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Abstract

The concept of the steric effect in molecular collisionséasatecal to chemistry. In this Perspective
article we review some of the progress made in studying thecseffect in inelastic and reactive
collisions involving relatively small isolated atomic ammblecular species. We overview the theoretical
framework used to quantify the steric effect, and outlinme®f the key experimental approaches that
can be employed to study the dynamics and mechanism ofioaBisnvolving oriented and alignment
molecules. We illustrate the discussion by highlightingea fecent studies of inelastic and reactive

scattering. Finally, we conclude with some reflections ossfidle future directions of interest.
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1 Introduction

Most, if not all, chemistry graduates will be aware of the artance of steric effects in influencing
the outcome of chemical reactionStereochemistrplays a central role in developing stereoselective
pathways to new compounds. Stereo-specific effects alsb fiee heart of many selective biological pro-
cesses. In this Perspective article we will consider nedatisimple prototype collision systems, isolated
in the gas phase, and consider how the reaction or scatfengbility varies when one of the reactants
is polarized in a well-defined fashion. The motivation foclsstudies is the insight that they provide
about the mechanism of inelastic and reactive collisiond,the opportunity they provide for a detailed
and quantitative understanding of the scattering process.

Although steric effects in isolated bimolecular collissohave been the focus of numerous investi-
gations over the last 50 yeatghere has been a recent resurgence of interest in the effectsctant
polarization on chemical reactivity, in part heralded by tlevelopment of new and sophisticated experi-
mental techniques. Here we report on some of these receahees in probing and understanding steric
effects in isolated atomic and molecular collisions.

Dynamical stereochemistry (stereodynamigg is the name given to the field involved in the study
of the dependence of reactive or inelastic scattering ps&Eson the polarization of one or more of the
reactants. The language employed by ‘dynamical steredskeiis that ofvector correlationsand there
is no avoiding the use of the language of vector correlafidims some of what follows. The term vector
correlation indicates that one is interested in quantgyhe preferred relationships between two or more
vector quantities, which possess both magnitude and @ireddetermining a vector correlation between
two vectors is thus, in part, a matter of quantifying the dagdistribution between them. In addition, one
might also wish to measure how the cross section for a giveogss varies with the angle between two
(or more) vector quantities, although in practice that caa lmuch more challenging task than measuring
the angular distribution alone.

When considering the polarization of one vector with respe@another we need to distinguishi-
entationandalignment®® Consider the bond axis of a heteronuclear diatomicThe bond axis would
be oriented with respect to some reference direction zsdfythe vectorr points either parallel or anti-
parallel toz. The bond axis would be aligned:if is directed either along.¢. either parallel or anti-

parallel) or perpendicular te. Experiments that measure the effect of the alignment aiedtation ofr



on chemical reactivity probe different, distinctive agjsesf the steric effect, and hence of the underlying
interaction potential between the colliding partners. W eonsider experiments and theory in which
either or both of these aspects are quantified.

Let us illustrate further by considering the scatteringiastn a simple atom, A, and a diatomic, BC,
both of which we will assume for now are closed shell spedibe measurement of a steric effect corre-
sponds to a vector correlation which defines how the reactiomelastic scattering probability (or cross
section) varies with the polarization of the initial bondsax, or rotational angular momentur, of BC
with respect to some well-defined axis. A sensible choicefd@rence axis is the initial relative velocity,
k, of the A + BC collision system. Measuring thrgegral steric effectherefore involves measuring how
the reaction cross section varies with the angle ofith respect tak, or the direction ofj with respect
to k. Such measurements would allow the quantifying of ke or the k-5 vector correlations. Note
that the dependence of the cross section on either the BCébasdr its angular momentum polarization
could be considered. As we will see in Section 2, these twatifies are closely related.

Itis also possible to measure how the reactivity or scaitgrross section depends both on the reactant
polarization and the direction of the final relative velgck’. This is referred to as differential steric
effect The differential steric effect quantifies a three vectarelation, eitherk-j-k' or k-r-k'. As will
be discussed in Section 3, this is achieved by observing hevahgular distribution of the scattered
products, or the differential cross section (DCS), varié weactant bond axis or angular momentum
polarization. In the absence of such reactant polarizatimmeasurement would yield the conventional
DCS, which quantifies the two-vectkrk’ correlationj.e.the dependence of the reaction cross section on
scattering angle§. Note that integration of the three vector correlatibag-k’ or k-r-k’ over scattering
angle yields the two-vector correlatioksj or k-r, respectively. As with the integral steric effect, the
motivation for measuring the differential steric effecttésprovide greater insight into how chemical
reactivity or scattering mechanism varies with angle ofrapph of the reactants.

As will be clear from the preceding discussion, here we wiliifs on measurements in which a
reactant molecule or its angular momentum is polarized atsp We will not discuss dynamical mea-
surements in which the reactants are unpolarized, andgbtrepically distributed. That is not to say that
such dynamical studies, involving unpolarized reactarganot provide valuable information about the
stereodynamics of a reaction. The recent work by Wester amr&kers on the scattering dynamics of

anion-molecule nucleophilic substitutiony®) reactions provides an excellent example of such a study.



However, for reasons of space, studies involving unpatarizactants are beyond the scope of the present
review.

This Perspective article is structured as follows. Se@ipnovides the theoretical background needed
to understand and interpret stereodynamical experimesitst Section 3 provides a brief account of
methods used to polarize (orient and align) reactant mi#scuSection 4 then presents some recent
illustrations of the measurement of both the integral arffeidintial steric effects. Finally, Section 5
summarizes the work described in this Perspective, andgeswsome suggestions for possible future

directions of study.

2 Theoretical background

The theoretical description of reactant polarizatione#enakes use of the distinction betwesdtrinsic
andintrinsic polarization®19The former concerns the various possible experimentahsekéor orient-
ing or aligning reactant molecules. It tells us about thatiohal angular momentum and molecular bond
axis distributions in the asymptotic region, prior to antenaction between the reactants. As such, ex-
trinsic polarization moments are a consequence of exteitaimstances (the experimental setup) rather
than the reaction itself; they have nothing to do with thdigioin dynamics. There are many different
ways to prepare an ensemble of polarized reactant moledintéted only by experimental feasibility
and the experimenter’s ingenuity — see Section 3. Althoumgprinciple, both reactants can be polarized,
usually only one of them is furnished with a specific anispicalistribution.

In contrast, the intrinsic polarization distribution debes the collisional process itsélflt contains
all the possible information on the dependence of the cressom for the scattering process on the
anisotropies of the rotational angular momentum and méde@xis distributions of the reactants. In-
trinsic polarization moments are inherent to the colligioocess and are independent of external circum-
stances (the experimental setup). From the quantum mexzi QM) point of view, all of the information
is embedded in the scattering mattixput this information needs to be manipulated and adapted-to a
dress the problem of how the reactant polarization influgtioe reactivity. From the experimental point
of view, the determination of the intrinsic polarizatioriexf implies a particular reactant extrinsic prepa-
ration, and usually involves performing measuremeais,(of integral or differential cross sections) in

several different experimental arrangements. Ideallih wiset of different reactant preparation schemes



or geometries it is possible to extract the integral or défeial polarization moments of interest.
The mathematical framework to describe the extrinsic atrthsic polarization is indeed very similar,

but care should be exercised to differentiate the meanihgtbf descriptions.

2.1 Extrinsic preparation of polarization

Let us start by introducing the main ingredients for the dpson of the preparation of the reactant
polarization. We consider the case in which the polarizedtent is a closed-shell diatomic molecule
in a well-defined rotational statg, Classically, we can define a probability density functi®bF),
P(©;,®;), that gives the probability of preparing the reactant aagmomentum in a well-defined labo-
ratory directior®j, ®;, defined with respect to some laboratory axes, such as thglidarization vector

or the direction of an external field. We can express this PO&eexpansion in spherical harmonics

k2K
POL0)= 3 3 S AG©:0). )

whereCiq(0j, @) = [471/ (2k+1)]Y2Y, (O], P;) are modified spherical harmoni€his kind of expan-
sion is callednultipolar expansiopwherein the spherical harmonics are the multipoles andxpansion
coefﬂmentsAq =[- ]qA q *), are the multipole or polarizatianomentsTheir values control the form
of the PDF and define the molecular polarization of the roteti angular momentum. The polarization
moment withk = 0 represents the monopole, which is just the specific normaé#din of the PDF. Succes-
sive moments of rank=1, 2, 3,--- are the dipole, quadrupole, octupatec. Therefore, by polarizing
a molecule, one is extrinsically modifying the probabilitgnsity function into a prepared spatial config-
uration. Different probability density functions dese@ithe polarization of and concurrently, as it will
be shown, the polarization ef

So far the expansion in Eq. (1) assumes that the directigncah be sharply defined. However, due
to the uncertainty principle, one cannot localize angulanmantum vectors as precisely quantum me-
chanically as one can classically. Additionally, the PDFEQf (1) may become negative when truncating

the summation té& = 2j, the highest possible rank of these paramet&rs



The correct QM expression for tiR©;, ®;) PDF can be writtet?"13

2j k
P(@.9) = 3 5 2 LA K0li1)Ciq (@), ). @)

0g=—k

The introduction of the jj,k0|jj) Clebsch-Gordan (CG) coefficient automatically ensuresttreaPDF
cannot be negative at any value®f, ®;, as long as the values of the polarization parameters anéwit
their quantum limits.

The polarization ofj implies the polarization of the internuclear axis,and therefore one can be

linked to the other. It can be shown that the PDF describieg-tholarization can be written 88213

4k 2k+1
P(Or, ®) = ;Z (10.K0|0)Cig(©r, Pr).. (3)
=—k

In this case, the CG coefficient that appears in Eq.((®),k0|j0), is zero unlesk is even. Therefore, the
PDF is only sensitive to alignment (evehmoments. Thus, for a molecule in a well-definjestate and in
the absence of an external field, one can prepare an orieistetution of rotational angular momentum,
but only an aligned distribution of the bond axis.

The polarization moments fay # O in the above equations are complex. However, it is easy to

transform them into so called real polarization momentsgitie Hertell-Stoll procedur&’

AL = fz[( DA +AY] = (-19V2ReAY), >0, (4a)
Al = —g [(fl)inkg Y\ } — (-)W2ImAY),  g>0, (4b)
A=A (4c)

In Section 3 we will discuss the most common methods of pegjmar of polarized distributions gf and

r, but we consider first the description of the intrinsic pation.

2.2 Intrinsic polarization distributions.

As we have seen, the intrinsic polarization distributionteins all of the dynamical information about
the dependence of the reaction integral or differentiadgmection on the anisotropies of the rotational

angular momentum and molecular axis distributions of tlagtants.



Quasi-classical trajectory (QCT) and QM dynamical caltates are the main theoretical methods
used to determine polarization moments. The former can bsidered as an approximation, sometimes
inaccurate, to the latter. In addition, the effect of #lectronicorbital or spin polarization cannot be
tackled within the QCT approach. A crucial point, howevsrfd establish a common mathematical
language whereby QM and QCT results can be directly compa@®dnight be expected, that language
is that of the polarization moments.

In contrast to the laboratory (LAB) reference frame norynaied to describe the preparation of the
external polarization of angular momenta, the intrinsitageation is usually described in tlo®llision
frame for which thez-axis is along the initial relative velocity, and thexz reference plane contains
the final relative velocityk’. This is equivalent to the centre-of-mass (CM) frame uguathployed in
crossed molecular beam experimehts.

Similarly to the description of the extrinsic polarizatiaghe dynamical, intrinsic information can be
cast in terms of a normalized PDF, which in turn can be expreas a multipole expansion. However, in
contrast to the extrinsic preparation of a given (asyme}osiactant polarization, the intrinsic description
goes one step further and is definenly as long as the reaction takes platét tells us under what
circumstances (reactant polarizations) the reaction ymoisdare formed in specific final states and/or
scattered into a given scattering angle. Equivalentlyetednines the best reactant polarization to be
used to maximize the amount of products born in a specifictynastate and scattering angle.

In the QCT description, the PDF would represent the proliglof the reaction products being scat-
tered into a given infinitesimal interved, 6 +d6] when the direction of the rotational angular momentum
is specified byd; and ;. This PDF may refer to a specific final quantum state of the yrtsdor to the

overall reaction. In terms of the polarization moments Bi¥ can be written &s

kmax K op
P(0.0,0)=3 3 Zgr S (0Gi(61.0) ©)

The 6 dependent polarization momenﬁ'f)(e), are calledpolarization dependent differential cross sec-
tions(PDDCSS). In particular, the= 0, g = 0 moment (the monopole) represents the normalized differ-
ential cross section (DCS)e. the angular scattering distribution in the CM collisionrfre:

5% (6) —P(6) = 2797 ©)

o dw



whereo is the integral cross section for unpolarized reactantse Me similarities, but also the important
differences, between the extrinsic and intrinsic poldgiiramoments. In the former case, thg) moment
was simply a normalization constant. In the intrinsic cabe, monopole moment is the DCS, which
contains a great deal of information about the dynamicse$tattering process fanpolarizedeactants.
Note that the integral of Eq. (5) over scattering angle yelte classical PDIP(6;,¢;), describing
the integral steric effect, which is readily expressed mimteof scattering angle integrated polarization
momentssy.®

Another important quantity is theonditionalreaction PDF.5:16

P(6,6;,¢;) ‘o= & 2%+15(6)

PO =50 =2, 2, 4 ()

Ceq(65,95), (7)

which quantifies the reaction probability, under the cdndithat products are scattered at anfle
that the reactant rotational angular momentyimwill lie along the directiong;, ¢;. The coefficients
§1k>(9)/8é0)(9) are therenormalized®DDCSs.

As in the case of the intrinsic PDFs, the various PDFs of Egjsafid (7) suffer from the same limi-

tations. Using the scattering angle resolved PRB, 6;, ¢;), as an example, the correct QM expression
i812’13

kmax K
P(6.6i.01) = 3 kZIEJTl 8)(jj,k0lji)Ciq(6;, ¢5)- 8)
=

It can be shown that when the intrinsic PDF of the rotatiomglidar momentum is given by Eq. (8), the

corresponding distribution of internuclear axis is givgrtb's

kmax K 2k+l§1k

PO.6.00= 5 3 Tan

k=0g=—k

)(i0,k0[jO) qu(er,¢r> 9)

Eq. (9) represents the intrinsic reaction probability iatecattering anglé@ for a given internuclear axis
direction, 6;, ¢;, when the corresponding reaction probability as a funatibthe angular momentum
is given in terms of thq’-PDDCSs,%(G), according to Eq. (8). According to this expression, since
the (jO,k0|jO) CG coefficients are zero unlekss even, thantrinsic r-distribution cannot display any
orientation if the reactant is in a well-defined initjastate, and in the absence of an external field.

It is possible to use QCT or QM methods to determine?qﬂﬂ-:(e) PDDCSs that define the intrinsic

polarization for the scattering process. The details ohstalculations are beyond the scope of this



Perspective article, but an accessible review of such mdstban be found in Ref. [L0]. Suffice to say that
the QM PDDCSs and polarization moments can be calculatedttiifrom the scattering matrix. The
QCT PDDCSs and polarization moments can likewise be oldawedily from expectation values of the

appropriate multipoles over ensembles of classical trajiss.

2.3 How the experimental preparation affects the measur able cross section.

The next obvious step is to combine the extrinsic and intripslarizations. From the theoretical point
of view, this means predicting the measured integral oediffitial cross section subject to a given polar-
ization of the reactants. This is equivalent, although ereverse direction (from the experimental point
of view) to deriving the intrinsic (and hence dynamical)gritation from a series of measurements with
different preparations of the angular momentum or intelearcaxis distributions.

The first thing to note is that in general the frames that haenhused in the extrinsic and intrinsic
description do not coincide. Although simulations can bel(sometimes have to be) carried out in the
LAB system, it is preferable to determine the DCS in the sah frame for a specific polarization.

Suppose that the direction of the light polarization or &ledield vectors is defined in the collision
frame by two angle$: andg:. If the polarization parameters that define the polariratibthe angular
momentum in the LAB frame, with th&-axis alongFE, areA((]k), we simply need a rotation to obtain them

in the collision frame:

2 = 3 Dy (0.6, 0)A . (10)
q

It is easy to show that the observable DCS resulting from ¢h@fintrinsic polarization momentaék),
will be®
ol ey e ndse, 1)
where the sub-index ‘pol’ indicates that the reactants aterjzed. When there is no polarization, that is
Whenaék) = 0,09q,0, the usual unpolarized DCS is recovered, as given by Eq. (6).
In many cases, due to cylindrical symmetryjofbout the fieldE only theAék) terms are non-zero,

and then

) = Ciql6e, &) A (12)



In this case, Eq. (11) becomes

do
dw

e
} - %‘[Z > (2k+ 1)[S9(8)]* Cuql( O ) AV | w3
e q

where the angles that define the direction of the electrid figd, gz, for example, serve to define the
specific polarizatiof’ of the DCS.
Similarly, one can define polarizedintegral cross section that will only be dependent of theapol
angle,6e
6e _ (k) (k)
[0]% = UZ(ZK—F 1) sy Rc(coste) Ay, (14)

whereR(cosf) =Cyo(0,0) is the Legendre polynomial of degrk:eandsék) represents the integral of the
sé”(e) PDDCSs over scattering angle. Notice that only the poldongarameters witly = 0 appear in
this equation as a result of integrating ogerin Eq. (13).

Many of the examples described in the following section$ mélconcerned with the orientation and
alignment of open-shell diatomic molecules. While much banlearned from the general treatment
outlined above, the electric fields used to select and osigehh molecules mix the initial quantum states
of the system, and so the clear division between intrinsitextrinsic moments becomes less transparent
and more complicated. We defer discuss of orientation aigdraent of open-shell diatomic molecules
until Section 3.3.

Now furnished with the theoretical tools described abowecan consider the most common ways to

polarize reactant molecules.

3 Experimental aspects

Here we will concentrate primarily on preparing reactanteooles, focusing on techniques that allow
eitherr or j to be polarized"'%18 By defining the initial polarization of either the bond axis) r
the angular momentum vectgj)( it becomes possible to measure integral and differestitaic effects

which quantify two and three vector correlations, respetyi



3.1 Optical polarization

The absorption of light is an inherently anisotropic prac@gich leads to the polarization of both excited
and ground state moleculé®:2! For a closed shell diatomic molecule in'& electronic state and a
specific| jm) rotational state, the probability of the bond axis,pointing along a particular direction

specified by angle®;, ®; is given by
Pim(©r, ®r) = [Yjm (O, Dr) . (15)

The probability that the diatomic will exist in statgn) after absorption of a polarized photon is given by
1(j"m’",10|jm)|2. Assuming that the diatomic reactant is initially unpatad, the probability of finding
r along a particular direction is a product of these two tefrfi%,

2j+1

j//
. N RIS 2
P(er7¢r) - 47‘[(2]”4-1) m:ZJN<J n{ 710|Jm> |CJm(eracDr)| ) (16)

which, after introduction of the molecular axes alignmeantgmeter( j), can be rewritten &s

1
P(er, q)r) ==

Er[lJr 5(])P2(cosoy)]. (7)

The «%(]) parameter is related to the rotational polarization monbgnt/(j) = 5(j020 j0) aéz). By
using linearly polarized light, we can therefore only algmolecule, not orientit. In the case of circularly
polarized light it can be shown that whijecan be oriented, the bond axi<an still only be aligned.

For a symmetric top molecule, the polarization along theemalar axes is given 022

i
POL®)=N 5 5 (j"m",1Q/jm)?(j"K", 1K jk)?
== M= (18)

X [|D,jnk(@r,q3r7Xr)|2+ |D,jn,k(@r7q3raXr)|2} ’

with N a normalization constant, ar@a light polarization index, which is O for linearly polarzzéght
and-+1 for circularly polarized light, and wheisk = 0 for parallel transitions ant1 for perpendicular
transitions. As in the diatomic case, in the absence of areatfield the symmetry axes can be aligned

but not oriented, either with circularly or linearly polzed light.

10



Following early work from Zare and coworkefé Wanget al.?*-26have recently used optical prepa-
ration with an infrared laser to pre-align CHDnholecules to unravel the steric preferences of the reaction
of CHD3 with Cl. Fig. 1 shows the setup of their experiment, which made of optical alignment to
control the initial angular momentum vector of the reactBigD; (see Section 4.2).

The bond axis can also be polarized by absorption of two oerpbotons?”-28 Stimulated Raman
Pumpinghas been used by Zare and cowork@ne® promote HD to well-definedijm) states. These
states were shown to have a well-defigealignment either along or perpendicular to the electridaec
of the pump laser. Recently, Mukherjee and Zare have degdltpe Stark-induced Adiabatic Raman
Passage (SARP) method for preparing polarized saniftédThe SARP method has been shown to
allow almost complete population transfer from the groutadesof H to an excited rovibrational state
with a well definedm = 0 polarization. Population transfer fpojm) = |v 2 + 2) was also shown to be
achievable. A similar method has also been demonstrate@ndmuclear diatomics using the related
stimulated Raman adiabatic passage (STIRARechnique3®32which allows control of the orientation
and alignment of excited states of heteronuclear diatonoilecules.

A different way of using photons to align a molecular ensemsblto use an intense, polarized laser
field to generate an strong, localized electric field, andetweto exploit the molecular Stark effect. The
control of molecular alignmed®38and orientatiod®*'through intense laser pulses has received much
attention recently in the literature, and has been the stibfseveral review$2*3These methods, though

extremely powerful and general, have yet to be applied tesgd molecular beam scattering experiments.

3.2 Bruteforceorientation

It has long been known that a molecule can be oriented in atrieldield by virtue of the interaction
with its dipole moment. However, the rotation of the molecalmost averages out the orientation of the
molecule unless strong fields are employéd'® With the advent of cold molecular beam sources, very
low rotational temperatures became accessible pamie forceorientation of molecules in static electric
fields then became possible with electric field strengthbérrange 10 to 20kV cri, depending on the
magnitude of the molecular dipole momgit>°

When a polar molecule is placed in an electric field, the boxid distribution becomes spatially

oriented050-54Using this method, the molecule can be both aligned and tedenUpon entering an

11



external field, the molecule’s rotational eigenstatesdgiy adiabatically follow the electric field it is
exposed to. A linear combination of rotational states isit&e in the perturbing field, as the molecular
dipole attempts to orient with the field against the rotatiomotion. Depending on the field strength,
the molecule can be thought of as residing in a ‘pendulae’stdt*®>>which effectively reduces the
molecular orientation achievable in the applied field. Tthesorientation achievable is dependent on the
initial rotational temperature of the moleculBg;, 444648 \with lower rotational temperatures favouring
better molecular orientation. It has been shé{f? that the angular distribution of the bond axis is

well-approximated by the equation

P(cosO;) — % 14 o c0sDy] (19)

wherew; = aE/Tot, With @ a system specific constant, aBdhe field strength. The brute force method
is thereforemostefficient at orienting when the initial rotational temperature is low, and dimfirgs as
the initial molecular rotational temperature increases.

The brute force orientation and alignment method has bedelyiused in scattering experiments, as

will be illustrated in many of the case studies describeddatidn 4.

3.3 Orientation and alignment coupled with hexapole state selection
3.3.1 General background

The basis of hexapole state-selection and molecular atientis the first order Stark effect, described
in detail in previous worke356-59For the selection of symmetric top molecules in statek), the first
order perturbation correction to the molecular energy & itthomogeneous hexapole electric field is

given by
mk

WO = — B (jmk| coso, | jmk) = — tteE ———— . 20
HeE (jmk| cosOy | jmk) = — e <D (20)

If k=0, as is always the case for closed-shell diatomic molectiedirst order Stark effect disappears.
Higher order effects can in principle be used to focus sucleoutes, but due to the second order nature
of these effects, the focussing force even at high electid fitrengths is very smatf-6

As can be seen from Fig. 2, the hexapole consists of an ameergef six rods, each with alternating

12



electric charge. The force felt by a molecule in the hexajsoggven byF?

Frex= ue<coser>%‘. (21)

The hexapole (and also a quadrupole in the case of a positagragtic Stark effeéf) therefore behaves
like a lens, focusing molecules witbos®,) < 1 into a focal point, thereby increasing the number density
of these state-selected molecules in the interaction melgyoup to two orders of magnituck®:>356The
exact magnification factor is determined by the hexapolevolthge, the geometry of the hexapole, and
the effective size of the molecular beam soufée.

By means of a set of orientation rods, as illustrateBim 3, which generate a uniform static electric
guiding field, the state-selected molecules emerging frioenhiexapole state-selector can typically be

oriented in space virtually adiabaticaftg.>3:56.64

3.3.2 Orientation and scattering of NO(X) and OH(X)

The ground state electron configuration of the nitric oxid®] molecule is given by
10°10*220%20"?1*30%1 1. (22)

The unpaired electron in thert orbital carries a single unit of electronic orbital angulaomentum,

L =1, which makes a projection onto the molecular axeA ef +1.%° The electron spin in th& state
isS = % with a projection onto the molecular axgs= +1/2. For NO(X), the coupling between the
molecular framework and electron angular momenta is bestrieed by Hund’s case (a) couplind?
couples toQ = A + %, with the resultant vector being the total angular momenapart from nuclear
spin,j. Q can take valueé or % labelled ag~; andF,, respectively, giving rise to the lower and upper
spin-orbit manifolds.

For the hydroxyl radical, OH, the ground state electroniaficiuration is given by
10210*220°11. (23)

OH(X) also has &N ground state, but differs from NO(X) in that the= Q = % state is lower in energy

than thej = Q = 3 state.

13



The wavefunctions for thgmQ) states are related to the Wigner rotation matrices, andeamitten

asb®
. 2j+1 .
imQ) =/ ==D ) (.1.0). 24)

with mthe projection ofj onto the quantization axis. The states defined in Eq. (24)@treigenfunctions
of the system Hamiltonian. The correct description of theepdund’s case (a) wavefunction for the

ground state of NO and OH is given by

|ije>:%2[|jm+§_2>+e|jmf§_2>}. (25)

Qis the absolute value @, ande = +1is a parity index, related to the parity py= (—1)1~¢/2, The two
states of differing parity are referred to a8-aoublet, and are very closely spaced in energy, meaning tha
even in the coldest of molecular beam expansions the ro&dtgyound state has nearly equal populations
of each parity level. The two levels are often designatedhbir spectroscopic labetésand f, which refer

to the lower and uppek-doublet levels, respectively.

The interaction of the OH(X) or NO(X) with an incoming atomdescribed by motion on two po-
tential energy surfaces (PESs). The approach of the rareoghe radical reduces the symmetry from
C.v 10 Cg, and the triatomic electronic states are dendteahdA’” according to their reflection symmetry
with respect to the triatomic plane. It is often more coneenio rewrite the two potentials as half-sum,
Vsum and half-differencéVyis, potentials, involving linear combinations of tAeandA” statest6-%9For
Hund'’s case (a) coupling, spin-orbit conserving collisidrave been shown to take place on Vg
potential, whilst spin-orbit changing collision are coeghby Vi .

Because open-shell diatomic molecules behave as symrugisichexapole state-selection and orien-
tation methods can also be used to orient molecules such 8§)@HNO(X). ’° Hexapole state-selection
of the molecules is necessary before they enter a regiorawittiform orienting electric field. In NO(X),
thej =1/2,Q=1/2,¢ = —1(f) level is selected in the hexapole state-selector. Thistguastate is a
low field seeking state, such that the N-end of the NO pointatds the negative electrodé>8The other
A-doublet level { = 1/2,Q = 1/2, & = 1(e)) would be oriented in the other direction in the static efect
field. Therefore, orientation of NO(X), or other open-simeblecules, is only possible by ensuring state

purity at the point of molecular orientation.
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Recent experiments on state-selected NO employed thedolassembly shown in Fig. 3 to generate
the static orienting electric field. Assuming the DC elecfiéld lies along the relative velocit, the
eigenstate wavefunction of NO(X) in the field is given by aelin combination of the field free= —1

ande = +1 A-doublet state¥ 587173

. 1 . .
[IMQE) = 72[a|JmQ£:1>+[§|JmQ£:—1)]. (26)

The real and positive valued mixing coefficieat&nd are given in terms of the electric field strengths,
where in this case the coefficieat goes to zero as the field goes to z&fG871-"3As mentioned in
Section 2.3, note further that in the open-shell case tharaéipn into intrinsic and extrinsic moments,
introduced in Section 2, is complicated by the fact that tla¢icselectric field causes a mixing o
doublet levels.

For NO state-selected in the= 1/2 level, the normalized probability distribution of the owes of
the angle between the dipole moment of NO(X) and the elefitiid (O, = ©Or) is given by a simple
equation ina andf

P(Oue) = % [14+ aBcosOue] . (27)

Once the orientation specified by Eq. (27) has occurredtesoag with the partner atom takes place and
a detection scheme is used to infer the collision outcome.pitarity of the rods can be switched so the
N and O end collisions can be measured in an alternating ¢gat@nimize the effects of experimental
instability. With moderate field strengths, a relativelgthnidegree of orientation of the NO(X) bond
axis is possible. As we will see, similar experimental methoan also be used to study orientation
effects in reactions involving other open-shell diatomiolecules, such as OH(X¥ As discussed in
Section 4.2, using these oriented reactant molecules, io@ehbvith fast switching electronics, allows
the sterically resolve#-r-k’ vector correlation, corresponding to the differentiatistasymmetry, to be
probed. Appropriate integration of the orientated or aiDCSs allows recovery of the integral steric

asymmetry, discussed in Section 4.1.
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3.4 Other experimental considerations

Coupling the above methods for preparing polarized mos&amsembles with crossed molecular beam
experiments allows the stereodynamics of inelastic anctivesscattering encounters to be probed quan-
titatively.

In the earliest crossed molecular beam experiments withrizeld reactants, detection with moveable
time-of-flight detectors was used to record differentialssr sections at discrete angles, and to obtain the
integral steric asymmetfy (see Section 4.1). ter Meuléh’*">and Stolt&”-°8.76and their coworkers
have subsequently used laser-induced fluorescence (LI§)ett effect to measure the integral steric
asymmetries for several inelastic scattering systems$seton 4.1). Although LIF has been used to
measure DCSs, itis not that easy to employ in scatteringearggolved measurements, and so differential
steric effects have not been measured using this detectmoa.

In the most modern crossed molecular beam machines, weloeip’” ion imaging’® has been com-
bined with advanced quantum state selection techniquekttonocomplete angular scattering distribu-
tions (see for example Refs. [79-90]). Velocity-map ionging provides a very effective technique for
obtaining the differential and integral steric asymmetri@hen coupled with hexapole state selection
and guiding rod orientation. By coupling these advancechou with the state preparation described
above, it is possible to measure sterically resolved angligé&ributions and integral steric asymmetries

with more precision than ever before.

4 Casestudies

4.1 Integral steric asymmetry

The influence that molecular orientation has on the outcdnaecollision can be quantified by a dimen-
sionless integral steric asymmetry paramegerf-or the collision of a diatomic molecule, AB, with an

atom or molecule the integral steric asymmetry is defined as

~ 0Op—0B

= x 100
Oa+ 0B

(28)

3
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where ga and og are, for example, the integral cross sections for the cggtmbolecule. A similar
expression holds for reactions involving side-on versuds@mmolecular alignment of reactants. In the
case of oriented reactants, a positive valuSioidicates a preference for ‘A-end’ collisions and a negativ
value indicates that inelastic scattering or reactionvetiaed following collision at the ‘B-end’ of the
molecule. It should be mentioned that it is also possible éasare the integral steric asymmetry for the
collision of a molecule with a variety of solid surfac&s?? However, the effect of molecular orientation
on such collisions is beyond the scope of the current Petigpaarticle, and will not discussed further
here.

Early work on the influence of steric effects on the asymmetrghemical reactivity, performed by
Bernstein and coworkers, focused on the ‘reactive asynymeftthe reaction between Cii and Rb.

A steric cone of non-reaction was observed in which the maftgup blocks the approach of the Rb
atom 2394 The reactive asymmetry was observed to be large for batksedtproducts (Rbl), whilst
forward scattering was less orientation-dependent. Ltoasd coworkers also reported the integral steric
asymmetry for the reaction of SrHF(v=1, j = 1) — SrKV, j’) + H performed with molecular reactant
alignment favouring either side-on or end-on attack on tRenkblecule. It was found that there was a
small but significant alignment effect for collisions pogiithg different final vibrational state®. In a
subsequent study, the side-on favouring reaction geonagtaycollision energf, = 230 meV was
observed to gradually change into an end-on favouring ofigqt= 625 meV?® Further examples of
steric asymmetries for chemical reactions are given iniGedt 2.

One of the most common measurements of the integral stgnorastry has been for inelastic scat-
tering. Inelastic collisions of NQX2) with Ar are often used as a prototype for studying the caltisi
of open shell molecules with closed shell atoms, and manysureaents of the integral steric asymme-
try have focused on this system. Detailed experimental hedretical studies have been carried out by
Stolte®”71:76.7%nd Brouard? and their groups, in which the NO(X) molecules were statectet! using
a hexapole in th€& = 0.5, = 0.5, f state, prior to being oriented in the interaction regiomgs static
electric field, as discussed in Section 3. Typical valuehefaverage bond axis orientation achieved in
these experiments correspond¢os©;) ~ 0.3.

Fig. 4 shows a comparison between QM and QCT theoretical gperienental integral steric asym-
metry for spin-orbit conserving (= 0.5,Q = 0.5 — j/, Q' = 0.5) transitions into the A-doublet state/3

Good agreement between the experimental values and QMlatideis is observed for all values of
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Aj = j’—j. The experimental data show marked oscillations betwesitiy® (N-end preference) and
negative (O-end preference) steric asymmetrieAfor odd andAj = even, respectively, particularly for
transitions with 5< Aj < 12. Since QCT calculations cannot reproduce the experahatiérnation in
Aj, whilst the QM calculations can, the oscillations have bieérpreted in terms of a QM interference
effect.”%73 Further insight was obtained using a quasi-quantum treatrfrem which it is found that the
alternation in sign is due to quantum interference fronjetories’ scattering off the two ends of the NO
molecule’® For high rotational excitationYj > 12), Sbecomes large and positive, indicating that N-end
collisions preferentially populate high rotational stat€his is reproduced by both the QM and QCT cal-
culations, and can be rationalized in terms of a classidaiina-stick model: since the Pauli repulsion
induced by the unpaired electron charge density in thiedrbital favours the N-end over the O-eHd
and the centre-of-mass of the NO molecule is displacedtfitiwards the oxygen, a larger torque may
be applied by collision at the N-end of the molecule, leadinsomewhat greater rotational excitatih.
The increase in the magnitude®fvith increasing)j for spin-orbit conserving collisions may be under-
stood by considering the near-homonuclear nature of the M{@cule; as the potential becomes more
homonuclear, scattering becomes less dependent on thamtadentation. For transitions with logyj,
which are governed by the coefficient of the second Legendraent in the potential expansidrg, the
interaction potential is near-homonuclear, leading tolksteric asymmetries. AAj increases collisions
sample the more anisotropic regions of the PES, leadinggetabserved values &6871

Experiments to understand the effect of the underlyingmt@kon the integral steric asymmetry
were performed by comparing inelastic collisions of statected NO(X) with Ar and H&%98 Whilst
the alternation in the sign of the integral steric asymmistgbserved in both systems, the magnitude of
Swas found to be considerably larger (as well as more reguigiriicture) for NO-He scattering than for
NO-Ar. This, along with calculations on modified test potaist’* suggests that the repulsive part of the
underlying PES has a stronger effect@since the NO-He PESs are less attractive than for NO-Ar.

Work by the group of ter Meulen has focused on the integraicsessymmetry of the OH(X) radical
prepared in thev = 0,Q = 1.5, ] = 1.5) state. In the study of collisions of OH with Ar, the overall OH
orientation was found to b&osd;) ~ 0.46 and(cos®,) ~ 0.55 for single and double hexapole state
selection, respectivel{?7475The difference in the measured steric asymmetry betweesitigge and
double hexapole can be seen in Fig. 5: for transitions taalte|Q’ = 1.5, f) state (upper right panel), a

larger absolute value is observed from the double hexapuaie.to higher purity of initial state selection

18



and a higher degree of orientation achieved in the statid, fieis most useful to consider the double
hexapole selection steric asymmetry. LAy excitation shows a weak preference for O-end collisions
(positive S) whilst excitation to highj’ states has a strong preference for H-end collisions (neg3ti
The steric asymmetry becomes increasingly negative witheasingAj, favouring H-end collisions,
which can be understood in terms of a similar classical &adi-stick model to that described for NO +
Ar collisions. In the OH + Ar system, the steric asymmetry elggs on the final\-doublet state under
consideration: for spin-orbit conserving transitiong&iatesSis more negative compared to transitions
to f states (compare the upper left and upper right panels oblrig.trend which is is reversed for spin-
orbit changing transitions (see the lower panels of FigAhough it was found that the experimental
results agreed reasonably well with QM calculations, ailyethere is no simple explanation for this
behaviour.

There are some marked differences between the integrad smmetries observed for collisions
of NO®%7:73.76and OH with Ar/27475Whilst there is a significant difference Bfor e and f final states
for OH, this is only minor for NO. This contrasting behaviasithought to be due to differences in the
rotational level coupling according to Hund's cases, ardd#ct that NO is a near homonuclear diatomic
molecule®”:58.71.72.76ryrthermore, the oscillation in the sign 8fwith Aj observed for collisions with
NO + Aris not present for OH + ArAs we have seen, the oscillations in the case of NO + Ar arm® fr
the near homonuclear nature of the PESs describing thamsysthich leads to an interference between
scattering off either end of the molecul@This interference is therefore not seen in the much mordyigh
heteronuclear OH + Ar systerithe increased magnitude 8bbserved for OH compared to NO is likely
partly due to the higher level of orientation, along with theger charge and mass asymmetry present for
the OH radical compared with NO.

More recent work has focused on the determination of thgratesteric asymmetry for diatom-diatom
scattering. ter Meulen’s group has investigated the iafesieric asymmetry of the inelastic scattering of
OH(v=0,j =15,f) by HX(v= 0, ] < 4), where X = I?°, CI1% and Br°! as shown in Fig. 6. For all
scattering partners§ depends on the spin-orbit manifold and thaloublet level of the final state. It is
interesting to note, that unlike in other systems (for extarapH + X, X=Ar, N, and CO/?79 the value of
Sfor OH + HX does not vary monotonically withj. This cannot be understood using a simple classical
ball-and-stick model, and is thought to reflect the balarete/ben intermolecular dispersion interactions

and the dipolar and quadrupolar moments present in the Hiémsgs Considering spin-orbit conserving
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transitions, to finak A doublet states, as shown in the top right panel of Fig. 6, &weaference for
O-end collisions (positive) is observed for all collision partners, whilst foistatesSis small for HI and
HBr, but large and negative for HGl€. there is a strong preference for H-end excitation). Forsitaoms

to Q' = 1.5 for all collision partnerSis more positive foe final A-doublet states than fdr final states.
The larger steric asymmetry for HI imstates compared to HCI is attributed to the larger polaiiizab
and electric quadrupole of the HI molecule. The informati@med from the integral steric asymmetry
can also be rationalized in terms of loss mechanisiaseactive paths, involving Hmigration or an
exchange reactiof? Furthermore, the differences in the potentials for each H¥ tve probed using the
integral steric asymmetry: for example, for HCI the globahmum of the PES is very deep, leading to
a large anisotropy and a preference for the O-end to samghe¢li region, and to a negative value®f
(for |Q" = 1.5, f)).%9 The differences observed between=X, and Br and X= Cl do not currently have
a simple explanation.

The effect of OH(X) orientation on reactive collisions of @th HBr has recently been investigated
by Tsaiet al..192103Qrientation of the OH was achieved using a hexapole eldigtitfor state selection,
combined with a static electric field for orientation as wittrevious experiments. The Br atom formed
in the reaction was probed using VUV laser induced fluoreseeatetection. A strong preference for
O end attack was observeét? however H end attack also showed some reactivity. By cormpayithe
reactivity of side on attack was found to be much sméiféTwo reaction pathways were suggested:
collisions with the O end of the molecule result in direct ldratabstraction from the HBr, whereas H
end attack may involve H-atom migration from the H-8?.

Whilst most integral steric asymmetry measurements eggloe collisions of open-shell molecules
with closed-shell atoms or molecules, the number of coltigiartners has increased dramatically over
the last decade. The inelastic collisions of oriented(®H 0,Q = 1.5,j = 1.5, f) with CO and N
has been used to probe systematic differences betweenltissogartners, particularly the symmetry
of their interaction potentials, as well as the influenceahplex formation on the collision proce$3.
The effect of molecular alignment of metastable C(g (created using optical electronic excitation
of CO(X!z*,v=0,J = 0) using linearly polarized light) with NO has also been inigated1%* The
dependence of the steric asymmetry on the repulsive paredhteraction potential has also been probed
by comparing the collision of NO with Pversus He. For spin-orbit conserving collisions, the two

systems were found to have similar trends in the integraitstsymmetry withA j. 10
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4.2 Differential steric asymmetry

Deeper insight into the dynamics of an inelastic or reaatalésion can be obtained from measurements
of the differential steric asymmetry, which quantifies therise preference of the collision as a function
of scattering angle of the products. For many years suchune@a&nts have been performed for reactive
systems, providing valuable information on the underlyimechanism and dynamics of the reaction. The
first such experiments were performed in the groups of BremksBernstein in the 197085197 These
early experiments have been reviewed extensively elsa#@r'%8and so will not be discussed further
here.

The first experiments to investigate the effect of alignm#ra molecule before a reactive collision
on the angular distribution of the products were performgtdeschet al.1%%111on the Li+ HF(v= 1)
— LiF + H reaction, and later on the Sr + HFE 1) — SrF + H5% The aligned distribution of the HF
bond axis was achieved using optical excitation with lihepolarized light to excite thg = 1< v=0,
R(1), Am= 0 transition of HF molecules in thgjm) = |110) state. A static electric field was employed
to avoid depolarization of the aligned distributigia nuclear spin-rotation depolarization. The angular
distribution of the products was measured using a rotatabface ionization detector. The integral steric
effect for collisions of aligned HF with Li was found to be agVely small, with a weak preference for
the bond axis distribution to be aligned along the relatietowity. However, the DCSs and product
velocity distributions for different alignments of theftiial bond axis distribution, achieved by changing
the direction of the light polarization with respect to tieéative velocity, shown in Fig. 7, were found to be
significantly different}!? It was seen that end-on collisions resulted in decreasedfds scattering and
increased backwards scattering compared with side-oisiools, and an isotropic bond axis distribution.
The propensity for end-on collisions to result in backwasdsttered products was explained as follows.
Although the distribution of the molecular bond axis is akgl, as opposed to oriented, only collisions
with the F-end of the HF molecule result in reactions. After tollision of the Li with the F-end of the
molecule, the H atom will be ejected along the HF axis intofthrevards scattered direction, resulting
in backwards scattered L% QCT-calculated product velocity distributions are alsovgh in Fig. 7.
High recoil velocities are favoured when the bond axis tigtion is aligned along the axis, whereas
lower recoil velocities are favoured for collisions in whithe alignment is along the relative velocity (

direction). This effect shows that the distribution of fipabduct states is sensitive to the initial alignment
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of the HF bond axig12Fig. 7 displays experimental laboratory frame angulariistions for the Li + HF
reaction compared with QCT calculatioWs: The agreement between experimental and QCT calculations
was found to be very good.

Further experiments by Loesehal. used the brute force orientation method to achieve oriedited
tributions of the I1CI diatomic molecuf and various R-1 hydrocarbd'13-11%and aromatic molecule®:>0
The K + ICl reaction was found to yield both the KCI and Kl reantproducts Surprisingly, differential
steric preference measurements indicated that the KClptadas preferentially formed from collisions
of the K atom with the I-end of the ICI product, and similarhat Kl was formed predominantly from
collisions with the Cl-end of the molecuft. The reaction was found to proceet a harpoon mech-
anism, resulting in forwards scattered products, and thetes-intuitive steric asymmetry results were
interpreted in terms of a simple direct-interaction-witteduct-repulsion (DIPR) modéF

Investigation of the K + I-R (R = iodobenzene, 2-,3- and 4eimduene) by Loesclet al. reaction
found a strong differential steric preferent° The differential steric effect for the bond axis parallel
to the relative velocity indicated a preference for caodiis at the R-end of the molecule for forwards
scattered products and I-end attack for backwards scdtfaducts. Overall, it was seen that I-end
attack was most favourable for product formation, sugggsdiK-1-R transition state. The perpendicular
steric effect was investigated by directing the electritdfigerpendicular to the relative velocity, which
provided information on whether products have a propensitye scattered parallel the C-I bond (from
C to I) or antiparallel after sideways attack. It was founatttme perpendicular steric effect was positive
over the entire angular range, indicating that the reagiroducts were predominantly scattered parallel
to the C-l bond. These observations were rationalized uaicgne of ejection model. At a critical
distance, the electron from the K atom jumps to the R-1 md&cesulting in a repulsive anionic state.
The anionic state rapidly dissociates and theaqd I~ products rebound. However, unlike in the DIPR
model**115the departing ions interact with the R fragment and the petsdappear within a cone of
ejection® Similar results were seen for the Ki-3H7 andt-C4Hg reactive system&!4

Optical alignment methods have also been used to investibatdifferential steric effect in the ClI
+ CHDs (v=1) and CH (v=1) systems. Initial experiments by Simpsetnal. found a marked steric
effect,?® indicating that collisions in which Cl atoms approach thélGtretch perpendicularly result in
preferentially forwards scattered products. Invest@eagiof the unpolarized O + CDfand F + CHI}

systems found evidence of significant reorientation effe¢the moleculen routeto the reaction bar-
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rier.26:116.117The observation of a significant steric effect in the reactibaligned CDH and Cl there-
fore suggests that reorientation effects are not significathis system, otherwise prealignment of the
reagents would have little effect on the outcome of the feactue to the strong steering interactions. A
detailed review comparing “active” steric control, in whithe reagents are prealigned experimentally,
and “passive” steric control, in which significant reorititn of the reagents results in steering of the
reactant molecule in such reactions, is given in Ref. [264 so will not be repeated here.

A series of recent experiments performed in the Liu giduff*118have probed the differential steric
preference of the C§H + Cl reaction. In these experiments, an aligned distradsutif CD;H was created
using linearly polarized IR radiation tuned to tRé0) transitions of the CBH (v; = 1 < 0). Hyper-
fine depolarization of the aligned distribution was meadward accounted for in the analysis of the
experimental images. The HCI product was detected usiranaggly enhanced multi-photon ionization
(REMPI) combined with time-sliced velocity-map ion imagirA large differential steric preference was
seen for the HCI = 0) product?* as shown in Fig. 8. Approach of the Cl in a linear geometry (e
with parallel polarization of the IR laser) results in an @iklarger cross section and increased back-
wards scattering. On the other hand, side-on approach @lt{gerpendicular IR polarization) results in
sideways scattered products with a much smaller reactiobatility. These observations are in agree-
ment with a direct reaction mechanism with a collinear titéors state. The collinear approach results
in backwards scattering from small impact parameter, endatlisions whereas for side-on approach
larger impact parameter collisions lead to sideways seatteroducts. The steric effect for the HCk 1
product is not as easy to interpret. It was suggested thati@les = 1 products could be formeda a
time delay mechanism in which there is substantial recai@nt of the C-H bond axis prior to, or during,
the collision?®

In order to fully unravel the three dimensional effect of tiend axis orientation, Wanet al. per-
formed the experiment in eight different geometries andewadsle to extract th {i}(e) j-PDDCSs
described in Section 2118 As discussed in Section 2, these quantities by definitionatalapend on
how the bond axis distribution was prepared, and descrilbetbe intrinsic steric requirement of the
reaction.S)(6) represents the angular distribution of the productsﬁﬁlé(e) and {i}(e) PDDCSs de-
scribe the propensity for the reaction to require alignnoéttie C-H bond along theaxis, and thex axis
with respect tgy, respectively, an {i}(e) guantifies the tilt of the C-H bond with respect to thendxz

planes. For the physical interpretation of fDDCSs, the renormalized quantitﬁg}(e)/%(e) are

23



shown in Fig. 9. The measured renormalizeddDDCSs forv = 0 are in agreement with a line-of-centres
collision model! indicated by the solid line in Fig. 9. At backwards scattgrangles,8 = 18C°, the
value ofa{f}(e)@w) is near its lower limit, indicating a strong preference joperpendicular td,
and therefore- to be parallel tak, as depicted in the first cartoon at the bottom of Fig. 9. Aewialys
scattering @ = 90°), the%z}(e)/ﬁ(e) goesto zero, but t {i}(e)@(e) moment nears its lower limit,
such that- is parallel to ¥+ 2), as depicted in the second cartoon. As the scattering besororeasingly
forwards, th {i}(e)/g(e) goes to zero, and tr&?' (6)/L(6) and {i}(e)/g(e) moments take their
upper and lower limiting values respectively suggestingnahent of the C-H bond along theaxis. It
should be noted that whilst these cartoons depict oriemtaif CD;H, experimentally the molecule is
aligned, and so strictly speaking it is not possible to dgtish between ‘heads’ and ‘tails’ collisions.

Measurements of the differential steric asymmetry disetis® far have been limited to reactive scat-
tering systems, and the observed differential steric peefees have been well-explained using classical
models. In contrast, recent experiments on the differestéaic asymmetry in rotationally inelastic colli-
sions of NO(X) + Ar have found that that the steric preferecen@not be explained classically, and is due
to quantum interference effecf8 As in the case of the integral steric asymmetry measureniénts'®.7°
in these experiments the NO(X) was prepared in|fhe- 0.5, ) = 0.5, f) state using an inhomogeneous
hexapole electric field. The state selected NO(X) was thiemted in the interaction region using a static
electric field generated using a four rod arrangement, asribesl in Section 3.3. As discussed, this
method of orientation of the NO(X) results in a coherent sppsition of the field fred ande A-doublet
levels, as described by Eg. (26).

Fig. 10 displays experimental images for collisions of ot NO with Ar/3 Differences in the
experimental images are clear for all final rotational stat€he bond orientation is not seen to have
a significant effect of the number or position of the peakshm éxperimental image, but does have a
significant effect on the relative intensity of the peaksvivus work has shown that the peak structure
seen in the field-free DCSs can be associated with quantemiénténces between trajectories impacting
on the sides and two ends of the NO molecii€its to the experimental images are compared to QM
calculations in Fig. 10 and the agreement can be seen to lzk goo

The differential steric asymmetry for NO + Ar collisions isfihed ag®

(29)
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where d; is the DCSs for collision at theend of the molecule. It is important to note that integnatio
of Eq. (29) for the differential steric asymmetryggk, doesnotyield the integral steric asymmetr$,
since the latter is obtained from the (separately intedjatgegral cross sections. Fig. 11 compares
the differential sterimsymmetryobtained from the experimental measurements with thosmiledéd
from QM and QCT scattering methods. The classical calanatfail to predict the oscillations in the
differential steric asymmetry that are observed for low aniddle |’ in the experimental measurements
and in the QM calculations, predicting very little steriefarence other than in the very forward scattered
direction for these states. At high rotational excitatidn £ 15), the experimental measurements and QM
calculations are in agreement with the classical predisticAs with the integral steric asymmetry, this
can be attributed to the CM of NO being slightly displaceddats the O-end of the molecule, such that
collisions with the N-end of the molecule are able to exertertorque on the molecule, and therefore
an N-end steric preference is observed for high rotatioreitaion. The oscillations observed in the
experimental and QM differential steric asymmetry can i®mnalized using a semi-classical four path
model, adapted from a similar model used to predict the jpositf parity dependent oscillations in
NO(X) + Ar DCSs./380 Within this model, the steric asymmetry arises from a quaninterference

between scattering from the two ends of the NO molecies.

5 Conclusions and future prospects

This Perspective has focussed on recent studies of thaeffeinitial bond axis and angular momentum
polarization on inelastic and reactive scattering. We tawéned the theoretical foundations for such
studies, and described some of the strategies availabéxf@rimentally interrogating dynamical stereo-
chemical effects. Some examples of recent work in this fialcelalso been highlighted. There is consid-
erable interest at the moment in the alignment and orie@mtatf molecules using intense fieR§g'3119
and with use of coherent laser excitati#h©! which we have only touched on in this article. If such meth-
ods of reactant polarization can be combined with techridorecontrolling and cooling the translational

motion of molecule$4120-122

and for conformer selectiot?® then we anticipate that many detailed
features of the stereodynamics of molecular collision$ vélrevealed. The research described in this
Perspective on the scattering dynamics of NO with the rasegi&as highlighted the effects of quan-

tum interference. Such quantum effects are likely to be meadily observed as the collision energy is
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lowered, and the experimental conditions become morelyidefined.
We have said little about the polarization of the reactiaodpicts, yet this topic is intimately linked
to the orientation and alignment of the reactalts126In the case of inelastic scattering, it is common

to invoke conservation of the projection phlong the kinematic apse, where the apse is delfied?

a— PP (30)
p' —p|

wherep andp’ are the initial and final relative linear momentais projection is a rigorously conserved
in the limit of classical encounters of hard-shell particté”-128 Studies of the rotational tilt — thg-;’
correlation — indicate that the projection gpfalong the apse can show a propensity to be conserved,
even in fairly attractive, non-hard-shell systefd8:131Similar line-of-centres type propensities may also
operate in reactive systerd&!2>

However, in quantum mechanics, the product rotational Enguomentum orientation and align-
ment can both differ from that predicted by the kinematiceapwdel, even in the case of hard-shell
encounter$®132-134Fyrthermore, it has been shown that the orientation of theymt rotational angular
momentum in inelastic scattering can be strongly influerye@M interference effect$32133

Fig. 12 shows experimentally determined product rotationiantation for collisions of NO(X) with
Kr, obtained with full initial and finalA-doublet state resolution. Experimental DCS images were
recorded using right (R) and left (L) handed circularly paed light. The experimental DCS image
obtained from summing these images is shown in panel a) oflRiginformation on the rotational ori-
entation of the NO after the collision can be obtained froen tiormalized difference of the R and L
images, shown for the experimental data in the second cobafrpanel a) of Fig. 12. The oscillations in
intensity (color) in the difference images reflect the faetttfor some scattering angles the NO product
rotates clockwise in the plane of the image, whilst at otimgle@s the scattered molecule rotates counter-
clockwisel32 The experimental normalized difference image is comparigll simulations performed
using the results from both QM and QCT calculations. It isckhat the QCT simulation fails to repro-
ducedthe oscillations between positive and negative intensity taat be observed in the experimental
and QM simulations.

Panel b) of Fig. 12 compares the experimental, QM, and QCTulanglistributions, normalized

nﬁ}(e) j’-PDDCS, and renormalizqnﬁ}(e) j’-PDDCS, analogous to the reactg#®DDCS of Eq. (8).
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Unlike thes{qk}(e) j-PDDCSs introduced in Section 2.2, which describe the tatéan or alignment of
the reactant rotational angular momentum preferred foctima, the j-PDDCSs displayed in Fig. 12
guantify the orientation of the rotational angular momemtf the scattered NO molecule after the col-
lision. A positive value of thes¢-PDDCSs indicates a preference fidrto lie parallel to the scattering
framey-axis, whilst a negative value indicates thyatlies antiparallel to the-axis. The renormalized
j’-PDDCS is given by dividing the normalized PDDCS by the aagdistribution according to
ol (g) = 1-t0), @)

The agreement between the experimental, QM, and QCT andjstaibutions is generally good, with all
three sets of data showing predominantly forwards scatf@ducts as would be expected from glancing
blow collisions that result in low rotational excitationottever, comparing the normaliz¢dPDDCSs,
although it can be seen that the agreement between the megueal and QM data is good, large dis-
crepancies between these two sets of data and the QCT d¢eloslaan be seen. In the QCT normalized
j’-PDDCS, the dominant feature is a positive peak in the fotwacattered direction, however this is
not observed in the experimental or QM data, which oscilleind zero throughout the entire angular
range. It is perhaps more instructive to consider the reatized j'-PDDCSs, shown in the far right of
panel b) of Fig. 12. The QCT-PDDCS is positive at small scattering angles and decreatas/ely
smoothly to become negative at scattering angles abcvel®@ontrast, the experimental and QM data
show near zero orientation at small scattering angles, laewl ¢scillate between positive and negative
orientation with scattering angle. This indicates thatekperimental product rotational orientation is
dominated by QM interference effectd?133

The product rotational angular momentum orientation isljiko be highly sensitive to the initial bond
axis orientation of the reactanise. strongr-k-3’-k’ four-vector correlations are likely to be present in
this system, and are likely to be highly revealing about ttegtering dynamics in the NO + Kr collision
system. Similar orientation measurements in more completastic and reactive scattering systems are
also likely to be revealing, since the product rotation&mtation should be very sensitive to the balance
between impulsive, attractive, and complex-forming seatg dynamics.

Measurements of three and four vector correlations liftdbiestraint of azimuthal symmetry about

the relative velocity vector inherent to measurements ef DICS, and open the way to investigate in
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detail the intimate mechanism of molecular collisions. &iddally, they provide the experimenter with
a means to control the outcome of chemical reactions. Détetion and interpretation of such effects
would represent a new beginning in molecular reaction dyesinand a realization of Herschbach and
coworkers original dream of measuring four-vector cotfefes in molecular collisions and unveil how

chemical reactions and inelastic collisions take plade.
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¥ CHD,

Figure 1: (A) The experimental setup used for the measurenfgpolarisation dependent differential
cross sections. An infrared laser excites the GHLhe polarisation of the infrared laser can be modified
which causes the excited CHIo become polarised. A UV probe then ionises the GHer reaction
where it is mapped onto the detector. (B) The coordinatesystsed to describe the experimet, is

the infrared laser polarisation at an angl¢o the relative velocityf is the scattering angle anglis the
azimuthal component. Figure adapted from Ref. [25].

37



Defocused molecules

L

Focused molecules

L

Obstacle

Figure 2: The hexapole state-selection apparatus cowndisis alternately charged rods. The molecules
enter the hexapole electric field and undergo a half wave owhbaic motion, focussing them into an
interaction region. High field seeking states, those witlicivithe energy is lowered by the Stark field are
ejected from the hexapole. Low field seeking states whosgjierseare increased by being in the field are
focussed into the centre by the Stark field.

38



.............................
.........
. L
e

- Camera

~a) 10 30 b) © o
< r ~, ~ K
e ——
; o—o ;O S
20 40 o pk [

Extractor
266nm

Repeller
308nm

NO

Figure 3: Schematic of the setup which allows imaging of steric effett this case for the scattering

of NO + Ar. Panel (a) shows an expanded detail of the four-ssgtmbly, with the collision system just

before collision. Panel (b) shows the system just afteigioft when the rods have been switched from
orientation to velocity mapping conditions, as illustcatey the timing profile below. Also shown are the
four vectors necessary to fully describe the collision pesc Adapted from Ref. [73].
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Figure 4: Comparison of experimental (red line with ciry]&€3M (black dashed line with open squares),
and QCT (blue dotted line with triangles) integral sterigrametry for the inelastic scattering of
NO(X?M,v=0,j =1/2,Q = 1/2) by Ar. The integral steric asymmetry is defined in Eq. (2B)he
main text, whereby a positive value 88hows a preference for an N-end collision. Figure adapted fr
Ref. [73].
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Figure 5: Comparison of the integral steric asymmetry fattezing of OHX?M,v=0,Q = 1.5,j = 1.5)
with Ar measured with single (red circles) and double (dianjchexapole state selection. The left and
right panels show scattering intcand f final A-doublet levels, respectively. Figure adapted from Ref. [

72].
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Figure 6: Integral steric asymmetr§,for scattering of OKX?M,v=0,Q = 1.5,j = 1.5) by Hl at a

collision energy of 690 cmt (green triangles), HBr at a collision energy of 750€fn(blue circles), and
HCl at a collision energy of 920 cnt (red squares) for (top) spin-orbit conserviRg= 1.5 and (bottom)
spin-orbit changing’ = 0.5 transitions. Figure adapted from Ref. [99].
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Figure 7: Experimental (right) and simulated (using thauitssof QCT calculations) laboratory frame
angular distributions of scattered LiF after reactiveis@hs of Li + HF ¢ = 1). The data are shown for
alignment of the bond axis distribution parallel to thaxis, or relative velocity (red dashed ling)axis
(blue dotted line)x axis (purple dotted) line, magic angle (green dash dot kin€l)an isotropic bond axis
distribution (solid black line). In the bottom left pandigtQCT calculated product recoil distribution for
different bond axis alignments is displayed. Correspog@€T calculated differential cross sections for
the collision are displayed in the bottom right panel. Adadfrom Ref. [112].
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Figure 8: Polarization dependent angular distributiond@f v = 0 (left) andv = 1 (right) states formed
after collisions of C@H (v = 1) + Cl. The angular distributions for three different patations of
the IR laser used to excite the gB. Parallel polarization results in a bond axis distribataligned
parallel to the relative velocity, with perpendicular paation yielding an alignment of the C-H bond
axis perpendicular to the relative velocity. Magic angléapi@ation of the IR laser results in a practically
isotropic distribution of the C-H bond axis. Adapted fromfH24].
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Figure 9: Experimentally determin@jﬁ(G)/@(e) r-PDDCSs for collisions of aligned G (v=1)
with Cl for k=2,q= 0,1 and 2. The blue curves show the prediction from a line ofresninodel. A

cartoon representation of t@f(@)/%(e) values for three limiting scattering angles is shown in the
lower panel. Adapted from Ref. [25].

45



O=N (Ar N=0 (Ar

Experiment  j'=5.5
J ——-am I
|

2]
Nk(
\Y
= e 0 S
0 60 120 180 0 60 120 180
! j=65| 1ol;
| fl
(2N
| Nﬁ- . \
.
AN
N\ /‘/\%K’\(
! — 00 - ——
0 60 120 180 0 60 120 180
O.Q
\ =75
!
s '
. \ 0441l
\
\ N
N
NS > =
! 0.0
0 60 120 180 0 60 120 180
j=105
5
60 120 180 0 60 120 180

Figure 10: Experimental ion images for N- and O-end colfisiof NOX?M,v=0,j =1/2,Q =1/2) +

Ar are shown in the first two columns. Experimentally deteradi differential cross sections (red lines)
for the two bond axis orientations are compared with quantuechanical calculations (black dashed
line) are displayed in the third and fourth columns. The ebars represent the 95% confidence limits.
Adapted from Ref. [73].
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Figure 11: Normalized difference differential cross seusi determined experimentally (red solid line),
and from quantum mechanical (black dashed line) and quassical trajectory calculations (blue dot
dash line), for the inelastic scattering of NG{1,v=0, ] = 1/2,Q = 1/2) by Ar. The error bars on the
experimental data represent the 95% confidence limits. tedidipom Ref. [73].
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Figure 12: Panel a): Experimental images recorded using () and left (L) handed circularly po-
larized light, presented as the sum (L+R) in the first columad aormalized difference (L-R)/(L+R) in
the second column. The data are for the inelastic scattefiND(X?M,v=0,j =1/2,Q =1/2, f) by

Kr. The third and fourth columns display normalized difiece images, simulated using quantum me-
chanical and quasi classical trajectory calculationseetyely. Negative intensity indicates a propensity
for counterclockwise rotation of the NO molecule if looked@m above. Panel b: A comparison of
experimental (red line), quantum mechanical (black dagheyland quasi-classical trajectory (blue line)
calculated angular distributions (left column), normeti7’-PDDCSs, (middle column) and renormal-
ized j’-PDDCSs (right column). The error bars on the experimerdta depresent the 95% confidence
intervals.
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