented in Section 3.

The expressions of Egs. (42) and (43) both relate to the regular collision system. A switch from the regular to the
reversed collision system also induces an additional sign change in Eqs. (42) and (43). The oriented states as defined in
[1, Egs. (8)—(11)] relate to the collision frame of the BC-A CMS. The m; summed orientational dependence of the
integral A-BC collision cross-sections becomes

1 Head Taily __ d
E (O' — 0 ) = . d(,l) Zl a Ao-j,m,"ﬁfﬂj/,m;,ﬁ/,ﬁ” (44)

which, after defining Ag;, 5, 5. = Zm; Ao and making use of Eqs. (1.58) and (2.32) of [10] can be

jmpQE—j m Q¢
expressed as ’

-2n J L =11 (A—BC)x (A—BC)
AO‘L’"/‘»EE"/—E’G/ - k2 OC(E)B(E) ”z: C””(j’n/lj) X (_1) ’ Im(T;{,llﬁlf’:ﬁl,ﬁ,fu7’;’{1’75,,6’;]71!/75,fu ’ <45>

JL1I" (1+170dd)

In experiments studying the orientational dependence of state-to-state rotational energy transfer of NO [1,5], a state
with j =1 and m; = 1 is selected. In this case, the summation over / and /" restricts to / =J £1, " =J F1. From Eq.
(26) it follows that

11 1
Cji%ﬁ%(i’i) :E(ZJ+I). (46)
Consequently, Eq. (45) can be reduced to
T (A—BC)x (A-BC)
AO‘%‘m./sﬁsE"f’ay«," B ﬁ OC(E)ﬁ(E) ;(Z} + 1)11’1’1 <T;,lﬁﬁ,d;%]-%—%,ﬁg];’/,l’,a,e’;%,J—%ﬁ,—e) : (47)
This result can be transformed to the T-matrix / + j — J coupling scheme of van Leuken et al., using Eq. (6):
_r (A—BC)x (A—BC)
AJ%1"11’15~E"j,‘§/»5, - kZ O((E)B(E) ;(2‘] + I)Im <T;’,,‘/’4Q/,e’;./+%,%,!2f 771]’,52((’;]%%,9,() : (48)
Comparison of Eq. (48) with Eq. (21) of [1] shows that for the theoretical results
(GHcad - aTail)This work — (O-Hcad - O-Tail)van Leuken* (49)

This implies that the theoretical sign of S as obtained by van Leuken et al. [1] is correct.

The orientational dependence of OH in collisions has been studied for incoming oriented molecules with
Q=j=m = % [6,13,14]. In this case, the summation over / and [” in Eq. (45) reduces to respectively:
l=J£30I"=JF3 1= 1"=JFLi=J+12L/"=U+1F) and 1= -1£11"=J—-1F1 Applica-
tion of Eq. (26) for m; = % yields for these special cases

o (331 [ -D@+3)
JEI53\ 272 8 2J(2J +2)

33\ 3 [(27-1)(2J+3)
J 1 1 4= = = ( 1 51
CJiz,m(z’z) 8 2J(2J +2) @7+ 1), 5D

(27 +1), (50)
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c’ (3 3) :ﬁu(ijl) (52)

IR 22) 8 20 (20 +2)
and
33 V3 (2 +3)
J JEE— [ A 2’
CJ liJ 1¥(2’2) 8 2](2]+2)( +1) (53)

Subsequent substitution of Egs. (50)-(53) into Eq. (45) gives

_-r 1 (27 =1)(2J +3) a8 (A—BC)
AO’%,%:%,QEH}",H,U = FQ(E)ﬁ(E) Z(ZI +DIm [ ) WT{ I’Qtf’,z,JJersT;J’l’Q REWEY R

J, e

+§ (2J — )(2J+3)TJ A-BC)x 7/-(A=BC)
8 2](2J+2) JE @38 a3 10~

V3 (2 -1) 7/(A-BO) 7/-(A=BC)
2J(2J +2) N e LW RN W N o F W R o

8
é (2 +3) 7/ {(A=BO)» 77-(A-BC) (54)
8 Z](Z] + 2) j’,l’,ﬁ/,s’:%,Jfé.ﬁ,e j’k/’.ﬁl,e’;%“lf%,a.fe ’

Similar to the case of m; = 3 3 (yielding Eqgs. (50)-(60)) application of Eq. (26) for m; = 2 gives

; 31) 3 /(=12 +3)
C&Jﬁ<§5>___§ 2J(2J +2) @7+, (53)

Crapss (3 D - (”MZ("YJ Pers, (56)
; 31\ V3 (2J+3)
CJ+1i—J+l¥Z(§’§) =3 W(th 1) (57)
and
; 31\ V3 (-1
G 11— 1¢-(2a2) *?\/m(y+l)- (58)

Subsequent substitution of Egs. (55)(58) into Eq. (45) for m; =1 results in

_ T 3 /(27 =1)(2T +3) s a- BC)* (A-
Aoy yaey i = “EE) D + ”Imlg arra eseran s 1o

1@ -D( + 3)TJ A-BC)x 7/-(A=BC)
8 2J(2J —+ 2) v l’,Q e’,i]+2§,f j’,l’,af’:%,./f%,ﬁ,fe

n ﬁ (2J +3) /- (A-BC)+ 77-(A=BC)
8 /2T +2) /18 ¢RIRe 18 ¢3s 0

+£ (27 1) [HA-BO U (A-BO) (59)
8 2J(2J +2) 7 e O e o Vo O W oy I

The equations above describe a recipe to calculate % (gHead — gTail) "which presents the numerator of S as defined in Eq.
(1). Its denominator 1 (¢"*¢ + g™") can be calculated using Eq. (42) as

1 ea ai
E(O—H d+O—T l)zfxz(E)o-jm,Qf H/’Qe +ﬁ( ) jm,Q eua/’Qe (60)

In the case of j = % and j =3 3 Egs. (28), (32) and (36) provide a recipe for calculation of 0y By B Substitution of
, in Eq. (60) ylelds S.

Cjm By @ e
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5. Re-evaluation of the experimental sign of the steric asymmetry

Except for the very first tentative observations [1], the experimentally obtained values of S for NO-Ar confirmed the
theoretical predictions [3-5]. Both calculated and experimental values of S for high ;/ are in disagreement with a ball
and stick model. The present (close-coupling) HIBRIDON calculations for OH-Ar result in a sign for S that is im-
proper compared to earlier measurements and which is also opposite to the ball and stick model. As argued in Section
4.3 below Eq. (43), this can be explained by the fact that the oriented wavefunction in HIBRIDON carries an actual
orientation that is opposite to the denoted one. The assumption that the ball and stick model is correct for OH-Ar,
implies that the sign of S for HIBRIDON calculations (probably also for NO-Ar) has to be reversed. This raises the
question whether the experimental results for NO-Ar have to be revised, possibly due to errors in the experimental
procedure. Therefore the experimental sign of S has been reinvestigated to explore this possibility. As a first step, the
direction of the orientation field in relation to the data acquisition and control software has been checked. Using a
voltmeter, the voltage on the rods of the orientation field was measured and found to be in correspondence with the
assumed value in the software.

To exclude the possibility that the previous experiments had been carried out incorrectly, the steric asymmetry has
been remeasured for NO-He (at E,; = 514 cm™!) for a transition to the final state j/ = 4.5, @ = 1, ¢ = —1. This re-
measurement has been carried out under similar conditions as in earlier measurements for NO-Ar and NO-He [5,16],
but with a more powerful laser and a new data acquisition program. The earlier measurements on NO-Ar and NO-He
showed that NO-He yields the same sign for S as NO-Ar [16]. In both measurements laser induced fluorescence from
the 422 (v = 0) state was used to determine the total number of molecules scattered into the j/ =41, Q@ =1 ¢ = —1
level of the vibrational ground state.

The laser system that was used in earlier work has been replaced by a more powerful excimer pumped dye laser
system (Lambda Physik EMG 201/FL 3002) equipped with a frequency doubling unit to generate the tunable 1 = 226
nm (output 1.5 mJ/pulse). This new laser system required a new timing and control system for which new software was
developed. New software for data acquisition was also developed and the orientation voltages were tested once again
and found to be correct. A value of S = 0.28 £ 0.02 was obtained earlier by de Lange et al. in the case described above
[5]. Our remeasurement yielded a value of S = 0.39 + 0.15 which confirms the correctness of de Lange’s NO-Ar data
collection procedure.

The next step in our re-evaluation was to look for physical explanations for an orientation of the NO molecule in the
scattering region, opposite to the expected orientation. Opposite orientation of the NO molecule would change the sign
of the theoretical predicted S, so N-end collisions are preferred for excitation to high rotational states. If a molecule in
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Fig. 5. LIF excitation spectrum of 42X (v = 0) « X 2I1; (v = 0) transition of the hexapole state selected NO beam, taken under the same con-
ditions at which S was remeasured. The spectrum is somewhat saturated and an orientation field of £ ~ 16 kV/cm is applied that is expected to induce
about 25% mixing with the lower component (e = 1) of the A-doublet [9]. The Ry, and the Q) originate from the hexapole selected upper e = —1
component of the j :%A-doublet. The Ry1 /0> transition, that originates from the lower component of the A-doublet is due to the mixing of the A-
doublet, caused by the orientation field. When the field is switched off, the center peak (R;; /0, branch) disappears, while the other peaks remain. In
absence of saturation and at equal population of both components of the A-doublet component, LIF intensities will be proportional to Honl-London
factors giving a ratio of Ry : Q11 : R11/Q21 as 1:2: 3. Clearly the spectrum shows approximately 25% mixing in the lower A-doublet component.
This means that the NO molecules in the scattering region are in a low field seeking state. A Majorana flop is excluded.
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a low field seeking state undergoes a rapid change of the electric field along its path, this can result in a sudden change
of the low field seeking state into that of a high field seeking state. This phenomenon is known under the name
Majorana flop [27,29]. When such an effect would occur in our setup the sign of the experimental reported S would
reverse and agree with the proper sign (in accordance to the ball and stick model) of the theoretical S, as argued in this
work. The presence of an orientational Majorana flop has been investigated experimentally by examining the LIF
spectrum of the 42X (v = 0) « X °II;(v = 0), under the same conditions at which S was remeasured (Fig. 5). When no
orientation field is present, one expec%s to see only two peaks for the hexapole state selected beam, the R,; and the Oy
branch. If a field is applied, mixing of A-doublet as defined in Eq. (8) will take place and the peak of the R;;/0»
branches appears. Peaks belonging to the lower and high field seeking A-doublet state will occur and grow with in-
creasing orientation field strength. This effect is seen, but in the case of a Majorana flop, the high field seeking R;;/0»)
peak ought to dominate the spectrum. In the experiment it does not. The experiment shows that it is the low field
seeking component of the /A-doublet that is present in the collision region. This component orients with its negative end
towards the negative electrode of the orientation field rods.

6. Discussion and concluding remarks

Theoretical and experimental results for S in NO-Ar collisions showed an O-end preference for transitions to high
final rotational states [1,5]. From a (classical) ball and stick model one would expect the N-end to be preferred, as the
torque that can be applied on the N-end is larger. For collisions of the less homo-nuclear OH molecule with Ar, the
simple ball and stick model does apply. The H-end is preferred for high rotational states in both experiments and
theoretical results [6]. To our knowledge, there is no satisfactory answer to the question why S for OH-Ar does behave
as expected, while for NO-Ar it behaves oppositely. Application of a newly developed semi-quantum mechanical
model [17] yields reasonable values for the amplitude of S, but gives a sign for NO-Ar that is opposite to experimental
one. For OH-Ar it yields the proper sign, so its result can in both cases be explained by the ball and stick model. The
present quantum mechanical (HIBRIDON) calculations on collisions of OH-Ar (this work) yield an opposite sign of
S: a preference for O-end collisions for transitions to high rotational states. Although this does not correspond to the
ball and stick model, it is consonant with the NO—Ar results.

Assuming that the OH-Ar measurements are correct (as they can easily be understood), then HIBRIDON calcu-
lations yield the wrong sign for S. A sign error in the expressions of van Leuken [1] for collisions involving NO is
excluded, as can be concluded from the outcome of Section 4.3. A feasible possibility is an error in the implementation
of HIBRIDON. In HIBRIDON it is assumed that one works in the A-BC CM system, while the oriented wave-
functions are taken in respect to the BC-A CMS. This inconsistency induces a switch of the sign of S. Implementation
problems in the adapted version of MOLSCAT could not be explored, as its originator Prof. J. Snijders sadly passed
away in 2003 and no documentation was left.

When for NO-Ar the sign of quantum mechanical calculations has to switch as well, all theoretical results are
consonant with the ball and stick model. The experimental results for NO-Ar have been checked and were found to be
opposite to the ball and stick model. Experimentally, it has been shown that molecules in the collision region are in the
low field seeking state. The negative end is assumed to correspond to the head (N-end) and the positive end to the tail
(O-end) of the NO molecule. Under this assumption, the actually observed steric asymmetry S is given by:

g —o"

o +ot
The cross-sections ¢~ and o, respectively, indicate the cases in which the negative and the positive end of the molecule
preferentially point towards the incoming atom. If the sign of the NO(v = 0, X 2IT) dipole moment would be reversed,
N+O~ instead of N~O, the experimental sign of S would be in agreement with the ball and stick model.

The absolute value of the small electric dipole of NO(v =0, X 2IT) has been measured with high precision
(0.1574 £ 0.014 D) by Hoy et al. [31], whose result is in reasonable agreement with the ab initio value: 0.1732 D [32].
Although the absolute value of the NO dipole moment is well known, even the highest precision experiments cannot
determine the sign of the NO dipole moment, i.e., N~"O" or NTO~ [33]. In past experiments [33-36], the assumed sign
of the NO(v = 0, X 2IT) dipole is based on the outcome of large series of ab initio calculations that all reported N-O*
[32,37-40]. Taking into account recent experiments by Matsiev and coworkers [41] and predictions by Drabbels and
Wodtke [33], a flip of the sign of the dipole moment seems not to be feasible.

Except for the sign of S, there is a good quantitative agreement regarding the amplitude of S between NO-Ar
collision experiments and their theory. Thus the possibility that the CEPA and CCSD(T) PESs are not accurate en-
ough, can be excluded. Besides this, the observed excitation spectrum of the bound Ar-NO(v = 0, X 2IT) van der Waals

(61)
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complex has been found to agree very well with its theoretical prediction based on the CEPA and on the CCSD(T)
PESs [30]. This does not exclude that the labels for the N- and the O-end in the PESs might be wrong. However, it is
very unlikely to assume that the heavier O-end extends further from the center-of-mass than the N-end.

A very unlikely option is that van Beek et al. made an experimental error and that also their previous theoretical
calculations carry the wrong sign for S [6]. In this case both NO-Ar and OH—Ar behave oppositely to the ball and stick
model. The previous theoretical calculations [1,3,4] for NO-Ar and the present calculated values of Table 1 for OH-Ar
are found to agree with experiments.

The last option is that only the present HIBRIDON calculations (as listed in Table 1) are erroneous, due to errors
outside the actual program (e.g. input parameters). Previous calculations for both NO-Ar and OH-Ar could not carry
these errors, which would explain the agreement between the theoretical and experimental sign for both cases. This
cannot explain the opposite behavior of S for NO-Ar and OH-Ar, where OH-Ar does and NO-Ar does not behave as
expected from a ball and stick model. Although this last option can never be excluded completely, no errors could be
found.

Clearly, to render a satisfactory explanation for the sign issue concerning the steric asymmetry and to resolve the
disagreement between the experimental and predicted theoretical values for S, further work is required.
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