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ABSTRACT

One of the aims of the chemist is to obtain the greatest possible level of control over the outcome of a reaction. A factor that can influence such
outcomes is the so-called steric effect. The underpinning idea of this effect is that the mutual orientation of the collision partners at the moment
of collision may impact the nature of the products. The steric effect has been studied in a variety of ways, notably using optical methods, as
well as making use of both magnetic and electric fields, to orient or align reactants. Here, we present a general framework for interpreting
and evaluating steric effects in collisions of open shell linear molecules with an atom in the presence of an electric field. While in previous
studies, the theory has been limited to the specific system of interest, such as for the end-on collisions of NO(X), this new formalism provides
a fundamental basis for examining any system of this type. Some examples of the utility and power of this formalism are also provided. This
theory may then be built on further in the future to provide greater insights into the stereodynamics of collisions and, hence, provide the
foundation for deeper study into how the steric effect may be harnessed for control.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0261118
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I. INTRODUCTION

The steric effect is a concept that has been embedded in chem-
istry since its very beginnings as a molecular science. The steric fac-
tor was introduced into chemical kinetics, somewhat phenomeno-
logically, to account for the lower values of the rate coefficients
of some reactions compared with those calculated using the sim-
plest hard-sphere collision theory."”” The underlying concept is that
chemical reactions and inelastic processes are governed by specific
requirements with respect to the relative orientation of the collision

partners. Therefore, one of the goals of chemistry and molecular
physics is to investigate how the inelastic or reactive collision prob-
ability changes when the collision partners are polarized, that is to
say, how the various observables related to the (inelastic or reac-
tive) collision dynamics are affected by certain orientations of their
internuclear axes. Unveiling the relationship between the initial and
final scalar and vector quantities, and in particular the polarization
of the collision partners, furnishes one of the most important and
intuitive concepts in chemistry: the (inelastic or reactive) collision
mechanism.
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A given experiment designed to study the effect of the polar-
ization (orientation and/or alignment) on the collision dynamics
consists of preparing a distribution of the internuclear axis using
optical transitions or electric or magnetic fields. Ideally, one would
like to make this distribution as sharp as possible in any arbi-
trary direction. The experiment would then require the measure-
ment of integral (ICS) and/or differential cross sections (DCSs)
for different initial internuclear axis distributions. The preparation
of such axis distributions is typically made through the media-
tion of the rotational angular momentum. This can be achieved
directly, by preparing a distribution of magnetic quantum num-
ber, m, states (which can be classically considered as the direc-
tion of the rotational angular momentum vector, j), for example,
via an optical transition (resonant or Raman) or by the Stark or
Zeeman effect.

If the initial and final relative velocities, k and k', respectively,
are known, the simplest vector correlation is k-k’. This correlation
is described by the DCS (or angular distribution), proportional to
the probability of scattering into a specific final state with a specific
scattering angle, 6. DCSs are routinely measured in crossed molec-
ular beam experiments in which the initial relative velocity of the
collision partners is well-defined, and therefore, the scattering distri-
bution after the collision event may be measured, for example, using
velocity-map’ ion imaging.* Of course, the k and k' vectors are not
enough to fully characterize a system of interest, and even for the
simplest case of a diatomic molecule colliding with an atom, four
vectors are necessary to describe the system completely.”” In princi-
ple, using methods to control the initial polarization of the reactants
such as those presented here, as well as the detection of the prod-
uct rotational angular momentum, j', one may completely describe
the scattering dynamics of a system with the four-vector correlation,
k-r-k'-j’, where r is the initial polarization of a specific internu-
clear axis. One could also measure or infer the correlation k—j-k'—j’,°
where j is the initial polarization of the rotational angular momen-
tum, as j and r are not independently distributed.” Since j describes
the plane and sense of rotation of the diatom, the distribution of
directions along which the internuclear axis of the diatom lies is
also defined if the polarization of j is known. Most commonly, how-
ever, only three-vector correlations, such as k-k'—j’, which specify
the alignment or orientation of the final rotational angular momen-
tum at a given scattering angle, are determined. The counterpart is
the k—j-k’ correlation, which tells us about the effect of the polariza-
tion of the initial rotational angular momentum (or the internuclear
axis) on the outcome of a collision.

From a theoretical point of view, many calculations only focus
on scalar properties, such as the integral cross section, the opac-
ity functions, or the thermal rate coefficients that depend on the
square of the elements of the scattering matrix, S. To calculate vector
properties, it is necessary to consider also the phase of these ele-
ments. There are several approaches and formalisms to account for
three-vector correlations. In this and previous work, we make use
of the scattering angle dependent multipole coefficients or Polar-
ization Dependent Differential Cross Sections (PDDCSs) that are a
natural extension of the DCS with unpolarized collision partners.
They quantify the dependence of the collision on the polariza-
tion of the rotational angular momentum, j-PDDCSs, or of the
bond axis, -PDDCSs, as a function of the scattering angle. The
meaning of the latter is analogous to the j-PDDCSs’ ~ except for

ARTICLE pubs.aip.org/aipl/jcp

the fact that they contain information on how the direction of the
bond axis, r, influences the reactivity, while the j-PDDCSs are con-
cerned with the role of the direction of the reactant’s rotational
angular momentum, j. The PDDCSs can be readily calculated from
the S-matrix at a similar computational cost to the DCS. They
behave as spherical tensors (multipole moments) upon the rotation
of the reference frame, and each of them is characterized by rank
and component.

As in previous work, we will make the distinction between
extrinsic and intrinsic polarizations.® The extrinsic polarization
tells us how the collision partners have been oriented relative to
each other prior to the collision and quantify the anisotropies of
j or r in the asymptotic region. In contrast, the intrinsic polar-
ization moments quantify the dependence of the reaction cross
section on the anisotropies of the rotational angular momentum and
molecular axis distributions of the reactants. They are determined
by the collision dynamics rather than by external circumstances
(the experimental setup). Whereas the calculations of intrinsic
moments require the full S-matrix, extrinsic moments are inde-
pendent of the collision dynamics. As has been shown in previous
work,”” the measurable DCS, subject to a given preparation of
the internuclear axis, will require the combination of extrinsic and
intrinsic moments.

It is important to distinguish the concepts of orientation and
alignment when discussing both the initial bond vector, r, and
the initial rotational angular momentum, j.1 L12 While both terms
refer to the polarization with respect to a specific reference axis,
both are required to fully describe the steric effects at play in most
systems. In a diatom-atom collision, the diatom is aligned if r is
either parallel (end-on) or perpendicular (side-on) to k, as shown
in Fig. 1(a). The diatom is oriented if the internuclear axis points
in a specific direction along the axis of reference. If the direction
of r is parallel or anti-parallel to the z—axis (defined by k) or to
the x—axis (perpendicular to k), the orientation is end-on and side-
on, respectively. Similarly, the system can be described in terms
of both the initial and final rotational angular momenta, j and
j'. It is important to stress that not all molecules of interest may
be both oriented and aligned in their ground state configurations:
for example, molecules in j=1/2, such as NO(X) in its ground
state, may only be oriented with respect to a specific axis, and not
aligned. From a theoretical point of view, orientation and align-
ment correspond to odd and even rank moments. The description
of a collision with aligned molecules requires only moments whose
rank is even.”'”*’

Here, we develop a formalism that both complements and
expands upon previous work examining the stereodynamics of col-
lisions of NO(X) with rare gases through the r-PDDCSs. Indeed,
we present general expressions for the r-PDDCSs for atom-diatom
collisions, in which the diatom is in a *IT state, and illustrate the
significance of these moments through some experimental and the-
oretical examples. Note that our treatment applies to situations in
which the molecules remain in well-defined j-states, and the Stark
shifts induced by the applied electric field are small relative to the
total energy of the experiment, the treatment of which would require
full consideration of the Stark effect on the system.”** New calcu-
lations are presented for the scattering of oriented NO(X, j = 1/2)
with a range of collision partners, as well as for OH(X) + Ar, in
which OH is initially oriented in the j = 3/2 state. For both systems,
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a) Alignment Z\lk Z|k
(head-on vs side-on) ’
X X

© ©

b) End-on orientation c) Side-on orientation

Z|l k 'Zlk lZIIk lZIIk

© ©

FIG. 1. lllustration of the difference between (a) alignment, (b) end-on orientation,
and (c) side-on orientation of the internuclear axis (r) of a diatomic molecule (z-
axis parallel to k). In panel (a), the molecule is aligned either along the z-axis
or along the x-axis, with equal probabilities for either end to be pointing up or
down, and left or right, leading to head-on and side-on encounters, respectively.
The molecule is oriented when the internuclear axis points in a specific direction
along the axis of reference. In the examples shown in panels (b) and (c), the
diatomic molecule is oriented either parallel or antiparallel to the z—axis or the
x—axis, respectively. Reproduced with permission from Heid et al., Nat. Chem. 11,
662-668 (2019).

comparisons are made with previous experimental results, where
these are available.

Il. THEORETICAL FRAMEWORK

In the following, we consider the case in which the initial
quantum state of the molecule is selected by means of an elec-
tric hexapole, but the derived stereodynamic formulism is readily
applicable if other methods for initial quantum state selection are
employed.

A. Alignment and orientation of the internuclear axis
of an open shell linear molecule by electric fields

For a pure Hund’s case (a) open shell diatomic molecule, the
electronic-rotational state may be written as a direct product of the
rotational state [jm() and the electronic state |[AX). The total angu-
lar momentum of the diatomic molecule excluding the nuclear spin
is denoted by j, while its projection onto the internuclear axis, which
is taken as the molecule body-fixed (BF) z-axis, and the space-fixed
(SF) Z-axis is Q) and m, respectively. A and X are the projections
of the electronic orbital and spin angular momentum, respectively,
onto the BF axis. The rotational state wavefunction can be written in
terms of Wigner rotation matrix elements,

‘ 2j+ 172 .
|]mQ):[ I ] DI, (®n 00, ), (1)

where ©,, ©,, and X, are the Euler angles that relate the BF and
SF frames. The total wavefunction can be symmetrized as a lin-
ear combination of +Q and —Q states, where the bar represents
the absolute values such that the resulting eigenfunction has a
defined parity,
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T lmIAS) +em- @ -A-5)], @
where ¢ = +1. The relation between the parity p (symmetry with
respect to inversion in the BF frame) and the symmetry index &
is p = e(~1)"%, which for S =1/2 can be written as p = (~1)/"%,
Therefore, for each value of Q, there are two states, known as the
A-doublet states. States with ¢ = +1 and —1 are designated as e and
f states, respectively. In what follows, we will ignore the electronic
function |AX), as we are only interested in the sum of A and X to
yield Q.

As discussed elsewhere,'””" if a beam of open shell diatomic
molecules with A > 1, such as NO(X*II) or OH(X’II), propa-
gates along a hexapole electric field, the electric field will act as
a state selector, focusing just one of the A-doublet states. A non-
homogeneous electric field of this kind is created by a circular
arrangement of six electrodes that are alternately positively and
negatively charged. This produces an electric field with magnitude,

[imQeAs) =

R
E(R) = 3Vo—, 3)

Ry
where R is the radius from the center of the hexapole, Ry is the inner
radius of the hexapole, and Vj is the magnitude of the potential
applied to each electrode. The Stark energy, assuming that the field
is insufficiently strong to cause mixing of states with different values

of j, is then given by

Wstark = S(EZA - (EZA) + (MEK) ) 4)

where E, is the energy splitting of the A-doublet states, y is the
magnitude of the electric dipole moment of the molecule, and
x = mQ/j(j+1). Hence, the force experienced by the molecules in
the field is described by

F
F(R) = —dvgzark o o =, (5)
1+ (E—A)
FoR
where
_6VhR

Fy = U R(3) (6)

In the limit of E5 <« 2 pkE,
WStark =—¢€ k!fl E. (7)

Usually, in a supersonic expansion, only the ground state
is significantly populated, which for NO would be [j=1/2, m
=+1/2, O =1/2),and for OH |j = 3/2, m = +1/2,+3/2, Q = 3/2).
Before the hexapole, both A components are equally populated due
to the small difference in energy between the e (e=+1) and f
(e = —1) states. However, in the hexapole field, the f state experi-
ences an increase in energy in the presence of an electric field and as
such is low-field seeking and will be focused by the hexapole field. In
contrast, the e component will be high-field seeking and will be defo-
cused from the path to the interaction region. Therefore, the state
that emerges from the hexapole and is focused into the interaction
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region is | jmQf). In all cases, the m degeneracy is (partially) lifted
by the Stark effect.

If, in addition, a static electric field, E, is applied after
the selected beam emerges from the hexapolar field, open shell
molecules with permanent dipole moments can be oriented with
respect to the static field of magnitude E. The direction of the dipole
moment of NO is from N°~ — O‘H, while for OH, it is 0% - H%,
On simple classical grounds, one would expect the dipole moment to
align with the electric field. Hence, for OH, the H-end would point
in the negative direction of the electric field (whose direction is taken
from + — —). However, as the hexapole selects the low-field seeking
f A-doublet level, it is the O-end of the molecule that will be ori-
ented toward the negative electrode. Similarly, for NO, the N-end of
the molecule is oriented toward the negative electrode.

As a result of the interaction with the static field, the f state
evolves into a coherent linear combination of the e and f field-free
states,

meaE) = - (aljmtie) + Blimsy), (®)

where mg is the projection of the rotational angular momentum
j onto the direction of the orienting static electric field. The real
coefficients « and 8 are given by the solution of the 2 x 2 Stark
Hamiltonian and their absolute values are given by:

1 1
la(B)[ = \| 1= === BE)=(|1+ —F—== )
V1+EL p V1+ELy
where the strength of the reduced electric field is
2kuE
Ereq = . 10
= L. (10)

If mg > 0, aff = —|af|, while if mg < 0, aff = +|af|.

Taking into account Eq. (2), the oriented states, Eq. (8), can also
be written as

[jmsQE) = - [(a+ B) jms) + (= B)ljmz - 0] (11

The normalization of Eq. (11) implies that a® + % = 2. Accord-
ing to Eq. (9), |a] =|B| =1 in the high-field limit, Wy > Ea
= Ejeq = 00. The two limiting cases correspond to pure |j, -1, Q)
and |}, g, -Q) states for aff =1 and aff = -1, respectively. In the
absence of a static field, & = 0 and 8 = \/2; that is, the non-oriented
f state is recovered.

Expressing the |jmQ) ket in the coordinate representation, the
wavefunction can be written as

2]+1D,,,

ljmeQ) = Py

(q)yE, G)yE,X}AE); (12)
where @y, Oy, X, are the Euler angles that define the direction of
the static dipole moment (which coincides with the internuclear axis,
p 11 r) with respect to the electric field, E, which is taken as the SF Z

quantization axis. Using this expression, the SF extrinsic distribution
of p can then be written as the square of the wavefunction,
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p©)= L3 [T [T |wrp)

327
+ (a-p)D

D{nb.ﬂ(‘D#E’@#E’X/AE)
2
_a ((DME’®#E’XME)‘ ddue dye.  (13)

Taking into account the azimuthal symmetry of r about E and
integrating over ®,g, and Xup> leads to

P(Oy) = %{[(mﬁ)d{m ()] (14)

+[@-pd, @]}, (1s)

where dino (®ur) are the reduced Wigner rotation matrix elements.
Forj=1/2,Q = 1/2, and mg = 1/2, the above expression turns
out to be

P(Oue) = [ (o B)? cos'(@us/2) + (o )’ sin*(©46/2)]
= %(1 — |af| cos OuE). (16)

In the field, f A-doublet states correspond to |jm,Q) states with
Qmg < 0 (opposite signs). Equation (16) can be recast in terms of
Legendre polynomials, Py (cos ©uz),

P(Our) = [1 = |aB| Pr(cos Op)]. (17)

Forj=3/2, Q = 3/2, and nig = 3/2,

P(O:) = %[((x +B)2 cos*(@/2) + (e — B’ sin (O/2) |

— o[ B POw) + Pa(Oe) - 5l flPs(cos )|
(18)

2

Equations (17) and (18) are particular cases of the general expression
for the preparation of internuclear axes,

P(Ou) = Z (Zk+ St picos0,0), (19)

for which the respective szio(k) = (Pr(cos®uk)) coefficients are
A =1 and o) = ~|ap| for j = 1/2 and mg = 1/2. For j = 3/2,
Q=3/2, and mg = 3/2, the extrinsic polarization parameters are
52(0(0) =1, .5270(1) —3lap, 521(2) i, and M<3) —3:lap|, and for
j=3/2, Q=3/2, and mg=1/2, the extrinsic polarization para-
meters are ,szi(o) 1, ,szi(l) —1lap|, ,5270(2) =-1,and 5270(3) = Zlapl.
Note that the even (ahgnment) moments are independent of
the af3 factor.

Equation (19) can be derived in the context of the axis distri-
bution for a symmetric top when an ensemble of molecules is in a
single state |jm (), as in the present case.”” It can be easily shown
that the coefficients are then given by

kodd,

(20)
k even,

g _ —|aB| (e, kO|jrig). (O, kO[jC2),
(jmg, k0| jrng). (i, k0| j2),
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where (-, |-- ) are the Clebsch-Gordan coefficients and k is the
rank of the polarization moment.

To illustrate the degree of orientation that can be achieved
using hexapole selection and electric field orientation, the exper-
imental internuclear axis distributions for NO(X*II;2)***" and
OH(X?I32)**" are shown in Fig. 2. In particular, the distribu-
tion of internuclear axes obtained for the NO(XZHuz) hexapole
selection of the single |j=1/2,m,Q =1/2, f) state and subse-
quent orientation with an electric field is shown in the top panel
of Fig. 2. The left panel shows the r-portrait,””" whereas the
right panel shows the corresponding stereographic projection. The

23,25,29

orientation achieved under our experimental conditions™ is

j=1/2 |a|=0.64, |B|=1.26

z
+
E
X
30 3
0
j=3/2, Img|=1/2 |a|=0.66, |B|=1.25 180
i[ 150 1 . 150
; +
E
X -
e
0
j=3/2, Img|=3/2 |a|=0.88, |B|=1.10
Z
120
A +
w|E

60

30 | 30

FIG. 2. Left panels: r-portraits of the axis distributions of NO(X) (upper row) and
OH(X) (middle and bottom rows) in an electric field. The extent of polarization is
calculated with the values of || and |B| shown in the figures using Eq. (19) with
the respective values of the extrinsic r-polarization parameters given by Eq. (20).
The right panels show the corresponding stereographic projections of the angular
axis distributions of NO(X) and OH(X) at the field strengths used in the experi-
ments described in the text (pink shading), or at an infinite field (blue shading).
The hypothetical field-free bond axis distributions with the selected values of mg
are indicated by the gray shaded area.

ARTICLE pubs.aip.org/aipl/jcp

indicated in the figure with pink shading, while that obtained in
the high-field limit is represented with blue shading. The values
of |a| and |f)| are also given. The isotropic gray shading represents
the axis distribution of the pure |j = 1/2,Q = 1/2, f) state. Since,
for j = 1/2, no alignment can be obtained, in the isotropic field-free
case, the resulting distribution corresponds to ,szio(l) =0 (laf]| = 0)
in Eq. (17).

Similar plots are shown in the bottom two panels of Fig. 2
for the hexapole selection of OH(X?II), followed by its orienta-
tion with a static electric field.” By virtue of the Stark effect,
the m degeneracy is broken for the g =1/2 and mg=3/2
states. The middle panel represents the orientation experimentally
achieved with |j = 3/2,mE = 1/2,Q = 3/2, E), whereas the bottom
one is for the prepared |j =3/2,mE = 3/2,Q = 3/2,E) state. It is
worth noting that the hypothetical field-free |j=3/2,mg =1/2,
Q=3/2,e) and |j = 3/2, 1 = 3/2,Q) = 3/2,¢) states are aligned, as
indicated in Fig. 2.

B. Differential scattering of oriented molecules

Here, we will present the theory concerning the effect of an
arbitrary orientation of internuclear axis on the differential cross
section.

The expression for state-to-state DCSs when both initial and
final states are completely defined is

2
>

da(]m Qe _)jlml QIS,) = |fj’m’fl’£’, jmﬂs(e) (21)
where fi1,1q7¢ imae(0) is the scattering amplitude whose explicit
expression may be found elsewhere.””’ When the orbital angular
momentum representation is used in the scattering expressions, m
and m' refer to the projections of j and j' along the initial relative
velocity, k. The vibrational quantum number will be disregarded as
we focus on rotational energy transfer.

To simplify the notation, hereinafter, we shall write for given j,
i, €, and Q' values,

fj'm'ﬂ'e', ijs(e) = Fm'e' me* (22)

An important property is the symmetry rule affecting the scattering
amplitudes,””"

= es'(—l)m_m’F

F e mee (23)

*Wl’E’*mS

Now, we consider two reference frames, as illustrated in Fig. 3.
The laboratory (LAB) frame has been described in Sec. I A: the
direction of the static orienting field, E, is the Z-axis. The equations
related to the preparation of internuclear axes (extrinsic distribu-
tions) are referenced to this frame. For a diatomic molecule, it
suffices to specify an angle between the internuclear axis, r (||¢), and
E, ©,t. The projection of the molecular rotational angular momen-
tum, j, in this frame is mp. We now define the orientation of the
electric field in the second frame, the scattering frame, as shown
in the right panel of Fig. 3, defined by the initial relative veloc-
ity, k, along the z-axis, and kk’ (xz plane) as the origin of the
azimuthal angle. The projection of j onto k is m. The direction of
E in this frame is given by the polar and azimuthal angles 0 and ¢,
respectively.
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X X
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FIG. 3. Left panel: sketch of the laboratory (LAB) frame in which the orienting
electric field, E, is along the Z-axis. The direction of the electric dipole moment
(and of the molecular axis) is defined by the ®,¢ and ®,¢ angles. Right panel:
scattering frame with the initial relative velocity, k, along the z-axis and the
xz-hemiplane defined by k and recoil relative velocity, k’. In this frame, the ori-
enting field is defined by the angles 0z and ¢. In the particular case of the
+z and —z orientations, the electric field is parallel (©,z = 0°) and antiparallel
(©,e = 180°) to k, respectively. If E is along the +x (—x) axis, the direction of
E'is given by 0 = 90° and ¢ = 0° (6 = 90° and ¢ = 180°).

The expression for a rotational state with its projection along
E, Eq. (11), in terms of those states whose quantization axis is taken
along k can be written as

|jmeQe) = > Dy iy (9, 08, 0) | jmQe), (24)

where D, mE(ng,GE,O) (= D), m; hereinafter) is a rotation matrix
element with angles 6 and ¢, that relate the LAB frame to the scat-
tering frame. It should be stressed that the projection of j onto the
orienting field, mg, may be positive or negative. Accordingly, the
scattering amplitude when the initial states are referenced to the LAB
frame can be written as

Fm's' mge — Z DJm mg Fm's' me* (25)
m

Considering Eq. (8), the state vector in the presence of the field (the
coherent superposition of the e and f states) can be expressed as

|jme€ E) = Lzz Djy w,[aljmbe) + plimQf)].  (26)

The scattering amplitude from the state |jmeQ E) to a given final
state |j'm’Q’¢’) can be written as

1 .
Fm'e' meE = %Z Dlm mg [‘XFm's’ me + ﬂFm’e' mf] (27)
m

The simplest case arises when the static orienting field is parallel
(6 = 0°) or antiparallel (6 = 180°) to k, when mg = +m.

The next step consists of constructing the DCS for the
|imeQ E) — |j'm’Q'€’) transition. Because the A-doublet splittings
in NO(X) and OH(X) increase significantly with j, it is possible to

ARTICLE pubs.aip.org/aipl/jcp

control the conditions of the experiment such that only the initial
A-doublet states are mixed in the field, and hence, we can write

do(jme QE > j'm’ Q'¢") = |F, s £|2. (28)

m'e mg

Summing over all final m’ states,
. A A A 2
da(JmE QE _)J’ Q’e’) = Z ‘Fm’e' mEE|
'

2
1 .
:EZ ZDIMME(“FW:’E’ me+ﬁFm'£'mf) .
m | m

(29)

Introducing a short-hand notation, the product of scattering
amplitudes can be written as

_ *
leflmzfz = Z Fm’s'mlsl Fm'e'm;sz' (30)
7
m

A summary of the detailed properties of these products of scattering
amplitudes is presented in Appendix A. Employing this notation,
Eq. (29) can then be expanded,

) N = 1 . .
da(]mE QF —>], QISI) = 2|:062 Z l)jml mEl)fw’; mElee,mze
my,my

+“ﬁz Djf-nlmEDjf-:sz(lef;mZe

my,my

+ lee,mzf)

+ ﬁz Z Dlm, mEDIrlr):z mEle f,mzf:|~

my,my

(31

Note that in Eq. (31), mE can have positive, +7u, or negative, —#ig,
values. As indicated in Sec. II A, when mg > 0, a8 = —|af3|, and when
mg <0, aff = +|af].

To obtain the final expression for the DCS, it suffices to average
over the two values (positive and negative) of mg,

do(jing QF - " Q'¢’) = %[da(ij QE - Q')
+do(j —-me QE—~j Q'] (32)

Equations (31) and (32) can be directly used to obtain the
DCS for any value of j, Q, and g once the scattering amplitudes
have been calculated. However, after some algebra and making use
of the relation between the products of scattering amplitudes in
Appendix A, it is possible to derive simplified expressions with
explicit dependence on the angles 0 and ¢, which define the
orientation of the electric field in the kk’ frame, as explained in
Appendix B. For any value of j, Eq. (32) can be written as

[do(jime0 B~ j" Q' )]

k
= k+1)dP S G0 ¢8)R(0),  (33)
k q=—k
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where Ci;(0k, ¢£) are the modified spherical harmonics, and
ng) (0) are the unnormalized r-PDDCSs defined by

1 1 . .
3G+ D) (jQ,k0|jQ>Zm: (jm, kqlj(m +q))

X Z Yg Qms(m+q)s (34)
e=e,f

5 (even k
R (9) =

and
= (odd k) 1 1
R = . .
a(0) 2(2j + 1) (j, k0|jQ

x Zf mel(m‘*'ﬁi)fz’ (35)

&F &

)Z (jm, kqlj(m +q))

where y, = a or B when ¢ = e or f, respectively. The derivations of
the expressions for these moments are given in Appendix B.
In Eq. (33), all extrinsic polarization effects (those imparted

by the preparation of the system) are encapsulated in the ,Q{O(k)
moments, while intrinsic polarization effects (those that depend on
the collision dynamics regardless of the specific preparation of the

reactants) are included in ﬁgk) (0).

Note that the ﬁ(()o) (0) moment for a given j state can be written
as

do(],Qe—>] Q' e)+/3 do(j,Q, f -, Q")
(36)

RV - %

Therefore, the isotropic DCS in the presence of the orienting field is
the average of the e — ¢’ and f — ¢’ DCSs weighted by the o* and
B? coefficients. This is in contrast to the DCS in the absence of the
field for the f selected state that is given by Eq. (36) with « = 0 and
B = /2. We can also define the normalized r-PDDCSs, R;k) (0), such
that

O'lSO

RO (0) = TRV (6), (37)

. . o 4 :
where 0i0, for given j, Q, j', and Q', can be written as

2
Oiso = 271/ R(O)d cos 0 = a— O,y + 8 Ofe (38)
2 2
and is the isotropic integral cross section in the field. Note that, as
with the isotropic DCS in the field, the isotropic ICS in the presence
of the orienting field is the average of the e — ¢’ and f — ¢’ ICSs
weighted by the o and 8* coefficients.
By making use of the fact that for achiral systems, the
r-PDDCSs are real, which implies that R§k>(9) = (-1)1 REI;)(G),
we can rewrite Eq. (33) to obtain

[do(jme Q E )’ Qk’)]“

- "'w Z (2k + 1)%"‘)2

R(k) (6)Ciy (65, 0) cos (q¢).

(39)

ARTICLE pubs.aip.org/aipl/jcp

A particular case is when 6g = 90° and ¢, = 90° or 270°, that is, when
the field is oriented along the y-axis (perpendicular to the scatter-
ing plane). In this case, all orientation terms in Eq. (39), with k odd,
vanish and only the alignment terms, including k = 0, remain.

The intrinsic r-polarization parameters, which quantify the
effect of orientation on the integral cross section, are defined as

1
r® - f R (6)d cos 6. (40)
-1

Integrating Eq. (33) over the scattering angle for a given orientation
of the orienting field with respect to the scattering frame yields an
integral cross section that can be expressed as

Oiso

- Z 2k + 1)r$P P Cpa (5, b). (41)

E

Further integration over the azimuthal angle between the scattering
plane and the plane defined by k and E leads to

[0p, = Goy. (2k+1)r$P A Cio(85,0). (42)
k

In the particular case of E oriented along the relative velocity vector,
where 0 = 0 or 7 (+z orientation), there is azimuthal symmetry, and
integration over ¢ is equivalent to multiplying by 2,

(016,00 = aisoz (2k + 1)r$P g ®),

(43)
[0]6,-10° = UISOZ (2k+1)(- 1)k (k)d(k)

Finally, the relationship between the r-PDDCSs and

j-PDDCSs,* U,;k) (0), for a superposition of A-doublet states,
is discussed in detail in Appendix C. It is shown there that

us? ()

5 (k) _
0= G voljay (44

C. Differential scattering forj = 1/2
As an example, for j = 1/2 such as in NO(X) in its ground rovi-

brational state, using Eq. (39) and the expressions of the r-PDDCSs,
Egs. (34) and (35), for j = 1/2, can be written as

[do(jmg Q E—~j’ (z’e’)]“
Oiso

- O {R(O)(G) + 3 [R(l)(Q)Pl(cos o)

+ 2R () C11 (65, 0) cos ¢E]}, (45)

where the orientation moment in the laboratory frame is .QYO(I)
—3|aBl, and o, is given by Eq. (38).
Evaluating the expressions of the r-PDDCS for this particular
case leads to
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[do(jrhgfl E—j’ Q's')]z}f

- %[“ZQl ~ |aB| cos B Qx — || sin O cos ¢z Qs + B Q).

(46)
where
Q1 = Qu/2e1/2¢ = Z e 1/2e‘2’ (47)
Q2 = Qupzenfaf + Qupzfia e (48)
Qs = Qujze-1/2f + Qujzf-1/20 (49)

Qs =Quipafijaf = |Fure 1/2f|2'

Comparing Egs. (45) and (46), and bearing in mind that Cy;(6,0)

= 71/\/§sin 0,

R0 (6) = %(OEQ1 + BQu), (50)
BV (6) = 5 0 (51)
RM(0) = —ﬁo& (52)

which agrees with our previous work.'” In the case of j = 1/2, in
which there are no alignment terms with k > 0, the differential cross
section when the orienting field is along y is simply R(()O).

The integral steric asymmetry (ISA) measures the preference
of the scattering event for one orientation over its opposite. In par-
ticular, for end-on (xz, 6 = 0° or 180°) and side-on (xx, O = 90°,
¢, = 0° or 180°) orientations, the respective definitions are

0-z = O+z _ 0gy=180° — 0g,=0°
S, = = E= (53)
O—z+ 04z  0ge=180° + Ogp=0°
¢‘E 0¢5=180°
O+x—0-x Ty 90 0,=90°
Sx = - o (54)
Osx + 0_y ¢t ¢b

0, 9o°+ 0,=90°

The differential steric asymmetry (DSA) resolves this prefer-
ence over the scattering angle, 0. It is given analogously for both
orientations,

do_,(0) — dos-(0)

z —
dadiff(e) - d(Lz(e) + d0+z(0) ’

(55)
dos«(6) — do_.(6)

dogi(0) = dosx(0) + do_(0)°

(56)

In the specific case of NO(X, j = 1/2) in an electric field, the ISAs
become

- oglfs o = Il 5, (57)

Sy = |ap] f(o) = |ap|v/2r" (58)
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as ré ) =1, Analogously, the DSAs become
(1)
)
do5ig(0) = | (59)
dff( ) ‘ ﬁj/li(gzl()e)
2R, 7 (6)
dogi(0) = |af|—t——>. (60)
dff( ) | /3)| R(()O)(G)

Note that an important advantage of using the present formalism is
that the expressions for any arbitrary direction of the orienting field
can be readily derived from the above equations.

Ill. APPLICATIONS
A. Computation procedures

In the following examples, the quantum mechanical (QM) cal—
culations were performed using the HIBRIDON 4 suite of codes.’’
NO(X) + Ar calculations used the Vyum and Vg Potential Energy
Surfaces (PESs) of Alexander, which treat NO as a rigid rotor.
Calculations were performed at collision energies of 530 and 651
cm™ to match those employed in the experiments for spin-orbit
conserving and changing collisions, respectively.”” Further details
of these calculations are as described in Ref. 29. The approximate
QM data for NO + N, were obtained treating N, as a pseudo—
atom using PESs of Wen et al, averaged over N; orlentatlons
The collision energy for these calculations was 845 cm™ . The
OH(X) + Ar QM data used the PESs of Klos et al. and a collision
energy of 746 cm™'.*° These calculations employed /. = 200.5 and
Rmax = 150 bohrs.

Quasi-classical trajectory (QCT) calculations were also per-
formed, in which the collision partners were treated as classical
particles propagating on the appropriate Vsum PES. The same
Vsum PES was used as in the QM calculations, and the cal-
culations were performed at the same collision energies noted
above.”’

B. ISAs for NO(X?1I) collision systems

The simplest use of this framework is through the integral
steric asymmetry (ISA) for collisions involving NO(X*TL, j = 1/2,
Q = 1/2). In Fig. 4, experimental ISAs for the scattering of NO(X’TI,
j=1/2, Q= 1/2) with Ar, N, and O3 are shown for a variety of
values of Aj for both spin-orbit conserving collisions, Q' = 1/2,
and spin-orbit changing collisions, Q" = 3/2.” The integral steric
asymmetry is defined such that a positive value corresponds to a
preference for collisions at the N-end of the molecule, 6 = 180°: see
Eq. (53).

Where available, theoretical results in the form of QM calcu-
lations and QCTs are included in the figure for comparison. Note
that there are no QCT calculations for the spin-orbit changing man-
ifold, as the QCT calculations treat NO(X) as a closed shell molecule.
As noted above, the approximate QM data for NO(X) + N, were
performed treating N, as a pseudo-atom.

As can be seen in Fig. 4, at low and middle Aj=j" -j, all
three systems exhibit distinct oscillations in S(z), with a tendency
for more positive values for odd Aj and more negative values for
even Aj transitions. In the region above about Aj = 12, the oscil-
lations die out and the steric asymmetry increases in the positive
direction. While the QM calculations reproduce well the position
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SO-changing

FIG. 4. Integral z-axis steric asymmetries, S(z), as a func-

tion of Aj for collisions of NO(X2IT; li=1/2, Q=1/2, E)
" with Ar (top), N2 (middle), and O, (bottom), for spin-orbit
conserving (left) and spin-orbit changing (right) transitions
to the final e states. The plots for NO(X) + Ar and NO(X)
+ O, have been adapted from Ref. 29. The positive values

of S(z) correspond to preferential scattering off the N-end
of NO. The experimental data are represented in black,
the QM data are represented in red, and the QCT data

are represented in green. The experiments were performed
N 2 at the following collision energies: NO(X) + Ar (spin—orbit
conserving transitions) 530 cm~"; NO(X) + Ar (spin—orbit

changing transitions) 651 cm~": NO(X) + N, 845 cm~"; and

NO(X) + O, 550 cm~".29

AR

0.5 ]
§0_0 I-R’\/i\/rﬁ i\;iAM{

O,

o
N A
N
oA

Aj Aj

and magnitude of the oscillations observed experimentally at all Aj,
the QCT calculations for collisions of NO(X) with Ar and N, pre-
dict almost no z-axis steric preference at low and middle Aj but
agree with the experiment and the QM calculations in the high Aj
region. These findings indicate the quantum nature of the inelastic
scattering of NO in the region below Aj ~ 12 and allow rationaliza-
tion of the region above Aj ~ 12 in terms of classical arguments.””"”
In a QCT theoretical study on NO(X) + He, it has also been
shown that at the N-end of the potential, the collision partner is
able to penetrate further into the repulsive region, and thus, tran-
sitions involving higher rotational energy transfer (larger Aj) are
more likely to occur at the N-end than at the O-end of the NO
molecule.”

The oscillations in the low and middle Aj ranges can be quanti-
tatively reproduced employing a quasi-quantum treatment (QQT),”
which is based on a hard-shell NO potential. The model reveals that
the alternating preference for N-end and O-end collisions is due to
constructive and destructive interferences between trajectories at the
two ends of the molecule.”” Furthermore, due to the lack of attrac-
tive forces in the QQT model, the results imply that it is to a large

8 10 12 14 16 1820 0 2 4 6 8 10 12 14 16 18 20

extent the repulsive parts of the potential that are responsible for the
observed oscillations.

Comparison between the data for the spin-orbit conserving
and the spin-orbit changing data, in the left and right panels
of Fig. 4 respectively, shows an overall increased preference for
N-end collisions in the spin-orbit changing manifold; although the
same oscillations as for the spin-orbit conserving manifold per-
sist, the integral z-axis steric asymmetry is shifted toward positive
values. The reason for this shift can be understood by consider-
ing the underlying PESs for the spin-orbit conserving and chang-
ing transitions. The NO(X) + Rg systems involve two PESs, one
of A’ and one of A” symmetry. In Hund’s case (a) description,
which applies reasonably well to NO for the lowest and middle
j-values, spin-orbit conserving transitions can be approximated to
occur on the sum of the two potentials, while spin-orbit chang-
ing transitions can be approximated to occur on the difference
potential."”*" The difference potential has a pronounced repulsive
wall at the O-end but is purely attractive at the N-end so that,
overall, collisions at the N-end are favored for spin-orbit changing
transitions.”’
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The dynamics of collisions of NO(X) with N, and O, are,
of course, more complicated than those of NO with a rare gas
atom. The molecular collision partners can now also be rotationally
excited, and so, the internal and translational energies of the detected
NO may be correlated with different quantum states of the partner
product. However, the main features in the integral steric asymme-
try data appear to be similar for NO(X) + Ar and NO(X) + N,/O,,
indicating that the measured (and calculated) quantities are signa-
tures of the scattered NO species, which are only subtly modified
by the nature of the collision partner. Perhaps, the biggest differ-
ence can be seen between the NO(X) + Ar and the NO(X) + O,
data: the magnitudes of S(z) are clearly smaller and exhibit less of
a curved profile with increasing Aj for O, than for Ar. It has been
speculated that these differences arise from a more isotropic and
possibly more attractive potential for NO + O but may also reflect
the more complex electronic structure of the NO-O, system com-
pared to collisions of NO with the closed shell collision partners.”’
An accurate theoretical description would clearly be desirable to gain
further insights into the finer details of the scattering dynamics of the
NO(X) + diatom systems.

C. OH(X?1I) + Ar integral and differential effects

A series of comprehensive experiments with the aim of inves-
tigating the integral steric effects in collisions of OH(X?II3/) with
Ar were carried out by ter Meulen et al. at a collision energy of
Econ = 746 cm™! using laser induced fluorescence (LIF) as a state
specific detection method.””*** In their experiments, the OH(X)
li=3/2, Q=3/2, f) initial state was selected using two different
hexapole arrangements: one consisted of a single hexapole and the
other used a tandem of consecutive hexapoles. The two possible 7k
states resulting from that selection, g = 1/2 and 3/2, are split in

0.5
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energy by the Stark effect upon application of a static electric field
that orients the OH bond-axis.

The QM integral steric asymmetries, for the inelastic scatter-
ing of OH(X) with Ar, as a function of j', are shown in Fig. 5,
for scattering from the two initial |j = 3/2, Q = 3/2, g, E) states,
where g = 1/2 and 3/2 in the left and right panels, respectively.
The two upper panels depict the orientation along the z-axis (coin-
cident with k, the initial relative velocity), and the lower panels
correspond to orientation along the x-axis (recall that k — k" defines
the xz-plane). Before entering into the discussion of these results,
it is pertinent to examine the extent of agreement with the existing
experimental data.

The comparison between the experimental results of van Beek
et al.”® for the z-axis polarization and those from QM calcula-
tions using the formalism detailed in Sec. II B is shown in the
top and bottom panels of Fig. 6 for spin-conserving, Q =3/2
— Q' =3/2, and spin-orbit changing collisions, Q=3/2 - Q'
= 1/2, respectively. In this figure, the left and right panels correspond
to collisions leading to e and f final A-doublet states, respectively.
In addition, within each panel, the two sets of experimental data
obtained with single and double hexapole selection are also shown,
along with their respective theoretical simulations. The theoretical
results for the OH(j = 3/2, Q) = 3/2) initial state have been calcu-
lated by weighting the contribution of the mg = 1/2 and 3/2 states
shown in Fig. 5 according to the experimental conditions: 1:2.6
for the single hexapole and 1:15.8 for the double hexapole.”** In
the two cases, the values of the mixing parameters are different
for the two mg states. For /g = 1/2, |a] = 0.66 and |B| = 1.25, while
for #mg =3/2, a =0.88 and S = 1.10 at an electric field strength of
E =7.5kV cm™'. Note that in the original article by van Beek et al.,”
the a and f3 coefficients are exchanged with respect to those used
here, and in addition, their parameters are normalized to o’ + [32

@)

057 _m_

— E/:‘f

_14 #-orientation z-orientation

FIG. 5. Integral z-axis (top row) and
x-axis (bottom row) steric asymme-
tries [S(z/x)] for inelastic scatter-
ing of OH(X) with Ar from the initial
|0=3,j=3) state, at a collision
energy of 746 cm=". The panels show
QM calculations for spin—orbit con-

T

serving scattering from the initial mg

0.5

=1/2 (left) and 3/2 (right) states. In
both cases, transitions are shown for
both final A-doublets with the f and e
states shown with orange circles and

@)

)
T

—_

| z-orientation z-orientation
r "

blue squares, respectively. The negative
S(z) values (o** > 07%) correspond
to preferential scattering off the H-end
of OH, and the negative S(x) values
(67* > o**) correspond to repulsive
(i-e., near-side) scattering off the H-end
of the OH molecule.

T

5/2 772 9/2 12 52 772

9/2 112
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05 0.5 data for the spin—orbit changing transi-
SO-changing tions. Experimental data for the initial
|0 = 3,j = 3) state is shown by points,
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S(2)

The red and blue lines correspond to the
passage of the OH(X) molecules through
either a single or a double hexapole,
respectively, before the collision. Note
that negative S(z) implies a preference
for scattering off the H-end of the OH
molecule.

112 312 52 712 172

= 1, whereas the sum of the squares used in this work is 2. With
these parameters, the average orientations of (cos @k}, = 0.162
and (cos @,r)3/, = 0.574 are achieved. As can be seen in Fig. 2,
not only the average orientation but also the resulting distribu-
tions of internuclear axes are remarkably different for the two mg
states. The average orientation (including both g states) with the
double hexapole ({cos ®,k) = 0.549) was higher than with the sin-

gle hexapole ((cos®,g) = 0.458) due to the larger proportion of

molecules in the more highly oriented g = 3/2 state.”® For com-
parison, at the limit of an infinite field with the pure i state, the
maximal orientation achievable is (cos ®,z)3y, = 0.6, and the result-
ing distribution of internuclear axes is also shown in Fig. 2 as the
blue shaded area, which barely differs from the experimental one
(pink shaded area).

For spin-orbit conserving collisions, the agreement between
the experimental results and the QM calculations is fairly good for
both final A-doublet states, and, as expected, the QM data presented
here are practically identical to the QM results shown in Ref. 26
using the same PES (not shown here). In principle, it is expected
that the absolute magnitude of ISAs should be larger for the dou-
ble hexapole than for the single hexapole experiments due to the
increase in orientation achieved in this experimental setup.”® This
is experimentally observed for the spin-orbit conserving, final e
state; however, the trend appears to be reversed for larger transi-
tions to the final f state. This is attributed to the small integral

cross sections of these states along with the residual population of

these states that pass through the hexapole.”® van Beek et al. have
also studied the steric effect in the spin-orbit changing collisions
of OH(j = 3/2,Q =3/2) - OH(Q' = 1/2),"°" whose comparison

with the present QM results is shown in the bottom panels for final f

and e states. The agreement with the present theoretical calculations
is also fairly good, comparable to that obtained for ) conserving
collisions.

302 5/2 772

Let us return to Fig. 5, and consider first the z-axis polarized
steric asymmetry for OH(X) + Ar for spin-orbit conserving tran-
sitions. For both values of g, the value of S(z) decreases with
increasing rotational energy transfer, although its value is consid-
erably less negative for j' > 7/2 with g = 1/2, due to the lower
degree of orientation as a consequence of the distribution of axes not
being strictly along the z-axis (see Fig. 2). The results indicate a very
slight preference for O-end collisions [positive S(z)] for low rota-
tional energy transfer collisions, /' < 7/2, but a definitively stronger
preference for H-end collisions [negative S(z)] at higher j* values.
This may be explained via largely classical mechanisms. The poten-
tial at the H-end of the molecule extends much further from the
center-of-mass than the O-end of the molecule; collisions occurring
when Ar approaches the H-end of the molecule are able to penetrate
further into the repulsive core of the potential, allowing for higher
rotational energy transfer. Meanwhile, trajectories approaching the
O-end of the molecule almost hit the center-of-mass of the molecule
and therefore cannot lead to rotational energy transfer into high
rotational states. The steric effect depends on the final A-doublet
of the transition [unlike the collisions of NO(X) with Ar; see Refs.
23 and 25]. §(z) takes more negative values for transitions into the
final e state than for transitions into the final f state. This is observed
more strongly for #g = 1/2 than for /g = 3/2 and also increases as
a function of Aj. There is currently no simple explanation for this
behavior."* The trend is also observed in the experimental data of
van Beek et al.”

The magnitude of S(z/x) is similar for the orientations along
the z- and x-axes, and both also follow a roughly similar, mono-
tonic trend with respect to Aj. The x-axis steric effect (lower panels
of Fig. 5) also depends on the final A-doublet state of the transi-
tion, again somewhat more strongly for the mg = 1/2 state than for
the g = 3/2 state, with a larger difference observed for larger rota-
tional energy transfer. The theoretical predictions indicate that S(x)
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becomes negative (preference for H-end collisions) for j' > 7/2 val-
ues, but at the highest j', it levels off. The trend observed for the
x-axis steric effect may be understood in a similar way to that of the
z-axis, based upon differences in the PES of the OH(X) + Ar colli-
sion. Collisions corresponding to +x/—x scattering are equivalent to
repulsive “near-side” collisions at the O/H-ends of the molecule; as
such, the preference for H-end collisions at high j' may be under-
stood in terms of the larger extension of the potential as in the
z-axis case. For low rotational energy transfer, where the attractive
parts of the PES play a more important role in determining the

ARTICLE pubs.aip.org/aipl/jcp

scattering dynamics, the small values of S(x) and S(z) may be
understood in terms of the balance between repulsive “near-side”
scattering and attractive “far-side” scattering (see further below).
The QM DCSs (multiplied by sin 8) for the inelastic scattering
of OH(X?II32) + Ar for the |j = 3/2, /g = 3/2, Q= 3/2, E = o0)
— Q" =3/2,¢ =¢) transitions are shown in Fig. 7, for j' =5/2
—11/2 at a collision energy of 746 cm™. In each case, the DCSs
for parallel and anti-parallel orientation of r along the x- and z-axes
are shown, alongside that for orientation along the y-axis, which is
equivalent in the +y and —y directions, as only alignment terms, not

i =17/2 i’ =9/2 i1 =11/2
0.05 J / 0.025 J / 0.008 J /
— +z(0 — +z(0 — +z(0
(©) (©) 0.007 (©)
0.041 =o(H) | 0020/ —x(H) —z(H)
B Iso B Iso 0.006 B Iso
e 0.03 1 0.015 0.005
N
) 0.004
D
5 0.021 0.010 0.003
0.002
0.01 1 0.005
0.001
0.00 4 . . 0.00 ‘ . 0.000 - ‘ 0.000 . .
0 60 120 180 0 60 120 180 0 60 120 180 0 60 120 180
0.14 0.05 0.025 0.008
—y —y =y 0.007 —y
0.12 l
B Iso 0.04 ] B so 0.020 B Iso B Iso
0.10 0.006
o | | 0.005
< 008 0.03 0.015
E 0.004
& 0.06 ] )
5 0.02 0.010 0.003
0.04 0.002
0.011 0.005
0.02 0.001
0.00 4 . . 0.00 : . 0.000 : ‘ 0.000 . .
0 60 120 180 0 60 120 180 0 60 120 180 0 60 120 180
0.14 0.05 0.025 0.008
o2 +z(H) +2(H) +2(H) 0.007 +2(H)
) —20) | 0.04] —20) | g.0201 —2(0) —2(0)
0.104 B so B so B Iso 0.0061 mmmm Iso
o | | 0.005
< 0.08 1 0.03 0.015
3 0.004
~
S 0.06 | |
= 0.02 0.010 0.003
0.04 0.002
0.01 1 0.005
0.02 0.001
0.00 4 . . 0.00 ; . 0.000 - : 0.000 . .
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0/° 0/° 0/° 0/°

FIG. 7. Differential cross sections for the energetically accessible j/, e final states of the OH(X) + Ar system at a collision energy of 746 cm~", in the high-field limit
(=B =1), starting from the |Q =3/2,j=3/2,m = 3/2) initial state. The top row for each panel is for orientation along the x-axis: +x(0) (6 = 90°, ¢ = 0°) and
—x(H) (6 = 90°, ¢ = 180°) are shown in blue and orange, respectively. The middle row shows orientation along the y-axis, in which the +y (6 = 90°, ¢ = 90°) and
—y (6 = 90°, ¢ = 270°) orientations are equivalent, as shown in green. The bottom row shows origntation along the z-axis: +2z(H) and —z(O) data are shown in orange

and blue, respectively. The isotropic DCS, proportional to Réo) (0), in each case is indicated by the gray shaded area. Note that for j > 1/2, the y polarization also contains

alignment terms (k even, g = 0) and is no longer corresponding to I-?éo) (09).
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orientation terms, contribute. In each panel, the DCS in an isotropic
electric field, the average of the DCS for initial e and f states, is also
shown. Note that in this figure, the reference to O and H on the
+x(0) and —x(H) and +z(O) and —z(H) labels refers to the case of
“near-side” repulsive scattering.

The general trends observed in the differential steric effect are
essentially independent of the x- or z-choice of orientation axis. In
both cases, collisions imparting substantial rotational energy trans-
fer occur with the H-end of the molecule, leading to sideway scatter-
ing for intermediate j' and to backward scattering for the highest
j'. Furthermore, fast diffraction oscillations alongside glory scat-
tering at extreme forward scattering angles (0° < 6 < 20°) are also
observed for both z and x polarizations. The z-axis oriented DCSs in
Fig. 7, as in the case of the integral steric effect, show an increasing
preference for H-end orientation as a function of increasing rota-
tional state to the point that, for j' =11/2, doo — dou ~ —dow. This
feature can be explained by resorting to the classical mechanisms
discussed with respect to S(z). As noted above, since the center of
mass of the molecule almost lies on the O atom and the potential dies
off very quickly around this atom, head-on collisions with the O-end
of the OH molecule are largely ineffective in achieving rotational
energy transfer, while collisions at the H-end of the molecule may
produce a significant torque that causes the rotation of the molecule
much more readily. As in the case of bond-oriented collisions of
NO(X),””" similar features are observed in the DCSs for both the
z-axis orientations, however, the intensity of these peaks varies for
the two orientations. Unlike the case of NO(X), the position of the
peaks in the DCS is significantly shifted relative to one another for
intermediate and high Aj.

While the x-axis oriented DCSs exhibit similar features to those
of the z-axis polarization, since the same R(()O) (0) term in Eq. (45) is

at work, some differences are observed related to the Rél)(ﬁ) and

Rgl) (6) moments that account for the differential steric asymmetry
effect when the OH bond is oriented along either the z- or x-axis,
respectively. As in the integral steric effect, a preponderance of scat-
tering with H-side orientation (with the electric field along —x) with
respect to the O-side orientation (electric field along +x) is observed
with increasing j, corresponding to an increasing preference for
repulsive “near-side” collisions at the H-side of the molecule, where
the extent of the repulsive potential is larger. The shift in peak posi-
tion for the +x orientations may be rationalized in a similar way to
that discussed in terms of the z-axis, in which more “head-on” trajec-
tories are required to achieve rotational energy transfer at the O-side
of the molecule into the same state, leading to more backward scat-
tering. Note that the difference between scattering from these two
“side-on” orientations is not as large in comparison with scatter-
ing in the two “end-on” orientations (Fig. 5). This implies that the
preference for scattering off the H- or O-end of the OH molecule is
less strong when the atom approaches from the “flatter” side of the
molecule.

As noted above, in the forward scattering region, for low Aj
transitions, strong diffraction oscillations are observed for all the
bond axis orientations shown in Fig. 7. Furthermore, for the transi-
tion toj' = 5/2, a strong preference for the —x orientation is observed
in the forward scattered region. This can be explained in terms of a
preference for attractive, “far-side” scattering off the O-side of the
molecule. However, the strong oscillations observed particularly in

ARTICLE pubs.aip.org/aipl/jcp

the x-axis orientation are likely to arise from interference between
“far-side” and “near-side” collisions off the two ends of the molecule,
suggesting that both types of collision play an important role in
scattering in the forward direction for low Aj transitions.

IV. CONCLUSION

A general formalism has been presented to describe the stereo-
dynamics of a *IT molecule oriented in an electric field and colliding
with a rare gas or an unoriented molecule. Its utility and versatility
have then been displayed through a set of specific examples, help-
ing us provide insights into how the anisotropy of the PES produces
different outcomes upon the sampling of different regions. This is a
powerful tool to assist in the unraveling of steric effects in reaction
dynamics.

The equations presented are applicable to other molecules
with closely spaced energy levels of opposite parity, such as sym-
metric top and near-symmetric top molecules. However, in many
cases, states above the ground state will also be oriented in the
electric field, and so, the theory presented here would need to be
developed further.

Moving forward to more complex systems, i.e., those with two
polarized molecules, this formalism can be expanded further. In
that case, it could be that both molecules have their initial angular
momenta polarized,” or their initial bond axis distributions polar-
ized, or a combination of the two. An extension to such systems
would represent a step-change toward systems with more relevance
to real world applications.
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APPENDIX A: MATRIX OF THE SCATTERING
AMPLITUDE PRODUCTS

For given j, Q, j', and Q’, the products of scattering ampli-
tudes, Qm,e, myer» EQ. (30), can be considered as the matrix ele-
ments of Q% ©. Taking into account the symmetry of the scattering
amplitudes, Eq. (23), the elements exhibit the following properties:

e Symmetry:

lesl mye; = 8152(_1)M1+MZ71Q—W:151 —mye;- (Al)

e Complex conjugate:

= szez mpe;- (AZ)

lesl mye

Therefore, the Q* matrix is Hermitian (self-adjoint), while
Qe]r and Qf ¢ are adjoint to each other in the Hermitian sense.
o If my; =mp=m,

Qmsl me, = €1€2 Q—msl —mey- (A3)

e If, in addition, & = & = ¢,

Qune me = Qe —me = Q:ns me = Z |Fm’e’ me Z |Fm’e' —ms'z’
' (A4)
and these elements are real.
o Ifmy =m=-my,
Qmsl—msz =—&1& Q—msl me; = Qimsz me, - (AS)
Asa consequence,
Qmey—me, + Qmey—me; = Q-me; me, + Qe me,- (A6)
e If, in addition to m; = —my, &1 = &,
Qme-me = =Q-me me = _Q:ne—mw (A7)

that is, the matrix element is purely imaginary.

e If m; # m, and they are contiguous (|m; — my| = 1),
lesl—mzsz =&& Q—mm mye; = SISZQ:nzeZ—mlel' (AS)
If, in addition, & # &,
Qmyey myey + Qmyey mye; = Q-myey—mye, + Q-myzy—mye, - (A9)
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APPENDIX B: DERIVATION OF THE r-PDDCSs

Using the relation'’
mlmr(¢ 6 0) szm (¢; 6; 0)

Z(2k+

2j+1

) (jim1, k— qljma) (me, KOLjm, ) Cicy(6,9),
(B1)
Eq. (31) may be rewritten as
do(jme QE - ' Q'¢) = ;[(x T +af T + T’"E] (B2)
where

2k+1
" _ img, .
w3 (57 o totm

x> Cig(Or, ¢)(jmi k= qljm2)Qum,e mye

my,my

2k +1
= img, kO|j
g (21+1)<J"” el

X Z qu(eE’ ¢E)Z (]m’ kQ|](m + q))Qms (m+q)e (B3)
q m

and

5162 = ( )(.]mE’k()']mE Z qu(9E> ¢E

Z ]m kq|](m + q))(Qms, (m+q)e, + Qmsz(m+q)£1) (B4)

m

Hence, making use of Eq. (32), we can write the averaged DCS as
[da(jrhEQE Aj'fl's')]‘g:‘
1 z —1 m
_ Z[al (Te(emf) " Te(e mz)) |of| (T( E) T( ms))

n [3 (TmE : T( mE))] [ (ee) _ |(Xﬁ| T(ef) +ﬁ2 T(ff)]’

(B5)

where

T = 1) 4 TE™) = Z( )]mE,ko|]mE)

x 8k,evenz qu(6E> ¢E)Z ]m>kq|](m + q))Qms (m+q)e

q
(B6)
and
7)) _m) _ 5 2k 4 1 e ko jring)
ef ef - 2] +1 JME, JME
X Oodd ) . Ciq(O, 9£) D (jm. kq|j(m + q))
q m
X (me (m+q)e T Qe (m+q)f) (B7)
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The Kronecker deltas arise from the properties of the (jmp, k0|jm;)
Clebsch-Gordan coefficient for mg = +mg.

Returning to Eq. (33), we note that the extrinsic polarization
moment must be included in the expansion. Hence, if we insert these
moments from Eq. (20), we obtain, for even values of k,

[da(]mEQE -i'Q' )]

Og, even k

(even k)
lcsz(“@) + iﬁzT(ff) _ % Z (2k+1)<‘9{0

oren \ 21+ 1) (jQ, k0[jQ)
x Z qu(65>¢5)z (jm>kq|j(m + Q)>(“2Qme(m+q)e
q m
(even k)

2 0
x Z qu(6E> ¢E)Z ]m kq|](m + q) Z Vs Qme(m+q)s
(B8)
and, for odd values of k,
[da(]mEQE —-j'Q'¢ ]9p0ddk
(odd k)
1 f)y 1 2k+1Y\ o
—ZlaplT'Y) = = —=——+ Ci (0,
il 2k_20dd(2j+1 (]Q k0l Q)Z 2
X Z <]m) kq|](m + q))(me(m+q)e + Qme(m+q)f)
(k)
A,
(2k+1) 7= > | Cig (O $E)
2(21+ 1)kzo:dd (Q ko|j Q>Z !
x Z ]m kq|](m+ q) Z Qmsl(m+q)£z (B9)
g=ef
g% &

By comparison with Eq. (33), we obtain the expressions for the r-
PDDCSs seen in Egs. (34) and (35).

APPENDIX C: RELATIONSHIP BETWEEN j-PDDCSs
AND r-PDDCSs

The expression of the unnormalized j-PDDCS, Uq(k) (), for
closed-shell molecules in terms of the scattering amplitudes is®

U(0) = 2-507(8) = 55 3 (im.kq Li(m + 9))Qu (megy»

(C1)
where S,gk) (0) are the normalized PDDCSs. In the case of open-shell
molecules from an initial j, Q, ¢ to a final state j', Q’, ¢,

v ®)]

If the initial state is a superposition of e and f states as that created
by the orienting field,

£~ €

1 . ]
= ﬁ; (jm.kq |j (m+q))Que (maqye-  (C2)

[da(]mEQE -i'Q'¢ )]

Og, even k

= 5 S (2k + 1) (jrig, kO| jing) Ceg (8, $) USF (6),

k=even q

(C3)
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where

Ul (9) = 12 > (imkqlj(m + q))

2(21
% (o Que (megre + B Quig (meqys):  (CH)

The odd term is

[da (]mEQE—>] Q' )]BF oddk
=—laf| > > (2k + 1)(jrng, k0| jrig)

k=odd ¢
x Crg (B, ¢) UL P (), (C5)

where

U 00 = 35 1)2 jm,kqlj (m+ 9))

x (Qme (m+q) f + me (m+q)e)- (C6)

Comparing Egs. (C3) and (C5) with (B8) and (B9), it becomes
evident that the relationship between r- and j-PDDCSs is

us? ()

5 (k) _
7O = Ga ko) ©

For a superposition of e and f states, the symmetry rule governing
the j-PDDCSs in the case of open shell molecules is

U (8) = e (-1 U (0)]" = ere2 (1) UL (6).  (C8)

Although the j-PDDCSs can be real or imaginary, the r-PDDCSs
are necessarily real. This implies that when &; = &3, k must be even.
Conversely, when ¢; # &, k must be odd.
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