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Stereodynamics from the Stereodirected Representation of the Exact Quantum S Matrix:
The Li + HF — LiF + H Reaction
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In order to investigate the stereodynamics of the-LHlF — LiF + H reaction, the exact quantum mechanical
scattering matrix calculated in thgC(orbital) representation in the total energy range from 0.45 to 0.54 eV
is converted into the stereodirected representatibnPhys. Chem1991 95, 8184) by an orthogonal
transformation. Using total angular momentun+= 0 results, the dependence of the reaction probability
matrix on the relative orientation of both the reactant and product molecules as well as on the direction of
attack and recoil velocity is illustrated and discussed. Formulas are given, relating the exact quantum
mechanical stereodynamic properties obtained from both|jiRél (helicity) and |vQU (stereodirected)
representations of the scattering matrix to the information derived from classical trajectory studies and from
experimentally observable polarization parameters.

I. Introduction properties of the LK HF reaction starting from the recently
reported accurate quantum resiaf$$24which, being based on

a time-independent hyperspherical coordinate method, give the
full S matrix for the process (differently from time-dependent

The class of reactions between metal atoms and halogen-
containing molecules has received wide attention, both from
experimentalists and from theoreticians. In particular, the

simplest example approa_ches). _ _
Seminal papers on both experimental and theoretical aspects
Li(%S) + HF(:=") — LiIF(*=") + H(S) 1) on the general topic of vector correlations and reaction dynamics

stem from Herschbach'’s group in the 70’s (starting with refs
is an ideal prototype for investigating the properties of asym- 25 and 26). The whole topic of stereodynamics in bimolecular
metric A + BC reactive systems. A hyperspherical view of reactions has been the object of many recent reviews; see, for
the potential energy surface for this reaction, as used in example, ref 27. For recent progress, see ref 28.
calculations discussed in this paper, is shown in Figur8dalar The scheme of this paper is as follows. In section I
properties of reaction 1, such as state-to-state probabilities, alternativeS matrix representations and orthogonal transforma-
integral cross sections, and rate constants, have been successfultyons among them are described. In section 1l stereodynamical
investigated both experimentally (using crossed molecular jnformation that can be derived from stereodirected representa-

beant3 te_clrlniques) and theoreticallylgusing statistitglasi-  tions is discussed. In section IV the steric effect calculated for
classicaf™* approximate quanturt?;'® and more recen}lsy, the Li + HF reaction is presented and analyzed. The appendix
accurate quantum 3D time-dependéand time-independefit section briefly summarizes the stereodynamical information

techniques). Such an enormous amount of dynamical work contained in the helicity representation according to the
made use of potential energy surfaée¥’fitted to the ab initio viewpoint presented in this paper.

potential energy values computed by Chen and Schéefed
others!® An alternative surface has been proposed and used to
compute reactive scattering propertiés.

More recently, experiments (thanks to the use of molecular  |n principle, accurate quantum mechanical calculations
beam techniques without and with polarized lasers and electric provide a comprehensive picture of the molecular dynamics and
and magnetic field) have evolved in a way that studies of g rigorous description of reactive and nonreactive events. The
reaction stereodynamics (RSD) have become feasible. RSDscattering matrixS incorporates, in fact, all the differences
focuses on vector properties (such as angular momentum vectobetween the wave function of a system experiencing the-atom
correlations and a quantitative research of steic effect)of molecule interaction during the collision and the unperturbed
the reactive process as opposed to scalar quantities (such as thgne. Asymptotically, when the atormolecule potential is
selective partition of the reactant energy among product negligible,j (the diatomic rotational) ant(the atom-diatom
channels). orbital) angular momentum quantum numbers of the space-fixed

Classical trajectory studies of reaction 1 have already tackled (SF) representation are conserved (they are in this limit good
in the past the problem of understanding RSD efféttOur quantum numbers). Together with the total angular momentum
present goal is to calculate exact 3D values of stereodynamicquantum numbed (J = j + I) and its projectiorM, they can
- — be used to label the quantum states of the system and, as a

I* Perma”e?’”?tg‘ggrsesls: Depa”"’s‘me.mo dénqea Fsica, Universidad de  consequence, ti@matrix of the process. In the exact quantum
Saﬁ%?&ﬁ;em addre"ggmgggi;tagi'ﬂgo dejliiaas y Motores Tienicos, mechanical approach, numerical procedures are used to compute
Universidad del Pais Vasco, 48012 Bilbao, Spain. an S matrix in the|JMjlOrepresentation. In the following, the
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IIl. Alternative S Matrix Representations
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*
Figure 1. Hyperspherical perspective for the potential energy surface of tHeHF reaction as adapted from ref 1. This is a view of the collinear
configuration.

shorter notationjl Cwill be used. Elastic, inelastic, and reactive Pl — (_)J+Q(2| n 1)1/2(j J | ) 2 3)
probabilities are then obtained by proper sums oveBthetrix €2 Q —-Q 0 1+ g
elements.

Although all the information (including the stereodynamical n terms of Wigner Bsymbols?® The orthonormal properties
one) is fully contained in thgl Crepresentation of th® matrix, of the transformation ensure preservation of symmetry and

other representations of the scattering matrix are more suitableypitarity to theS matrix in this representation. For the cake

for carrying out RSD studies. In this perspective, body-fixed = o, considered in this paper, the space-fixed and helicity
(BF) representations are particularly useful. These representayepresentations coincide. For completeness, the stereodynamical
tions take a particular vector of the considered arrangement asinformation contained in the helicity representation is discussed
the quantization axis. We will use unprimed and primed i, the appendix section.

symbols for denoting quantities referring respectively to the  The |jQ0— |yQDorthogonal transformation is

reactant or to the product arrangement. If the chosen vector is

R; (the atom-diatom Jacobi vector pointing from the diatom g,p =¥ G Qglp  Gima® (4)
center of mass onto the atom in the reactant arrangement), the QuoT Qv Z v Qv =Y

guantum number of the common projectionJodndj,, on R,

is Q (the projection of; is necessarily zero). When choosing

Il

r. as a quantization vector (the diatom Jacobi vector pointing here

from the first to the second atom of the diatom in the reactant G — (Onach Q211 12

arrangement), the quantum number of the command |, v () (2 +1)

projection isA (while now the projection of; is zero). The Ima— R Jmaxt R
correspondingIMjQ[(shortly [jQD and|IMIA(shortly [ AD 2 2 2 (5)
bases can be used to representShmeatrix. These representa- v —y 1+,

tions are related among themselves andjthene by orthogonal

transformation 930 and again, theS matrix in this stereodirected representation
An alternative exact label for the basis is Steric quantum continues to be symmetric and unitary. For further discussion

numberv, the projection of an artificial vectoA precessing ~ and use of these transformations see some related pépers.

aroundR;.3! In this case, when the modulus of this vector ) ] )

increases, the grid of discrete values of the precession anglél!l- Stereodynamical Information from Stereodirected

more finely scans the angl®R (the angle formed by the ~ RePresentation

vectorsR; andr;). This representatio@MvQ[(shortly [v€2[} To extract stereodynamical information from relationships

(and its analogu¢JMvAL(shortly [vAL), when the precession  given above, one needs to calculate Slematrix for all the

occurs around;) is obtained by orthogonal transformations from  partial waves contributing to reaction. Sindemay become

the other. very large before partial wave convergence is reached and
Orthogonal transformations of th& matrix have been  computations become increasingly heavier witm terms of

discussed in detail in ref 30. Among those given there, we memory and CPU time, it is likely that these data will be

consider explicitly the SF to BF helicityj(C— [jQ2[) and the produced in the near future only for a limited number of systems.

BF helicity — BF stereodirecte QL |vQLtransformations  For this reason, this investigation is focused on those individual

that are needed in the following. ThiC— [jQCorthogonal  fixed J representations that can supply information about RSD
transformation is properties.
' ‘ As already mentioned, it is straightforward to transform
iy = ZGfg’J lepm,j,U,GlJ,g',l' 2) helicity representations of tf@matrix into stereodirected ones.
As a matter of fact, the projection quantum numbeof the

stereodirectedvQUrepresentation of th& matrix has to be
where the elements of the transformation matrix are interpreted® 33 as a quantum label
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Figure 2. Reaction probabilities at two collision energies obtained from the scattering matrix as transformed to the stereodirected representation.
Steric quantum numbensandy' are for entrance (Li+ HF) and exit (LiF+ H) channels, respectively. Entrance channel vibrational state=is
0. The three cases for exit channel vibrational states 0, 1, and 2 are shown.

— ]—max _ Q <py< J—max _ Q (6) Pj‘jo(v_,vl) = |S|1i?/’|2 (9)
2 2 In the cased = 0, it is alsoQ = Q' = 0 so that there is no need
that can be used to discreti@® for summing ovelQ andQ'. However, when considering=
0, bothQ andQ' can differ from zero, and since the range of
2 v values depends of2 (see eq 6) (and the range gfvalues
OfR=x- 0= arcco{ T 1) () depends orf2'), other types of summations are of interest. In

particular, the differenP ﬂ,,(v) values depend parametrically
on Q (and theP ﬂr,(v') values depend parametrically &2).

(an analogous relationship can be established betweand Therefore, one has to use

the exit channel angl®R).

= . J— J I !
In the case] = 0, one has PL(v;Q) = Z P (Qv—Q' W) (10)
30/ \ — " pI=0(,, .., '
Pe (V) VZP"' =) ®) whereP? (Qv—Q' ') is the probability matrix. The prob-
ability Pﬂf(v;Q) would give a fixedJ and fixed Q steric
that conveniently defines a zero total angular momergteric effect,i.e., the effect of tilting the rotation plane with respect to
effect3® It is worth pointing out here that in eq 8 the > ') R ork, at fixed J and fixed angle value.

indexes have been omitted to simplify the notation (e.g., . . .
P-%w) meansP%(vi—+)) while the | and |’ labels dis- /- Stéric Effects for Li + HF Reaction

appear in the stereodirected representation. In the same To examine quantum mechanically the steric effects for the
equation, the probability matrix is given by Li + HF reaction, we calculated from eq 9 the detailed reactive
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Figure 3. Probabilities for the reaction L+ HF(v = 0) — LiF(v' = 0) + H as a function of the angle of atta@& or recoil ©¥ for coII|5|on energy

values ranging from 0.45 eV (bottom panel) to 0.54 eV (top panel).
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Figure 4. As in Figure 3, for Li+ HF(z = 0) — LiF(¢' = 1) + H.
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Figure 5. As in Figure 3, for Li+ HF(v = 0) — LiF(' = 2) + H.

probability matrix whose elements aFéf,O(vav') as well as the literature for the first time in ref 33. They are given in

the quantitiesP>%(v) and P)>%+") obtained summing over terms of the angle of attadR¥, obtained fronw through eq 7.
andv, respectively. For these calculations the zero total angular All the plots show in general a prominent peak at snétfl
momentunmS matrix elements computed using the hyperspheri- Values, confirming that the F side is the most favorite side for
cal formalisn#*35for an interval of total energy values covering reactive attacks. They also show a second peak at large
the range from 0.45 to 0.54 eV in steps of 0.01 eV were used. values, indicating that a substantial fraction of reactive attacks

In this energy interval the reactant= 0 and product’ = 0, take place from the H side. Such a structure becomes less
1, 2 vibrational states are open. pronounced whem' increases. .
To carry out the RSD analysis, thgOrepresentation 0§ The corresponding plots for the product arrangement are given

was transformed into the helicity and stereodirected ones. Thenon the right-hand sides of Figures-3 whereP;‘jo(v') calcu-
the square modulus of individual elements were summed eitherlated at the different energies for the differenvalues are given.

overv' or overv to obtainP>%») andP>.%('), i.e., cumula- ~ Again, irrespective of the amount of energy allocated as
tive (though still state-specifidteric effects. translation of the reactants, reactive events show a bias toward
Results for the probability matrice@ﬂjo(v—w') at two positive values ofv' meaning that the product atom is

collision energies and for the transition fram= 0 to v’ = 2 preferentially expelled by the F side. The globally nonmono-
are given in Figure 2 by plotting related contour maps. The tonic appearance of these plots is clear evidence of the highly
figure shows that, in general, tf&matrix is rather “sparse”.  guantum nature of this system.
Important probabilities accumulate only at the positivedge. )
This indicates a large polarization effect for products, with the V- Conclusions
H atom separating preferentially within a narrow cone onthe F Different representations of the quant@matrix can be used
side of the LiF molecule. The structure of the reactive to derive information about the stereodynamics of an atom
probability, when this is plotted as a function of the reactant diatom reaction. To this end, links betweSmatrix elements
collision angle, is bimodal, whereas when the reactive prob- given in the helicity representation and both reactant and product
ability is plotted as a function of the product collision angle, polarizations can be established, as shown in the appendix
there is only one peak (corresponding to exits on the F side) section. Via a proper classical correspondence rule, multipole
that indicates a clear dynamical bias of this system. The moments describing the polarization of a given angular mo-
bimodal structure has a peak at positive values ahd a peak  mentum with respect to the direction of the cylindrical symmetry
at negative values af. axis can be also linked to the value of tBematrix elements.

In Figures 3-5 we show angle-dependent probabilities |n principle, all these quantities can be obtained from both
Pﬂjo(v) atv =0 ands = 0, 1, 2, respectively, at all the physical and numerical (trajectory) experiments, allowing a
energies considered. Plots ﬁo(v) have been discussed in  crossed experimentatheoretical comparison. The complete



Li + HF — LiF + H

evaluation of all these quantities for the-tiHF reaction needs

J. Phys. Chem. A, Vol. 102, No. 47, 1998643

denoted byP].(Q—Q'). At this point a comparison with

an extension of quantum calculations to large total angular standardl-averaged trajectory results is possible by performing
momentum values; this is a very demanding computational task, first a sum over allQ’

presently being pursued.

The investigation has been extended here to exploit the

advantage of using a stereodirected representation ofSthe
matrix. This gave us the possibility of obtaining information

on stereodynamical effects already from data calculated at zero

total angular momentum. In particular, information was ob-
tained on the preferred side of attack or the likely side of
expulsion of the incoming or outgoing atom. This also allowed

an analysis of the effect on the angular dependence of the

reactivity of different allocations of energy among vibrational
levels of both entrance and exit channels.
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Appendix A: Stereodynamical Information from Helicity
Representation

Although the focus in the main text was on the stereodirected istributions ofj and |’

Pl(Q) = ZP;L(SH?) (A2)

and then a weighted sum ovér

Jmax

P(Q) = (Jpax+ 1) 7 ;(za +1PL(Q)  (A3)

where the total angular momentum varies betw@eand Jmax,
the largest contributing value to the partial wave convergence.
Since Q assumes all possible integer values from 0 to
min(j, J), whenJ = j, all the orientations of are allowed and
whenJ < j, the projectionQ is bound byJ and only some
orientations of are allowed. By summing up all the relevant
contributions, one can recover the overall probability at fixed
Q value.

An explicit formulation of the K-]) correlation is worked out
by invoking the semiclassical vector model of the angular
momenturd’

kef| =

Q
- A4
j+1/2 (A4)
where 0< Q < min(J,j); see section Il. This equation is
obviously in agreement with the fact that in a three-particle
system the diatom has no rotational polarization and angular
rotational angular momenta are

representation, which deals with the role of angles of attack necessarily aligned with respect to the relative entrdnaad

and recaoil, in the helicity representation tBenatrix elements
are explicitly labeled by the rotational quantum numbeaad

exit k' velocities. Semiclassical analy$ésand trajectory

; : ) X . : _ calculationg®3% show this clearly, since they lead to nonneg-
j'. This representation is suited to the discussion of experi-

ligible values only for the even Legendre moments of the

mentally observable polarization effects, although this requires corresponding angular distributions. This alignment is a

information, presently unavailable, also fdr> 0. Vector
correlations rich in information about the stereodynamics of

consequence of the conservation of parity under the inversion
of all coordinates and pictorially can be envisaged as a

atom-diatom chemical reactions are those concerning the yanitestation of the irrelevance for reactivity of the molecular

entrance and exit relative velocity vectdtsand k' and the
rotational angular momenjaandj' for the reactant and product
diatom arrangement, which will be denoted byand 7',
respectively. Classically, the distributions of the polarization
for reactantP.-(k-j), and for productP.(k'-j"), are defined.
These distributions can be easily obtained from trajectory
calculations (see, for example, ref 36) and from experiménts.
As far as quantum results are concerned|jiRerepresentation

of the S matrix contains information related to these distribu-

sense of rotation with respect to the approach or recoil direction.
However, it has to be emphasized here that j' may well
show an orientation with respect to the-k’ plane38

The comparison between the classical polarization of the
reactant P,(k:j) and the quantum transition probability
P.+(Q) is obtained through eq A4. As a result, from the
complete set oS matrices at all values one can obtain the
quantum mechanicd®,(€2) distribution with a large (though
discrete) collection of grid points. To the end result of

tions. As already mentioned, in the helicity representation the comparing quasiclassical and quantum distributions, one can

discrete values o2 quantizé®3the projection of] andj onto
R;. Since in this frame the relative velocikycoincides with
R. (apart from a phaser), the [jQUrepresentation contains
information about thek(-]) vector correlation.

also bin the results and obtain histogrammic representations.
By exchanging in the given expressignend Q2 with j' and

Q', respectively, and going through similar considerations, we

get the quantum mechanical counterpgyt(<2), for the product

In order to compare classical and quantum results, we forge o|arization distributiorP,. (k).

a link between the scattering matrix and the polarization
distributions. The reaction probability from a reactant state
labeledy, j, andQ to a product state labeled, |’ andQ', at a
given total angular momentudyis simply the squared modulus
of the corresponding matrix element:

PLQ—v|'Q) = |S,j0rvial’ (A1)

In the following we show that eq A4 is also useful for
comparing quantum results with the polarization param&téts

AY¥ obtainable from the experiment. To establish a link

betweerP.(L2) and the polarization parameters, we exploit the
relationship betweerP,»(k-J) and P.(Q2) as well as the
relationship betweeR,,(2) and the different fixed contribu-

tions; see eq A3.

By enforcement of the cylindrical symmetry, explicit expres-

To keep the notation as simple as possible, in the following we sions in terms of th& matrix can also be derived for tl"lk‘ok)

do not specify vibrational and rotational state labels. Accord-
ingly, the probability defined in the above equation will be

(J) multipole moments describing the polarization of the
considered angular momentum with respect to the quantization
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axis and for their mean value&Y. Under the cylindrical

symmetry constraint, the spherical-tensor angular momentum
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