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We present results of quantum calculations we have performed on the title reaction in order to study
its stereodynamics at collision energies of 0.54 and 1.29 eV. Our theoretical model is based on a
representation where directional properties are expressed in terms of real rotational polarization
moments instead of magnetic quantum numbers. We analyze the physical meaning of rotational
polarization moments and show that, when defined as in the present work, these quantities directly
describe the reaction stereodynamics in terms of intuitive chemical concepts related to preferences
in the reaction mechanism for particular planes and senses of molecular rotation. Using this
interpretation, we identify two distinct regimes for the stereodynamics of the title reaction, observed
when HD is formed with low or high rotational excitation. We also identify relevant characteristics
of both regimes(i) the existence and location of preferred planes and senses of molecular rotation,
(i) correlations between these preferences, the scattering angle and the reaction probabiiity, and
their dependence on the collision energy. 1©®98 American Institute of Physics.
[S0021-960808)02407-9

I. INTRODUCTION “complete” experiment correlating all directions of motion

. n the reactants’ and products’ sides of chemical reacfidns.
When two atoms or molecules collide, the chances tha% P

they react are determined not only by their internal states an

collision energy, but also by their relative orientations and_". ) .
. . o L . ... “orientation of the impact parameters.

their relative directions of motion: the reaction probability Significant proaress has also been made on the theoreti

can be enhanced or diminished when the reagents approach 9 prog

along particular directions or when the molecules rotate withCal §|de. In principle, gomplete descriptions of the stereody-
mics can be obtained whenever one performs uncon-

particular senses in particular planes. The same reasoni ined  three-di ional i classical
applies to reaction products. If we want to define sharply therained  three-dimensional  quasiclassical = or —quantum
outcome of a reactive collision we have to identify not only scattering calculations. The full exploitation of the complete-

the products formed, their internal states and recoil energy€SS Of these calculations, however, is only beginriseg,

but also their relative directions of motion. Chemical reac-for instance, Refs. 21—24Most of the quantum scattering or
tions are intrinsically anisotropic; their dynamics depends orfluasiclassical trajectories data published to date correspond
directions in space. Understanding the stereodynamics ¢ results that are averaged or summed over the quantities
chemical reactiongi.e., the directional aspects of their dy- related to the stereochemical aspects of the reaction dynam-

namics is important for the Study of reaction properties in ics. This Underexploitatior.] of theoretical data |S due on C.)ne
genera| and for the elucidation of their molecular mechahand to the lack of eXperImentaI results enabllng a detailed

nisms in particulaf° comparison between theory and experiment, and on the other
Today there are several strategies one can use to studiand to a lack of chemically appealing tools of analysis. For
the stereodynamics of chemical reactions. The various reexample, in quantum scattering studies the directional depen-
view articles'°and special issues of journ&ls*®dedicated dence is traditionally expressed in terms of scattering angles
to this subject constitute invaluable sources of informationand magnetic quantum numbers. It is not easy for the chem-
Experimentally there are now different techniques that canst to use this information to produce simple, easy-to-
probe the stereodynamics of chemical reactions, and meaationalize pictures of the stereodynamics of chemical reac-
surements are revealing details about reaction mechanisnisns.
that show not only how the reactions depend on the relative Two of us have recently presented rigorous equations
motion of reactants, but also what is the relative motion ofnecessary to transform the usual quantum description of the
the product§-1%16-19The ultimate goal is to perform a dynamics of atom-diatom reactions to a representation where

uch an experiment would provide rich dynamical informa-
ion otherwise lost by averaging over the random azimuthal

0021-9606/98/108(8)/3142/12/$15.00 3142 © 1998 American Institute of Physics
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the directional dependence is expressed not in terms of scabtational angular momenta of the reagent and product di-
tering angles and magnetic quantum numbers, but in terms @tomic moleculesj(andj’). Knowledge of the correlations
scattering angles and rotational polarization momé&htss  between these four vectors is all one needs to completely
we will show in this paper, this last representation is ideallydescribe the stereodynamics of atom-diatom reacfidfis.
suited for the complete quantum-mechanical description of The spatial distributions of the andk’ vectors can be
the stereodynamics of chemical reactions. Rotational polarspecified simply by the probabilities that they point along
ization moments are attractive from a chemical perspectiveany particular directions. As for the quantizeandj’ vec-
being intrinsically associated with intuitive chemical con-tors, it is convenient to expand their spatial distributions as
cepts such as in-plane versus out-of-plane reactions. sums of multipolar distribution$326¢67For a fixedj value,
The use of polarization moments to describe reactiorfor instance, the monopole momefihe coefficient of the
dynamics is not new; they were used long ago to describenonopolar distribution in the expansion seyigases the to-
angular correlations in nuclear reactidiis®More recently,  tal population of that rotational level, while the other multi-
they have also been used in studies of photodissoci&tidh, pole momentgdipole, quadrupole, octopole, and so give
photoionization’®~**and inelastic molecular collisio$-*®  the relative contributions of each multipolar distribution, or,
Their application to chemical reactions has followed the pio4n other words, the relative contributions of different polar-
neering work of Herschbaagt al?*#*~*?and now spreads to jzations ofj.5%%57 The operators associated with the multi-

a variety of problems including their determination with pole moments are the state multipo®&., also called Fano
classical or experimental methotfs'c~19:222253 _ polarization operators. Non-vanishing multipole moments
This article presents the first exact, quantum-mechanicgh st have 8K;=<2j.% The use of state multipoles allows
calculation of rotational polarization moments for a chemicalys to rewrite an arbitrary distribution as a sum of a finite
reaction. We have applied the equations derived in Ref. 21 tAymber of terms, each one of them having a precise and
the benchmark reaction well-known physical meaning?-%¢"This gives physical in-
H+D,(v=0,j=0)—HD(v',j’)+D (1)  sightinto the arbitrary distribution and provides criteria for
, i . . comparing different distributions. Furthermore, as we will
at the experimentally accessible collision energies of 0.54how. the multipole moments can be combined to form

and lng ev, andd obtained a dﬁtalledhand quantl_ta;(l)ve AGuantities that directly describe the relative contributions to
cqunt of its ste_re(_) ynamics. We ave chosen regutmb " the reaction mechanism of particular planes and senses of
this study for its importancéalong with its isotopical vari- rotation

. . . 6
anty as the simplest prototypical chemical reactior® for As mentioned above, thi-j-k’-j’ vector correlation

its status as a primary test case in the development of If]e‘é'ompletely describes the stereodynamics of atom-diatom re-

. . . —~65 .
dynam!cal theones_and experiments; ar_1d for being 4 actions. It can be expressed as the joint probability function
promising system with regard to the experimental determlnafhat k andk’ point along any particular directions whén
tion of the quantities we have calculated. One of our pur-

in thi is to show that f i and j’ have particular multipolar moments. Quantum-
POSES 1N thiS paper 1S 10 Show that even 1ot a Teaction ag,q ., 5picq) expressions for this probability function have
thoroughly studied aél) the analysis of the rotational polar-

o . S . . been derived and discussed in detail in Ref. 21, where we
ization moments reveals rich dynamical information that is .
presented formulas adapted to both the orbital angular mo-

!OSt whe_n the reaction’s directional properties are not eXpl'c'mentum and the helicity representations of the scattering
itly considered.

The paper is organized as follows. In section Il we problem, with either space-fixed or body-fixed reference

. . . - frames. In the present article we extend that formalism by
present the mathematical expressions used in the calculation . : o
) N . introducing real rotational polarization moments, observable

of the quantum rotational polarization moments. Then in sec- o .
guantities that can be easily calculated once (twmplex

tion 1l we discuss their physical meanings and how they” . . X
. . : . .multipolar moments have been obtained. As will become
compare to their classical counterparts. Section IV is dedi-

L clear in the next section, this extension of the formalism
cated to the application of these methods to readtigpand resented in Ref. 21 maximizes its usefulness from a chemi-
is divided in two parts. In section IV A we give details of our P '

scattering calculations, while in IV B we present and discussf:al point of view.
' The derivation starts with the expression for the

the results we obtained. The main results and conclusions are. ) . - ) .
[(-]-k’-]’ correlation in the helicity representation with body-

then summarized in section V. fixed frames! The entrance-channel framg z has itsz axis

parallel tok, while in the exit-channel framr’y’z’ the z’

axis is parallel tak’; they andy’ axes are both parallel to

kxk'. The rotational-space density matrices of the entrance
If nuclear and electronic spins are ignored, an atom-and exit channels are respectively expanded in terms of the

diatom reaction state multipolesT)) and TK}) as

A+BC—AB+C 2)

Il. COMPLEX AND REAL ROTATIONAL
POLARIZATION MOMENTS

has four vectors that can be specified or measured experi-
mentally. These are the vectors that describe the relative mo- . . _ (K i+ g (Kjys
tions of the reacting species: the relative velocities of re- (12Qalpli2€22) K%j Pq, (Jal 2)<1191|TQJ- [52922),

agents and productsk(and k’, respectively and the (39
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consider sharply-defined rotational statgs=j,=]j and

(11Q1lpliz Q)= 2 Py ,’ 11y <1191|T i i35, j1=j5=]j’. We follow the Hertel and Stoll sche& and
SR Y define the realand renormalizedrotational polarization mo-
(3b) ments by
where () and )’ are the helicity quantum numbers in the
entrance and exit channe(lls;aspectlvely, prOJectlons gfon pgj }(J)_ \/_ (0)( )[(_ )Q,p<|< )(J)+p (J)]
k and ofj’ onk’), andp J(Jljz) andp , (j’jé) are the
expansion coefficients — the multlpolar rotational polariza- 1=Qj=K;, (7a)
tion momentsK; ranges from/j;—j,| to j;+j,, while Q
ranges from— KJ- to K;, and similarly fork; andg; . Note pol ()= —=5— o l(-1 )le<K '(j)—p™ (J)]
that the components of the entrance- and exit-channel state ! V2 po (J)
multipoles are indicated by different symbolQ;(and qj’); 1=Q =K, (7b)
this is because they are referred to different frames. e
Given the expansion8a) and(3b), thek-j-k’-j’ corre- <K1)(j)
lation formula reads pil ()= Ry (70
pe (i)
P;,' (v'j1.02.0) Real polarization momeni&nd real polarization opera-

| tors) are also related to expansions of density matrices. In

fact, given the definitiort7) it is a simple matter to show that

+io+in+ Kideovos
(-Dhh IZKZQ PQ, CHEBEY considering the restrictiofy =j,=j we can rewrite Eq(3a)
A in the form
XCKijKj,qj,(U’J1!]21UI!JjII_!Jé!0)! (4)
(0) {Kit oy (K}
where 6 is the scattering angle betwe&nandk’. The cor- (1lpliQ2)=pg (J)sz:o {po : (J)<191|T0 i)
relation coefficient is given by <
i
CKijKj’qj’(ijlaijU’yjirjéva) +QE PQ+(J)<J91|T{KJ£|J'QZ>
=1
J
= 2, +1)dt (O)SE, ., . A
leJz%lnz( 1+1) QQ( IS0, +pg<jl_}(j)<jﬂl|Tg<jl_}|jQZ) ] ®

2*
X(2J2+1) Q 20 (‘9)8 v/ 500 —0j,0, where the real operator&ii! are related to the spherical

tensorsT(Ki) by

Xl T 020141 1503), (5)
‘ T = p(- DTGV +TER (1], 1=Q;=K

whereJ stands for the total angular momentum, &@dand ! V2
d’(9) are respectively the scattering and reduced Wigner (9a)
rotation matrices.

Apart from its more .epr|C|t notation, Eq.4.) differs T{QK_L}— [(— 1)QJT(K (H)-T* (J)] 1=Q;=K;,
from the one presented in Ref. 21 in three minor aspects. ! iv2
First, it is presented here in a state-to-state form; the sums (9b)
over rotational and vibrational quantum numbers were {Kj}:T(OKJ-). (90

dropped. Second, the normalization constant used when flux  ©

normalization is requiredsee Ref. 2l was eliminated; we Note that(9b) is not strictly analogous t67b).

will not need flux normalization here. Third, the formula we Use of complex or real polarization moments is a matter

just presented is written in terms of the multipolar momentsof convenience. In mathematical and computational terms it

and not in terms of the expectation va|u(a]§(Ki)> and is more convenient to use the complex moments. They pos-
sess a series of symmetry and group-theoretical propérties

<T i > this choice appears to be preferred in studies othat make it easier to express and actually evaluate them. The

reaction stereodynamics, and we shall adopt it from now onSIMPle way in which they transform under rotation of coor-
The rotational polarization moments defined by E3). dinate frames is especially handy, since it allows us to com-
are in general complex quantities. It follows from H®) pute their values in any coordinate frame with relative &ase.

however, that they have the symmetry property In physical terms it may also be more convenient.to use the
complex moments, because they give the relative impor-
pgjj)(jljz):(_1)Jz*11*QJ[pEK(i))j(j2j1)]*_ (6)  tances of the respective multipolar distributions and such an

interpretation may be what one is looking for.
This makes it simple to define real rotational polarization  Real rotational polarization moments have lower sym-
moments. Such a definition is particularly useful when wemetry than their complex counterparts, and the way they
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transform under rotation is not as straightforward. Their
physical meaning is also quite different: they are not associ-
ated to multipolar distributions, but rather to the linear com- 2
binations of multipolar distributions defined by E¢g)—(9).

This different physical meaning is precisely what makes it
interesting to use them in the description of chemical stereo- (a) pure pj't ®) oA 4 maximum  (¢) o5} + masimum
dynamics. Let us now turn our attention to it.

positive p(gl} negative p[{)I

Ill. PHYSICAL MEANING OF REAL ROTATIONAL
POLARIZATION MOMENTS

Complex polarization moments are intrinsically associ- 7
ated with the so-calledpherical (not to be confused with
spherical polar or cyclic coordinate$®67¢° Cyclic coordi-
nates are complex and cannot be visualized in real three-  (d) pure p{!} (© o + maximum  (f) p§*} + maximum
dimensional space. Real polarization moments, on the other positive pf}) negative p}})
hand, are always defined in a way that gives them a precise
(and visualizable meaning in Cartesian space, as done in
definition (7).

The best way to get a clear idea of the physical meaning ¢
of real rotational polarization moments is to consider them at

X Y

their classical limi€”’°When|j becomes large, the density X Y X Y
matrix elements(jQ4|p|jQ,) approach the coefficients of (g) pure o1 (5) (@) o + maximum (i) p{** + maximum
the Fourier expansion of the classical probability density positive p{} negative pi*}

pj(8;.¢;) (where; and ¢; are the angles that specify the o _

direction of thej vector in polar coordinate§1'72 It follows F_IG. 1. _Spatlal dlstrlputlons of _rota_tlonal angular momentum vectors asso-
. ) . . .. ciated with real rotational polarization moments of rank 1. The probability

Trom this that if we expand the classical probability densityynctions shown are positive where drawn in black and negative where

in terms of spherical harmonldsKij(Hj i), drawn in gray. Note that distributions containing negative probabilities do

not represent a real physical situatigif can never vanishand are shown
here only for illustration purposes.

o

Kj
pi0 )= 2 2 pg (DY (0.8, (10
TR

then in the correspondence principle limit the classical andor is preferentially parallel t&, while in Figure 1c) it is
quantum expansion coefficients become e§UA. preferentially anti-parallel t&. In terms of molecular mo-
As in the quantum case, we can expand the classicdlon, Figures 1b) and Xc) are related to preferred senses of
probability density in terms of real polarization moments androtation: Figure {b) (maximum positive orientationshows
“real harmonics” defined in analogy with Eq$7)—(9). In  preference for positivéright-handed rotation with regard to
the correspondence principle limit, the classical and quanturihe XY plane, while Figure () (maximum negative orien-
real polarization moments must again be the same. tation) indicates preference for negativkeft-handed rota-
Let us now consider the classical real polarization mo-ion with regard to theXY plane.
ments in detail. Because the probability density must be al-
ways finite and non-negative, the rotational polarization mo-
ments must fall within well-defined rang€§’ Figures 1 and
2 show angular momentum distributions associated with par-
ticular real polarization moments, and also the total distribu-
tions when these moments take either their maximum or
minimum value and all other momentsxceptp!”, which

- . ) X X Y
equals 1 by definitionvanish. The question we will now @ o o
address is the following: what can we learn about the reac- (a) pure pp (b) po +ma{>;i}mum (©) py +ma>{<i21}num
tion dynamics when the rotational angular momenta of re- positive pg negative gy

agents or products are distributed as in Figures 1 and 2?
Consider the real polarization momepgl} shown in
Figure Xa). Whenpl! is the only nonvanishing real polar-
ization moment apart from‘({)"}, the most extreme angular
momentum distributions we can have are those depicted in
Figures 1b) and Xc). Respectively, they are observed when

{2}

‘ ) - o, o, .
ptY takes its maximum or minimum value. The key obser- (d) pure py. (&) pg” + maximum (£} py”" + maximum

. . . itive ok} ive 12}
vation to be made here is that Figurdéb)land Xc) show net POSItIve pyy negative py..
orientations of the angular momentum vector with regard t
the Z axis. In Figure 1b) (maximum positivep}?) this vec- 2.

G1G. 2. Asin Figure 1, but with real rotational polarization moments of rank
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Suppose first that we are looking at the entrance channgaituation is analogous, except that then we have the recoill
of our atom-diatom reactio(2). The angular momentum we direction lying parallel to the plane in which the product
consider isj, and the frameXY Z coincides withxyz as  diatomic AB rotates while the approach direction is not par-
defined in the second paragraph of section Il. That is, thallel to it. As above, an analysis of symmetry with regard to
approach direction is parallel td and the recoil direction reflection in the scattering plane shows tlﬂéﬁ(j’) must
lies in the half planeXZ,X>0. The chemical picture that necessarily vanish unless the reagent mole@fzis pre-
emerges then from Figureghl and Xc) is that of the atom pared with some handedness in its rotational motion, and that
A approaching the diatomiBC and seeing it rotate like a nonvanishing{%(j)’s cannot contribute to reactions leading
helix (i.e., in the plane perpendicular to the approach directo unoriented product rotational angular momenta and cannot
tion). If the reaction probability is larger when the polariza- affect the reaction cross sections.
tion momentp{(j) is positive, this means that reaction is  The last polarization moment of rank 1 to be considered
more likely to occur when the helix rotates clockwise fromis p{l{}, shown in Figure (g). This polarization moment de-
the atom’s point of view. If the reaction probability increasesscribes orientation along thex k' axis. The reagents’ polar-
when p§(j) becomes negative, this means that reactionszation momentp{!(j) is related to reactions where the
with anticlockwise-rotating helices are preferred. plane of rotation of the reagent diatonB€ is parallel to the

Suppose now that we are examining the products’ sidgcattering planéi.e., parallel to both the approach and recoil
of the reaction. We consider the angular momenfijrand  directiong, while the products’ polarization moment
the frameXY Z coincides withx'y’z": Z is parallel to the  ,il(j’) is related to reactions where it is the product di-
recoil direction, and the approach direction lies in the halfatomic AB that rotates in a plane parallel koandk’. Posi-
planeXZ,X<0. The situation then is the following: the atom tjve or negative values gf{*' mean in either case that there
C recoils from the moleculAB along a direction that is s g prefered sense of rotation. In contrast to the cases above,
perpendicular toAB’s plane of rotation; ifp§(j’) is posi- 4 nonvanishing reagentgtt (j) polarization moment can
tive, this is so because our reaction is form/g molecules  (and most probably will enhance or diminish the reaction
that preferably rotate in the positive directi@re.,j’ parallel  propability regardless of the polarization of the products.
to the recoil direction is preferr¢dand the other way round  gimjlarly, the probabilities that the product diatomic rotates
for negativep§(j"). clockwise or anticlockwise with regard to the scattering

Before moving on to the meanings of other polarizationplane will in general be different, even when the reagents are

moments, we must make two comments about the considegompletely unpolarized; the products’ polarization moment
ations above. The first one is that the axes of our “heIices"p{llj(j ') gives a quantitative measure of how different these

may not be perfectly parallel to the approach or recoil direcpropabilities actually are.

tions. That isj andj’ may not be perfectly parallel or anti- The discussion above concerns polarization moments of
parallel tok andk’; this is indeed the case when they arerank 1. As we have just shown, rotational polarization mo-
distributed as in Figure(b) or 1(c). The second comment is ments of rank 1 correlate reaction probabilities to particular
that a brief reflection over the symmetry of the problemsenses of molecular rotation. In other words, theyaren-
shows that reactions with helices that rotate clockwise cangtion moment<$”3 We will now turn our attention to polar-
not be preferred over reactions with helices that rotate antization moments of rank 2, the so-callatignmentmoments.
clockwise. Although the preparation of the reagent diatomicThey correlate reaction probabilities to particular planes of
with nonvanishing§”(j) can change the rotational polariza- molecular rotation without regard for the sense of rotation in
tion of the product diatomi@B, it cannot change the prob- that p|ane6,'73

ability that AB is produced. And if the reagents are unpolar-  There are five polarization moments of rank 2. Two of
ized, thep{'!(j') polarization moment of the products must those pi2 and p5%) describe alignment with regard to the
necessarily vanish. This is so because fifé polarization X, Y andZ axes. The other threg{?! , pi? and pi?) de-
moments are related to rotations that are not symmetric witcribe alignment with regard to transversal directioks-(Y,
regard to reflection in the scatteriigk’ plane. A math- X—2Z, Y+Z, etc). Our analysis of their physical meanings
ematical confirmation of these observations can be obtainellas convinced us that the most useful dynamical information
by an analysis of the symmetry properties of the correlations to be obtained from the moments related to X)ér, and

coefficients defined in Eq5). Z axes, and for that reason we will restrict our discussion to
Consider now the polarization momept’} , shown in  p{? andp}? .
Figure 1d). As comparison with Figure(& shows, this po- The angular distribution function associated wi?’ is

larization moment is similar to thagl} moment discussed shown in Figure ga). When this polarization moment is the
above, except that it describes orientation alongXhaxis  only one withK;+0 not to vanish and its value is maximum
and not alongZ as in the previous case. On the reagents'or minimum, the corresponding probability functions for the
side, we have to think about the atofnapproaching the spatial distribution of the rotational angular momentum vec-
moleculeBC along a direction that is parallel to its plane of tor are those plotted in Figurest® and Zc). In Figure 2b)
rotation and leading to a reaction in which the recoil direc-the rotational angular momentum vector is aligned aldng
tion is not parallel toBC's plane of rotation. Positive or which relates to molecules rotating in planes parallekKi
negative values oﬁ{fj(j) are related to reactions whelBeC ~ but without preference for clockwise or anticlockwise rota-
rotates in one sense or another. On the products’ side thigons. On the other hand, Figuréc corresponds to a situa-
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tion where the rotational angular momentum vector is prefthat we have restricted our discussion of real polarization
erably parallel to theXY plane but has no net orientation or moments to well-defined and j’. Real polarization mo-
alignment with regard to any axis in this plane. In terms ofments can also be defined when different angular momentum
the entrance-channel dynamics, Figureb)2 [positive eigenstates get coherently superposeel, whenj,#j, or
pi?(j)] corresponds to reagents approaching along a direg+ #j5), but in that case the discussion about the quantum-
tion perpendicular to the plane in whi®C rotates, while classical transition gets more involved than the one we just
Figure Zc) [negativepéz}(j)] represents a case where the presented. Another noteworthy pOint is that, just like their
approach direction is parallel BC's plane of rotation. In ~ classical counterparts, the numerical values of the quantum
terms of the products’ side of the reaction, positive and negaPolarization moments are restricted to well defined ranges.
tive values ofpéf}(j '} describe situations where the recoil This is so because of the properties of the density méitrix

direction is respectively perpendicular or parallel to the plandS Hermitian, positive definite and has unit t'r%ﬁ)eand be-
where the product diatomic rotates. cause of the restricted values of the magnetic quantum num-

The polarization moment that describes alignment relaP€'S: The guantum ranges, however, aré not fixed: they de-

tive to the X and Y axes i$;{22+} [Figure Zd)]. Probability pend on the values of andj’ and tend to the classical

distributions obtained when other polarization moments van anges in the correspondence principle limit. Explicit expres-

ish andoi) is maximum or minimum are shown in Fiqures sions for the allowed ranges of quantum rotational polariza-
P2+ 2 . i 9 tion moments of rank 0, 1 and 2 are presented along with
2(e) and 2f). Whenp? is positive one has alignment along

. L ) . . their classical limits in Table I.
the X axis; when it is negative the alignment is alovigLet Before we close this section, it may be useful to say a

us'first consider the entrance channel. The approgch dir'ectiqgW words about the specification of angular momentum dis-
being parallel to the plane where the reagent diatomic rogip tions with regard to different directions in space. At first
tates, positive/negative values pf(j) respectively indi- sight this may seem to be in conflict with the uncertainty
cate preference for recoil directions not parallel/parallel toyrinciple, which says that if we know the angular momentum
that same plane. In other words, positive/negative values gfyojection on the quantization ax& we cannot simulta-
p¥1(j) respectively indicate preference for planesB@ ro-  neously obtain information about its projection along ¥ie
tation perpendicular/parallel to the scattering plane; we willor Y directions. In our case we can obtain information about
use the terms “out-of-plane”/"in-plane” to refer to these angular momentum projections with regard to different di-
preferences. In the exit channel we have to think about reagections because we are not dealing with pure angular mo-
tions in which the recoil direction is parallel to the plane of mentum eigenstates but rather with coherent superpositions
rotation of the product diatomic while the approach directionof them®”:"°For instance, the polarization momgﬂ_ﬁ(]‘) is
is or is not parallel to that plane. Positive values ofrelated to coherent superpositions of eigenstates with differ-
p{zzj(j’) indicate preference for out-of-plane reactiofis ent magnetic quantum numbefgf)) and|jQ +1). The fact
which the scattering plane is preferentially perpendicular tahat the magnetic guantum numbers differ brings uncertainty
the plane ofAB rotation), while negative values show that into j,, and this is what allows us to obtajndistributions
in-plane mechanisméwhere the two planes are preferen- that are localized in they plane’® The situation is different
tially paralle) dominate. when we consider polarization moments of component 0,
In this article our attention will be restricted to rotational such ap{'(j) andpf?(j). Then bothj and its projection on
polarization moments of rank 1 and 2. These are the only are well defined. As Figuregd—-1(c) and Za)—2(c) show,
polarization moments that can be related to particular planeis such cases thedistributions we obtain are not localized in
of molecular rotation, and for that reason they are the mosany way in thexy plane. They have cylindrical symmetry
useful when one wants to describe the reaction mechanism around thez axis, as required by the uncertainty principle.
terms of intuitive chemical concepts such as in-plane versus
out-of-plane reactions and so on. Note, however, that this
does not mean that the information contained in the higher-
rank polarization moments is uninteresting. Those moment@l‘ APPLICATION TO H +D,—~HD+D

describe correlations between different planes of rotation.  1he main results of our application of the methods dis-
{3

For instancep}” describes the probability that the rotational ¢\;ssed in sections 11 and Il to reacti¢h) are the numerical

angular momentum is aligned with regardZaand simulta-  yajyes of the quantum real rotational polarization moments.

neously oriented alonyy, while p}l is related to simulta- Once the scattering matrix has been obtained, calculation of

neous alignment relative t§ andY. This correlated infor-  the quantum polarization moments is a simple task that can

mation can be useful in sharpening the description of theéye easily done by a straightforward implementation of for-

reaction stereodynamics given by thcorrelatefipolariza-  mulas(4), (5) and (7). Calculation of the scattering matrix,

tion moments of rank 1 and 2. on the other hand, is not as simple. For this reason we start
We would also like to stress that although the discussionhis section with a description of the methods and parameters

above is centered on the classical limit of the quantum rotawe used in our scattering calculations.

tional polarization moments, the reasoning we developed _ .

also applies in the quantum regime. The quantum and claf—" Quantum scattering calculations

sical real rotational polarization moments describe the reac- The present HD, quantum reactive scattering calcula-

tion stereodynamics in the same mantié®Note, however, tions were performed on the LSTH potential energy
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TABLE I. Physical meanings and allowed quantum and classical ranges of rotational polarization moments of
rank 0, 1 and 2.

Polarization  Physical meaning: Quantum Classical
moment proportional to range range
©) Populati
P pulation Po Po
0 Fixed: pQ) Fixed: pQ)

V2j+1 Vam

2j+1
I (i2) 3 [3]] [—V3.3
Po ] ]
{1} ; - — _
Pi+ (ix) [ 3] [ 3j [ \/§"/§]
1 ; . — _
P1- (iy [3] [3] [—V3,33]

e (3iz-1» _\/ 51(+1) \/ 5)(2j—1) _J_g\/g
(2j—1)(2j+3)" V(j+1)(2j+3) 2’

Pl (ixiztido [ \/ 15(j+1) \/ 15(j+1) [ V15 15
" N@2j-1@2j+3) V(2]-1)(2j+3) 22
pi? (yiz+izdy) \/ 15[(j + 1) \/ 15((j + 1) V1515
“N@2-1)(@2j+3) V(2]-1)(2]+3) 272

{2} 1232 - n
25 (ix—1y) 153 153 V15 V15
{_\/(j+1)(2j—1)(21+3)'\/(j+1)(2j—1)(2j+3) 272
p5? (ixdytiyix \/ 15(j+1) \/ 15)(j+1) V15 15
TN @2j-1)(2j+3) V(2]-1)(2]+3) 22

surface’* using the same coupled-channel hyperspherical coments and differential cross sections calculated with the two
ordinate reactive scattering method as was used in our recewlues of() ., are shown for comparison in Figs. 5+7
study of F+H,.” Finally, as in the earlier quantum reactive scattering cal-

The parameters employed in the calculations wereculations for the H-D, reaction by D’'Mello, Manolopoulos
Emax=2.65 eV(measured from the bottom of thetlD, re-  and Wyatt/® the geometric phase effé¢f°was not incorpo-
actant valley and j o= 16. The definition of these param- rated in the present calculations. The latest experimental evi-
eters is such that all reactant and product rovibrational statedence suggests that the errors so introduced will not be im-
with energies less than or equal jig,, Were retained in the portant at the collision energies considered KéréIndeed,
calculations, in addition to one extra vibrational function for our calculated rotationally-resolved differential cross sec-
each value of that was included to give a better description tions are in excellent agreement with the recent experimental
of the exchange region. The resulting coupled-channel basigsults of Wrede and Schnieder, obtained at the higher colli-
set for total angular momentuth=0 contained 73 rovibra- sion energy of 1.29 eV’ The theoretical and experimental
tional functions with vibrational quantum numbers up todifferential cross sections are plotted in Fig. 8' €0,
v=28 in the H+D, arrangement and 110 rovibrational func- j’=0-11) and Fig. 4’ =1, j'=0-11). The agreement
tions with vibrational quantum numbers up#6=7 in the  with the state-to-state experimental differential cross sections
HD+D arrangement. This basis set was found in preliminaryis very good, and we expect our predictions of other stereo-
convergence tests to give all relevait=0 S-matrix ele-  dynamical properties to be similarly reliable.
ments accurate to better than 1% at the higher of the two
collision energieg1.29 e\ considered in the calculations. B. Results

For higher total angular momenta, a truncated body-
frame angular momentum basis set was used as described in Since in reactiorfl) the D, molecule is in it =0 state,
our earlier work on F-H,, ”® with projection quantum num- all polarization moments we have to consider here concern
bers up to and including)|=6 retained in each arrange- the diatomic product HD. The reaction can be described as
ment. Preliminary convergence tests for total angular mofollows. The reagents H and,approach along the direction
mentumJ= 10 suggested that this value 6f,,, would be k (defined as the velocity of H relative to,0n the center-
sufficient to give accurate rotational polarization momentsof-mass framg with the nonrotating B having its inter-
for the present(collinearly-constrainedreaction, and this atomic axis isotropically distributed in space. They collide,
was confirmed once the calculations had been completed byact and the products D and HD recoil along the direction
repeating them witH},,,,=5. (Rotational polarization mo- k' (defined as the velocity of HD relative to D in the center-
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FIG. 3. Theoreticalthis work) and experimentalRef. 77 state-to-state differential cross sections for thel$(v=0,j=0)—HD(v'=0,j") + D reaction at
E.=1.29 eV.

of-mass framgwith HD being in the rotational level’ and  rotational motion. We will now show that there are, and that
having real polarization moments withj’ up to 2j'. What even restricting our analysis to real polarization moments
we want to know is whether there are correlations tying thewith Kj’sz we can describe them quantitatively and in de-
scattering angle to the rotational level in which HD is pro-tail.

duced, to the plane where it rotates and to the direction of its  Figures 5—7 show our results for the experimentally ac-

differential cross section (10~ 3R’ /st)
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FIG. 4. As in Figure 3, but with'=1.
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FIG. 5. Stereodynamical data for the+®,(v=0,j=0)—HD(v'=0,j') FIG. 6. As_iln Figure 5, but withEq,=1.29 eV,v'=0 andj'=1 (left
+D reaction at a collision energf.,=0.54 eV. Left column corresponds €0lumn or j’=11 (right column. Note that the difference between the

to j’=1, right column toj’ = 4. From top to bottom, data presented corre- {ma=5 (dashedand ., =5 (solid) results is only significant where the
spond to differential cross sections(¢) and real rotational polarization ~differential cross sectiomr(6) (top panel is very small.

momentspi?(j'), pi2H(j’) andpit(j’) referred to thex'y’z’ frame. Data

represented with solid lines were obtained wif,,,=6 in the scattering

calculations, while data represented with dashed lines were obtained wit8q|id horizontal lines shown in the corresponding panels.

Qma=5. The agreement between the two sets of data illustrates the degree .
of convergence. Solid horizontal lines in the panels showing polarization Let us now turn to the analySlS of the calculated data.

moments indicate the limits of their allowed ranges. We start with Figure 5&.,=0.54 eV,v'=0, j'=1 or 4.
The differential cross section for production of the=1
level is maximum at the backward directiof=€ 180°) while

essible collision energies of 0.54 €W¥igure § and 1.29 ev  that forj’=4 peaks at=155°, but in both cases the reac-
(Figures 6 and Vand the final HD vibrational levels’=0  tion probability is largely dominated by scattering with
(Figures 5 and pandv’ =1 (Figure 7. Each one of Figures 6>100°. At scattering angles larger than 100° the rotational
5-7 shows, from top to bottom, the calculated differentialpolarization momenp{?!(j’) is in both cases very close to
cross sections and rotational polarization mom%{g,— ", its maximum negative value. That is, in both cases the recoil
P{zzj(j ') and p{ll_}(j ') as functions of the scattering angle  direction lies preferentially paral_lel to the plane w_here HD
Solid lines correspond to results obtained wWith,,=6 in  rotates(see Figure P Marked differences betweeyi =1

the scattering calculations, while dashed lines correspond t8ndj’ =4 appear, however, when one compares the results
results obtained with),..=5 (see section IV A The left for other polarization moments. Whijg (j') is practically
column displays results foj’ =1, while the right column Zzero forj’=1, it is clearly negative foj’ =4; on the other
shows results for a highef’. In our examination of the hand, pi™(j’) is negative both forj’=1 andj’'=4, but
stereodynamical data we have noticed that at the collisiofuch more strongly so for the higher rotational level. This
energies considered here there are two clearly distinguisHeads to the following picture of the stereodynamics of reac-
able regimes under which reactidd) proceeds, namely tion (1) at a collision energy of 0.54 eV. In nearly every case
whenj’ is low or high. Intermediatg’ levels show interme- the HD molecule is ejected in the backward hemisphere
diate behavior that tends progressively to one of those limit§6>100°) with a recoil direction that is approximately par-
as|j’ gets lower or higher. For this reason we restrict ourallel to its plane of rotationp(gZ}(j ") close to its most nega-
presentation to data correspondingjte=1 and to the high- tive allowed valug The characteristic properties of reactions
estj’ level with a significant cross section compared to theleading to HD molecules in thg¢'=1 level are: they have
j’=1 level at the same collision energy and final HD vibra- #=180° as the most probable scattering angle, they do not
tional state. Finally, we would like to note that Figures 5—7depend on the dihedral angle between the scattering and
also show the allowed ranges for the rotational polarizatiorHD’s rotation planes pz{zzj(j ") close to zery but they do
moments displayed in them. These ranges are limited by thehow some handedness with regard to HD rotation relative to
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Fey=129eV,v'=1,j/=1 FE=129eV,o'=1,j =8 rotational polarization moments whgh=1 andE.,=1.29
U R A eV. Forv' =0 (Figure § we found extreme behavior at three
groups of scattering angles. The first of thege=0Q, 9, 17,

1T 7 25, 113, 145 and 180°) is associated with a maximum nega-
1t ] tive value forpBZ}(j’) and vanishing or nearly vanishing
. values forp{zzj(j ) andp{ll,}(j "). In terms of reaction mecha-

SN — nisms, this situation corresponds to the product diatomic ro-
15} 4t i tating in a plane parallel to the recoil direction but without
osk 1| | pr.eference for any partigular handedness or dihedrgl gngle

|, I\ with regard to the scattering plaieote that this behavior is
-05 Mmf‘“/ } K ] required by symmetry wheé=0 or 180°, but not when the

- e scattering angle takes other valueExcept for the absence

B R B e ] of handedness, this behavior is similar to that observed for
2 reactions leading tg’'=1 at the lower collision energy
st \ Ec=0.54 eV.
= -0 1T M ] The second group of scattering angles with extreme be-
sk 11 L j havior (#=5, 13, 20, 124 and 157°) is associated with a
S maximum positive value fopt?'(j’) correlated with maxi-
_ mum negativep'? (j’) and vanishingo{¥(j’). The values
_:?‘ os - =N it . found for the rotational polarization moments at these scat-
QU

5 ]

o(8) (10=3 A2%/sr)

A7)

T

o5 \!WVVW“ N \ V ’ tering angles indicate an absence of handedness in HD’s ro-

| tation (p{ll_}(j "Y=0) and a preference fgt lying in they’z’
“‘50' o 1k "‘so = = plane [positive péZ}(j N, negativep{zzj(j )]. Note that this
9 (degrees) 9 (degrees) preference is stronger where the differential cross section is

larger(i.e., at angles close =0 or 180°), and that there is
no clearly preferred plane for HD rotation since there is no
privileged direction forj’, only a privileged plane. In other
words, at the scattering angles considered here the product
diatomic HD privileges planes of rotation that are parallel to
the scattering pIanEnegativep{ll,}(j ")]. As j' increases, the thex’ axis but shows no clear preference for any particular
reaction stereodynamics changes: it gets increasingly domangle relative to the recoil direction.
nated by in-plane mechanisms where the scattering and HD’s  The third group of points with extreme behavid= 3,
rotation planes are preferentially parallei{zﬁ(j’) increas- 8, 11, 15, 18, 22, 26, 138, 150 and 170°) is associated to
ingly negative; the most probable scattering angle progres-scattering angles where there is a maximum handedness for
sively shifts from backwards to sideways directions; theHD rotation (i.e., wherep{ll_(j’) has a local maximum or
handedness in HD’s rotational motion gets more pro-minimum). One interesting observation is that the maxima of
nounced, withj” privileging orientations antiparallel to the the differential cross sections in the backward hemisphere
kxk’ vector[more strongly negative!®(j)]. (§=170 and 138°) are at scattering angles whefe(j’) is

As far as high rotational levels are concerned, the situaminimum (and very close to its negative limibut that no
tion does not change much when the collision energy is ingorrelation of this kind is observed in the forward hemi-
creased to 1.29 eYFigures 6 and )7 Regardless of the final sphere.
vibrational level of HD, we found again that, for scattering When HD is produced inits’=1,j' =1 state(Figure 3
angles where the differential cross section is larger, reactionﬁ;]e situation resembles the one described above for the
leading to highj' levels are dominated by in-plane mecha—v,:o’j,:1 state except that in the’ =1 case there is no
nisms similar to those observed for the lower collision en-

. . . . obvious correlation between the maxima of the differential
ergy (scattering and HD's rotation planes preferentially Pa"cross sections and those scattering angles where there is
allel, negative orientation of with regard tok xk’', shift

: : i - some sort of extreme behavior. Note also thatifbe= 1 we
towards sideways scattering with increasjny. . . .
. : ) still have the same three groups of scattering angles with
The stereodynamics of reactions leading to low HD ro- : . . . )
. . extreme stereodynamical behavior. Scattering with maxi-
tational levels, on the other hand, changes significantly when

the collision energy is increased from 0.54 to 1.29 eV. Thismgm_ negativefgz_}(j /_) and vanishing or nearly vanishing
121(j") and pi¥(j’) is observed here a=0, 10, 18, 26,

is clear in each one of the vector properties displayed irf ) . . k 2,
Figures 6 and 7. The differential cross sections show prot21 and 180°, while scattering with maximupt?!(j’),
nounced peaks for forward scattering withe30°, and the Minimum p5%(j’) and vanishinge{"(j') is seen at9=6,
rotational polarization moments show a highly oscillating be-14, 22 and 140°. Finally, scattering with maximum or mini-
havior that is strikingly different from the behavior observed mum pit(j") is found atg=5, 8, 13, 16, 21, 130 and 159°
atE;,=0.54 eV. [note, however, that we are using the term “maximum” to

Let us take a close look at the oscillations found for therefer to points wherqa{ll_(j ") nearly vanishes; the preference

FIG. 7. As in Figure 6, but witfE,=1.29 eV,v'=1 andj’=1 (left col-
umn) or j'=8 (right column.
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for negative orientation of with regard tokxk’ is here  rotation relative to the scattering planén the case of the
stronger than in the’=0 casé. higher collision energy, however, the stereodynamics be-
comes more complicated. Forward scattering becomes ap-
proximately as intense as backwards, and the rotational po-
V. CONCLUSION larization moments show a rapidly changing behavior. They
tquickly oscillate among three extreme and qualitatively dif-

In this article we have presented results from the firsf ¢ situati d thei lati h in th
guantum-mechanical calculation of rotational polarization erent situations, and their osciliations show up even in the
restricted range of scattering angles for which the reaction

moments for a chemical reaction. We used exact three

dimensional quantum scattering calculations along with thé)rObAal?r']“ty 'rs] relit'.\/?% Itarge.l i ati ts of rank 0. 1
formalism introduced in Ref. 21 to calculate the multipolar ough restricted to polarization moments ot rank U,

moments that describe how the rotational angular momentu@nd 2 and to a single reference frame, the results presented in
t

i’ of the products of the benchmark reaction is article reveal rich information and deepen the descrip-
H+D,(v=0,j=0)—HD(v',j')+H is distributed in space tion of the Ht+D, reaction dynamics. Measurements of di-

and then combined the multipolar moments to form real ro_rectional properties of the $*system and its isotopical vari-

tational polarization moments. As we have shown here, redi"ts will .cl'early be useful in order 0 ver'ify t.he validity.o.f
rotational polarization moments are ideally suited for theP4r predictions. No other chemical reaction is as promising

complete quantum description of the stereodynamics oYV'th regard to a rigorous comparison between theory and

chemical reactions. They are intrinsically associated with inSXperiments on dynamical stereochemistry.

tuitive chemical concepts such as in-plane or out-of-plane
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