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Quantum stereodynamics of the Li +HF(v,j) reactive collision for different
initial states of the reagent
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Instituto de Maternticas y Fsica Fundamental, C.S.1.C., Serrano 123, 28006 Madrid, Spain

Miguel Paniagua )
Departamento de Qmica Fsica, Facultad de Ciencias-X1V, Universidad Autooma de Madrid,
28049 Madrid, Spain

(Received 9 July 1998; accepted 28 August 1998

The effect of the reagent initial state excitation on the reactive cross section in-th¢H,j)
collision is analyzed for =0, 1 andj=0, 1, 2 and 3. A wave packet treatment is used within the
centrifugal sudden approximation on a global potential energy surface recently proposedio

et al, J. Chem. Physl07, 10085(1997]. The reaction cross-section for=0 is in good agreement
with the available experimental data, and for Igwshows oscillations as a function of the
translational energy which are due to the structure of the transition state.=Fbrthe reaction
cross-section increases by a factor of 10-50 with respect to that=@f. The influence of the
alignment of the initial angular momentum on the reaction cross section is studied99®
American Institute of Physic§S0021-9608)02345-9

I. INTRODUCTION potential energy surface on the entrance valley, as well as on
the final rotational polarization of the product molectfié?
The reactions ofM+HX systems are envisaged as

energy surfacéPES and on the reaction mechanisms. Alkali harpoon-type processes, and the grounq electronic stat-e (.)f
these systems is a result of a curve crossing between an ionic

or alkaliearth atomgM) with hydrogen halide molecules 4 - ) ‘ .
(HX) are good examples for which there are many experi-('vI +HX™) and a covalentNl + HX) diabatic states. This

mental studies determining the effects of reagent excitatioff' ©SSing IS frequently the responsible of the appearance of
vibrational'~® rotationaf~° and electronit=*excitation. It the barrier along the reaction path. The determination of the
is particularly interesting the determination of the role of theStructure of the transition state is of great importance since it
transition state on the reaction dynamics, mainly for energied€termines important features of the reaction mechanism. A
close to the threshold, and thé+HX systems present a method for the direct spectroscopic investigation of the tran-
wide variety of situations, the reactions being endothermicSition state is the study of the photoinitiated reaction from
exothermic or thermoneutral depending on the nature of thée van der Waals complex of the reactafits” In these
metal atom(M) and of the hydrogen halide moleculelx), ~ kinds of experiments oM +HX systems, the complex is
and on the initial excitation of the reactants. Nowadays, ther@romoted to an excited electronic state of the metal
is an increasing number of theoretical works on thesetom;*~*® and the generated product fragments detected
system&~?° due to the development of the methodology toShow a certain rotational polarization due to the relative ori-
describe the reaction dynamics of three atoms systems and €tation of the reactants in the van der Waals complex.
the appearance of accurate global potential energy surfacdéoreover, in a recent wofk we have shown the possibility
(GPES for some of these systems like LHF619 or of accessing the vicinity of the transition state on the ground
Na+HF 20-22 electronic state by infrared excitation of the complex of Li-
Another source of valuable information is the reactionHF, obtaining a high efficiency in forming LiF products at
dynamics dependence on the relative velocity vectors betotal energies where the collisional reaction cross section is
tween reactants and products and on the angular momentather low. Even when this last study was devoted to the
involved in the process. This means that it is necessary tparticular case of Li-HF, it is found that this possibility is
create and register the relative orientation of the differenbased on rather general properties Mf+ HX systems: a
vector properties involved in a reactive collision, and theirsudden change of the electric dipole moment near the tran-
mutual correlations, to get a deeper insight about the reactiosition state(a consequence of the curve crossing mentioned
dynamics?®~2¢ In this regard, several experimental studiesabove, and a well in the reactant valley at configurations
have been done iM +HX systems to determine the influ- relatively close to the saddle point. In fact, the experimental
ence of the alignment of the reagent molecule on theletection of the products in the photoinitiated reaction of
reaction?’~*°which provides valuable information about the Li-HF presents some disadvantages since this system reacts
at thermal energies. However, other related systems like
dpermanent address: Departamento dar@ua Fsica, Facultad de Ciencias Na-HF*°~?? and Ca-HF? have a higher reaction threshold
C-XIV, Universidad Autmoma de Madrid, 28049 Madrid, Spain. and deep wells in the reactants valley that make them good

The influence of the initial excitation of the reactants on
the reaction probability provides information on the potential

0021-9606/98/109(21)/9391/10/$15.00 9391 © 1998 American Institute of Physics
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where theDy,, are Wigner rotation matricscorrespond-
ing to a total angular momentuth associated with the total
angular operatod=]+1 (with | andi being the angular mo-
mentum operators associated witlindR, respectively. M
and() are the projections af on the space-fixed and body-
-------------- fixed z-axis, respectively. Since theaxis is parallel taR, ()
o is also the projection df, the angular momentum of diatomic
----------------------------- reagent.

Different ) projections are coupled by Coriolis, associ-
0 ® 0@ ated with thel? term appearing in the Hamilftonian operator.
B,-25 mev e B,=0.17 meV To converge the reaction cross sections it is necessary to

O ® perform calculations up to high typically of the order of 80
® - for some of the cases discussed below. Due to the difficulty
of performing exact calculations, i.e., including all possible

FIG. 1. Energy diagram of the reaction path forHblIF—LiF +H collision Q values, for such highl, some approximation should be

using the GPES of Ref. 19. done. In this work we use the centrifugal sudden approach

(CSA),*®-%n which the Coriolis coupling between different

g values is neglected and, hence, the sum &vén Eq. (1)

-(.25eV

candidates for such experiments on the ground electroni¢’ .~ X . :
state. IS limited to a single value. In a previous work, total reaction

Li +HF is becoming a benchmark for theoretical Calcu_probabilities obtained using the centrifugal sudden approach

lations because its relative low number of electrons aIIowéCtS,,A) V\Ilerle Ipund to dbe f'n Jeftgell((.antlag_reemﬁnt W'thb?nﬂ ex-
highly accurateab initio calculations on the ground elec- act  cajcuiation made foli=>5 {Including all possibie

tronic state’>*and recently several global PES's have beenprojec:tion?,. This is due to two main reasons. First, the total
publishedl.s',lg In addition, there are molecular beam experi- reaction probabilities are averaged quantities and seem to be

ments for HFG=0)* as well as experiments on the influ- nearly insensitive to this approximation. However, for other
ence of the initial alignment of HEB(=1,j=1) on the magnitudes, such as partial or differential cross sections, this
reaction?®° In this work we study the effect of the initial 2PProximation is not expected to work as well, and it should

state excitation of the reactants on thetHF(v,j) reactive be checked. Second, the hydrogen atom is so light, compared

collision, placing special emphasis on the correlation be—to F and Li atoms, that the complete system is analogous to

tween the relative velocity of reactants and the rotationaf diatomic molecule formed by the HF “superatom™ and Li

polarization of HF. We use a global PES recently publishe tom, prq\{ldeq that. the .H atom is close to the F atom. Th|s
by us® whose main features are shown in Fig. 1. The reac st condition is fulfilled in the reactants valley and explains

tion dynamics is studied with a time-dependent treatmen hy the CSA works so well for the total reaction probability.

within a body-fixed fram¥ using the centrifugal sudden ap- bhe S|tua}[tr|]onh|nd the protducts \:aI:cey, howe;ver, t'; dll_ffErentl
proximation, which is described in Sec. Il. In Sec. Ill the ecause the hydrogen atom gets far away from the LI mol-

results are discussed and, finally, the last section is devote%f:UIe' _ . : -
to some conclusions. The integration of the time-dependent Satirper equa-

tion is performed using the Chebyshev mettodnd the
dM(r,R,,t) coefficients are represented on finite grids for
the internal coordinates R, y. A set of equidistant points,
r»,Rm, is chosen for the two-dimensional radial grid, and
In the present work the reaction dynamics is studied usthe radial kinetic term is solved using the fast Fourier trans-
ing a wave packet treatment described previously in d&tail, form method?? In order to avoid artificial reflections, due to
and only a brief description is included here. Reactant Jacolihe use of a finite grid, the wave packet is absorbed after
coordinates are used in whichis the HF internuclear vector, each time step’ For 7, we use a set of 25-30 Gauss-
R is the vector joining the center of mass of HF to the LiLegendre quadrature pointg,, with weightsw,. The ac-
atom, andy is the angle between them. It is convenient totion of the angular momentum operators on the wave packet,
use a body-fixed frame, such that thaxis lies along théR diagonal in the radial grid representation, is performed in a
vector and all three atoms lie in thez plane, to distinguish single operation as a multiplication of a matrix by a vector,
between the internal coordinatesR and vy, and three Euler as explained previousfy.
anglesd, ¢ andy specifying the orientation of the body-fixed The wave packet &@t=0 is defined by the product
axes with respect to the space-fixed frathin this represen-

tation the total wave packet is expanded as, M 2J+1 .
v (R,r,t=0)= —8772 DMQ(¢101X)

2J+1
WIMR,rt) =,
QO

IIl. QUANTUM TIME-DEPENDENT REACTIVE
DYNAMICS

gr? ¢,,i(r) G(R)
" XYja(rO == @
<D (.0 )<I>3M<r,R,y,t> W
ma($:0.x rR ' whereg, ;(r) is the radial part of an eigenstate of HF{),
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Yj o is a spherical harmonic ar@(R) is a complex Gauss- since(} is the projection of th¢ andJ vectors on the body-
ian function, centered at an initial vallR,=13 A, in the fixed z-axis. In addition, knowing that the three particles are
asymptotic region, with an approximate mean kinetic energyn the body-fixedx-z plane, which rotates in space, for a
of ~0.2 eV and an energy dispersion of one third of theparticular initialj,{) value it is simple to determine the ini-
initial mean kinetic energy. tial orientation of the diatomic axis with respect to thaxis
The energy-resolved total reaction probability is calcu-through the corresponding spherical harmovijg(y,0). In
lated from the total flux of the energy projection of the waveparticular, for(Q2=j the initial diatomic axis distribution is
packet through a surface in the products region*at3 A predominantly perpendicular &, while for Q=0 it is par-
as3> allel. Theo, ; o contains then valuable information about the
k—j correlation which describes part of the stereodynamics
of atom-diatom reactions. Sometimes, especially for fjgth
is convenient to express thg 21 values ofo, j o in terms
of state multipoles, whose components provide the relative
contributions of different polarization ofj on the
: reaction”>*® The monopole moment is proportional dq ; ,
the isotropic contribution, while all the odd terms vanish in
3 the csa because, j =0, o The quadrupole moment

where k,j(E)= 2u(E-E, )/h. The time-independent provides information about the plane of rotation, and in this

1%k, (E) .
Pg'j'Q(E):mg deSlnydy
oV (r,R,v,E)

X1m
or

vi*(r*,R,v,E)

r*

wave functions¥/, are defined as work we shall define its proportional quantity
vi(r,R,y,E) ! fm dt €EVEpIM(r R, y,1), (4) A, (E)=2, 307 1 10
ry I 4 = e r; 4] ] i = YT i y
Q Y auj(E) e Q Y v,]( ) 5 J(J+1) pv,j,Q ( )
where with p, j 0=0,.0/Z0'0, .o . This quantity provides the
1 information about the preferred initial alignmentjofvith R
a,j(E)= ﬂf dRHf("{'*(kUJ-R)G(R) (5) to produce the reaction and is analog to the rotational align-

ment parameter frequently used in photodissocigtiofor
is proportional to the initial flux in the entrance channel.high j, the semiclassical limit can be used in which éps
H o (k,iR) is a body-fixed Bessel functidhdefined as =Q/Nj(j+1) (; being the angle betwegrand thez-axis),
and A, ;(E)=(2P,(cos#)) provides an idea of the most fa-
Hf;\{l(kij): E TJ,/'\rAn?m. kR h(/Z)(kij), (6) vorable gngle .betvv.eq.nandR that yields to the products. In
/m,m ! the semiclassical limit, thed, ; parameters take values be-
. : . L tween—1 and 2.4, ;= —1 and 2 means that the reaction is
(2) v,
WE_erﬁh/ Is a SPhTIf'Cz' Eessel;légftlon of Erl](?( tE'_rgwlfg/&j more probable whej is perpendicular or parallel to the
which asymptotically behaves d5~~g_..e "™ axis, respectively, while4, ;=0 means that the reaction is
k,;jR. Finally, in Eq.(6), the T/m/mj coefficients arise from independent of).

the transformation from the body-fixed frame to the space-
fixed frame and are of the form

Tj%?mj =(-1)M(2/+1)(23+1) ll. RESULTS AND DISCUSSIONS
s 3 a 3 A. Transition state structure and reaction probabilities
(m/ m: —M)(O Q _Q)- () Some of the features of the reaction dynamics are im-
/ i

posed by the PES in the neighborhood of the saddle point,
From the reaction probabilities, the reaction cross sectiorthe point of no return, which for the case of#HF shows
for a particular initial ¢,j) state of the reactants, is defined two major features, as it is shown in Fig. 2. First, the saddle

as point is located in the exit channel, at HF internuclear dis-
1 j tance,r, longer than that of free HF. Second, the minimum
(E)= — o (E), 8 energy reaction path is along tihecoordinate at the transi-
75,i(E) 2j+1 in,- 7v,.0(E) ® tion state, and the contour plot of the PESrat=1.301 A

(the position of the saddle point in the HF internuclear dis-
tance, as a function oR andy, in Fig. Zb), presents a local
minimum. These features indicates that this system presents

where an isotropic distribution of the vectpris assumed.
The information about the influence of the initial direction of
the j vector with reﬁpetz]ct to thg relajtl\r:ehvelgcgy ;(ector be-3 “late barrier”%® for which the reaction efficiency in-
tween reactants, which coincides with the body-fizeakis creases with initial vibrational excitation of HF rather than

in th_e present treatment, is in the helicity dependent CTOSith the translational energy, as will be discussed later.
sectionso, j o, defined as Moreover, the “bound” states on the coordinates perpen-

dicular to the reaction path, i.e., the other two internal coor-
ayj0(BE)=— > (2J+1)P3jQ(E), (9) dinatesR a_nd v and the three Euleri_an angIeSQ,_X_, intro- o
kyj 3=2 duce certain structure on the reaction probabilities, as it is
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TABLE I. “Bound” levels at the saddle point obtained by freezing the HF
internuclear distance to its value at the saddle point. Energies are in eV. For
J=1 the states of total paritg=(—1)” are listed, and the maift compo-

nent (and its weight is shown. This weight is evaluated as(
=2myj|AQY]-'m|2. The levels of the other parity faf=1 are nearly degener-

ate with those with a dominant weight d2=1 and are not shown in the

table.
J=0 J=1
n En Eno Q (wg)
0 0.0688 0.0691 00.9990
0.0703 1(0.9990
180 1 0.1487 0.1490 00.9989
0.1503 1(0.9986
2 0.1560 0.1562 00.9987
41 120 0.1575 1(0.9990
7y 3 0.2211 0.2213 00.9990
0.2226 1(0.9988
60 4 0.2307 0.2309 00.9986
0.2322 1(0.9985
5 0.2412 0.2415 00.9989
0 0.2428 1(0.9990
1 15 o 55 3 6 0.2834 0.2837 00.9985
’ R/A ' 0.2851 1(0.9984
/ 7 0.3032 0.3034 00.9987
FIG. 2. Contour plot of the GPES of Ref. 19 at the saddle p@irftich is 8 03107 0633?:?;0 10()832?3
located atr=1.301 A,R=1.672 A andy=73.539. (a) For y=73.53° and ' 0 é123 1(0'9983
(b) for r=1.301 A. Energy is referred to the HF€0,j=0) eigenvalue. 9 0.3245 63247 ®0-9988
0.3260 1(0.9989
discussed below. In order to calculate these “bound” states,
we consider the approximated Hamiltonian at the transition
state as The maxima of the oscillating envelope are located at
2202 g 92 /2 2 total energies close to the “bound” states of the transition
HTS=— mlRaR T o2t 5 state(see Fig. 3. The “bound” states at the saddle point are
m IR?|  2mR  2urig slightly shifted toward higher energies than the maxima of
the reaction probabilities. This shift is due to the coupling of
+V(rT81R1y)1 (11) p p g

the “bound” states to the continuum on the reaction path
which arises from the exact Hamiltonian in these coordinategoordinate. It should be noted that the intensity of the

(including all the Coriolis termfreezingr=rrs. maxima decreases with increasing the rotational excitation,
The “bound” states are expanded in a basis set of thayut even forj =3 there are small structures that can also be
type associated to the “bound” states at the saddle point. For the
particular case of =2, the oscillations are less intense than
MR JMn 23+1 5, for the rest, and as a consequence the reaction probability is
VIR = 2 AQjm > Dwva(¢,0,x) o ’ ' ; X
Q,j,m significantly lower in the energy interval dominated by the
oscillations.
XYja(7.0)em(R), (12

For J=1 the levels split in two, each one with a nearly
where Y, is a spherical harmonic and,, is a numerical pure Q| value (with a weight of~0.99 which confirms that
radial basis set function obtained by solving a monodimenthe CSA is reasonable to study the reaction dynamics. The
sional Hamiltonian using a reference potential chosen tenergy differences between the twb=0 and 1 “bound”
minimize the number of radial basis set functions in the di-levels is of the order of 1 meV. However, the reaction prob-
agonalization. The eigenvalues obtained JetO and 1 are abilities for the Lit HF(v=0,j =1, J=1) collision, in Fig. 4,
shown in Table I, referred to the energy of W= 0,j=0).  the maxima fof2|=0 and 1 are shifted by 10-20 meV. In

The first eigenvalue is at positive energies and explains thairder to explain this apparent disagreement between the
the reaction cross section obtained forHHF(v =0, j=0)!°  shifts, it should be noted that at high energies, where the
shows a threshold when the zero-point energy at the transescillations disappear, the reaction probability for the case
tion state is included. In addition, the reaction probabilitiesQQ=0 is about four times larger than that [§8|=1, which
obtained for LitHF(v=0,j, J=0)° for severalj values means that there are strong steric effects. Therefore, the cou-
show an oscillating envelope superimposed to a highly strucpling of the “bound” states at the saddle point with the
tured resonant region, at low energies, that disappears abrresponding reaction path continua for edehmust be
higher energies. The resonances are mainly attributed to thaifferent for the two cases, and this fact could explain why
deep well in the reactants valley. for Q=0 the maxima are shifted toward lower energies, as in
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=1

i=

M

j=3

Probability

o O.1 0.2 0.3 o.4 o.5

Total Energy /eV

FIG. 3. Reaction probabilities for the +tHF(v=0,j=0, 1, 2, and 3J
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®
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A& J=30 0=0
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oO.1
o
0.3
J=40
o.2 |
0.1
o
(o | 0.2

Traslational Energy /eV

FIG. 5. Reaction probabilities for the £HF(v=0,j=1, J, Q) collision as

=0) collision as a function of total energy, referred to the eigenvalue ofa function of translational energy for seveds, obtained within the CSA.

HF(v=0,j=0), from Ref. 19.

the J=0 case discussed above, while f@=1 the shift is

lar behavior to that discussed fd=1, as it is shown in Fig.
5. The probabilities as a function dffor a fixed value of

toward higher energies. As it will be discussed below, thisshow a shift, approximately consistent with the increase of
fact has an important influence on the stereodynamics of thghe rotational barrier at the saddle point, and an overall de-

reaction.

crease. However, the relation between the reaction probabili-

For higher values of the total angular momentum, theties for differentQ) values is not simple for this case. The

reaction probabilities for HR(=0, j=1, J, ) show a simi-

>
-~
=
-
o
@
°o
o
)
A, 03¢t
Q=1
0.2
0.1
o
0.1 0.2 0.3 0.4 0.5

Total Energy /eV

FIG. 4. Reaction probabilities for the £tiHF(v=0,j=1,J=1,Q) collision
as a function of total energy.

same situation occurs fgr=2 and 3, whose reaction prob-
abilities for J=30 are shown in Figs. 6 and 7, respectively.

B. Effect of the rotational excitation of the reactants

The total reaction cross section for+HF(v=0,j), ob-
tained with EQ.(8), where an isotropic distribution of the
diatomic reactant is assumed, is shown in Fig),8and com-
pared with the available experimental data of Beakeal*®

0.2

(=]
o
[$]

Probability
=3

0.05

0.1 0.2 0.3 0.4 0.5

Traslational Energy /eV

FIG. 6. Reaction probabilities for the £HF(v=0,j=2, J=30, Q) colli-
sion.
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0.2 r r r r Fig. 5. Forj=2 and 3 there are no oscillations in the total
reaction cross sections at low translational energies.

The oscillations provide good information about the PES
in the saddle point, and it is interesting to check if they
persist after rotational average, with typical rotational tem-
peratures obtained in molecular beam experimést0—-80
K). For this reason, in the rotational average we use the
weights 0.314, 0.465, 0.180 and 0.032 fer0, 1, 2 and 3,
respectively, which have been measured in an HF beam with
the infrared fluorescence technigifeThe result of such ro-
tational averages, in Fig.(®), shows that the oscillations
persist, but with less intensity, and that the theoretical cross
section values are again in good agreement with the few
o experimental data available. We conclude that in this respect
0 it would be interesting to perform experimental measure-

0.1 0.2 0.3 0.4 0.5 ments of the reaction cross section at several energies, espe-
cially at low energies, since the detection of the oscillations
would provide a direct information on the PES in the region
FIG. 7. Reaction probabilities for the £HF(v=0,j=3, J=30, Q) colli- of the saddle point.
sion. At high energies, the reaction cross sections are more

regular. There is a decrease of the cross section when in-

. . L , creasing the initial rotational excitation of HF. At intermedi-
All the reaction cross sections are inside the expenmentaéte energies, however, the cross sectionjfe is larger

error bars, which demonstrates the goodness of the GPER_ 4 Jco foj=1 and 2. There have been several experi-

used.” At low transllauonal energ|§s the cross section jfor mental studies on the effect of the rotational excitation on the
=0 shows oscillations that, as discussed above, are due

- - reactivity in relat tems, lik F& K+HF/
the structure of the transition state. Hor 1 the oscillations K%i(lz—ICI gsﬁHFegéloegndséZfHFs,lO in \(/evhitﬁ-ilt i,s found th,at
at low energy are absent due to the average f+ef and 1, . ' . ’ - .
. . - i .the reaction cross section shows an initial decline followed
the associated reaction probabilities of which are shown in . L .
by a subsequent rise with increasingn analogy to what we
find for Li+HF(v=0). In most of them thédX reagent is
2 . . . . . . : prepared in a vibrationally and rotationally excited state, but
— usually these systems present a saddle point at larger ener-
""""" gies so that the study is done close to the threshold, as in the
case of LirHF inv=0.

Several models have been proposed to understand the
role of initial rotation of reagents in reactivify;®?and the
effect already mentioned has been sometimes explained in
terms of the so-called “rotational sliding mass modét.in
this model, the internuclear distance of the HF diatomic mol-
f:ﬂ . . . . . ecule is considered rigid until its distance to the Li atom gets
~ 2 . . . . . . . to a certain critical distance where it is considered that the

™
2
o)

rotational average —— reaction takes place. Since at energies close to the threshold

0.15

Probability
o

0.05 |

Traslational Energy /eV

1.5

WN=O

ol
X
©

0.5 L ‘n‘

the saddle point corresponds to a very narrow angular pas-
sage, the reaction is strongly hindered in the absence of re-
orientation during the approach of the reactants. The anisot-
1r 1 ropy of the PES exerts torques that drive the system to the
— region of minimum energy, making it possible for the re-
0.5 t 1 agents to get close enough to react. Torques will be increas-
ingly less effective the higher the translational or rotational

, ) . , , ) energy. This effect explains the disruption of the reactivity
0.1 0.2 0.3 0.4 by the rotational excitation. The subsequent increase can be
attributed to favorable excitation of bending in the transition
state when the rotational angular momentum of HF and the
FIG. 8. (a) Reaction cross-section for the-tHF(v =0,j) reactive collision  Orbital angular momentum of Li with respect to HF compen-
for j=0, 1, 2, and 3, andb) reaction cross section averaged over severalsgte, which helps to overcome the barrier. This traditional
initial rotational states of HR(=0) with weights being 0.314, 0.465, 0.189 oy 1anation of the rotational effect will be somehow changed
and 0.032 forj=0, 1, 2, and 3, respectively, as determined in infrared . . . .
fluorescence experiment®Ref. 59 at typical rotational temperatures of later on in the section devoted to the anaIyS|s of the steric
60—80 K. effects on this reaction.

1.5

Traslational Energy /eV
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Traslational Energy /eV

FIG. 10. Total reaction cross section for theHHF(v=1, j=0 and 2.

1 are shown in Fig. 10 and they look pretty much the same.
These reaction cross sections are about 10 to 50 times
larger than those fay =0 at the same translational energies.

o1 0.2 0.3 0.4 0.5

Traslational Energy /eV

FIG. 9. Reaction probabilities for the £HF(v=1) collision and(a) j This factor in the cross section is increased with respect to
=0,J, 0=0, (b j=1,J, Q=0 and(c) j=1, J, =1, as a function of the equivalent one between the reaction probabilities because
translation energy, obtained within the CSA. the number of partial waves is considerably increased, for

=1. This large enhancement of the reaction with initial vi-
brational excitation of the reagents has been observed experi-
C. Effect of the vibrational excitation of the reactants mentally for some related systems, likeHKiCl," Ba+HF,?
Cat+HF 3% Sr+HF241% and Na+-HF* Most of these sys-
tems are endothermic far, while Li+HF is nearly thermo-
neutral, but this difference does not seem to make important
differences.
The monotonous decrease of the reaction cross section

The reaction probabilities for kiHF(v=1, j=0 ,1) for
severalJ and Q) values, in Figs. 9, show important differ-
ences with those obtained for=0. First of all, the reaction
probabilities forv =1, of the order of 80%—-90%, are about

fgur t9 five times higher thqn those obtained for0. Th‘? with increasing translational energy is the typical situation of
vibrational frequency of HF is-0.5 eV, so that the energies o, yhermic reaction with no barrié®* Using the simple
accessible fop=1 are much hlg_her than th_e saddle Po'm- Langevin model for the case of no barrier and for potentials
The totgl energy at low translational energies ?‘”*1 N of long range asymptotic fornv(R)«—R™S, the reaction
Figs. 9 is comparable to that o=0 at 0.5 eV, in Fig. 5, and cross section behaves as:E~25.6384\When the cross sec-
the reaction probabilities at the same Fotal ENErgies are Veiyons of Fig. 10 are fitted to such expressions, we get for low
d|ffer_ent. Therefore_:, the high reactivity in the qase;efl IS energies thas=3. Taking into account that the asymptotic
not S|mp!y a question qf tqtal energy. The major factor is thebehavior of the potential describing the ki HF interaction
higher vibrational excitation of HF that produces an eN-is o _R~6 this result ofs=3 is rather surprising. Since the
hancement of the reactivity, as expected for “late barrier PES is rather anisotropic in the entrance channel there should
be strong steric restrictions to apply directly such a simple

. X X $hodel. However, the qualitative decreasing behavior is well
tion for v =0 is due to the fact that durlng thg approa(?h qunderstood when using this Langevin motfel.

the reactants, HF does not get enough vibrational excitation

to overpass the barrier, some initial vibrational excitation in
the HF being necessary.

In contrast to what happens in the=0 case, the reac- The helicity dependent cross section, ; o(E) given in
tion probabilities forv=1 and differentQ) values are very Eq.(9), provides all the information about the dependence of
similar, which already suggests that there are not stronghe reactivity on the direction of the initial angular momen-
steric effects. In addition, the reaction probabilities for tumj with respect to the relative velocity between reactants,
=0 and 1 are very similar. The absence of rotational disrupwhich in the present treatment coincides with the body-fixed
tion at these energies is not surprising since the angular coreaxis, i.e., thek-j correlations. In the CSAg, j q/(E)
of acceptance of the reaction is wider than in the case of =0, ; |o(E) and no difference can be established between

v,],—

=0. The total reaction cross section fo=1 andj=0 and different senses of rotations or, in other words, all the odd

D. Stereodynamics
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FIG. 12. A,(E), for several initial states of HF.
that in that treatmerft the completeS matrix, calculated
using a different PE& is transformed to the so-calleste-
reodirectedrepresentation, which involves a summation over
o1 o.2 o.3 o.4 oO.5 e .
. several initial rotational states of HF. Thus, such a conclu-
Traslational Energy /eV sion does not properly correspond to a particular initial
FIG. 11. Helicity dependent cross sections, o(E) for (8 v=0, j=1, (b) value of th.e reactants and the comparison with the results
v=0,j=2,(0) v=0, =3 and(d) v=1, j=1. presented in this workcorresponding to a well determined

value ofj) is not clear.

A clearer way to show this fact is provided by the
terms in a multipolar expansion of tifigolarization vanish.  A,;(E) parameter defined in E¢L0), as we show in Fig. 12.
In Figs. 11 we show the helicity dependent cross section foAll the initial rotational states foo =0 show the same be-
several initial states of HF. Again there is an important dif-havior, some oscillations at low energy associated with the
ference betweem=0 and 1. While for the ground vibra- structures of the transition state, and at higher energies the
tional state of HF there is an important dependence of thed,;(E) parameter tends to a value close-t0.5. Using the
cross section withf), for v=1 it seems nearly independent. semiclassical analog, this value corresponds to an averaged

Forv=0, at low energies nearly all the,;o(E) show angle between andk of approximately 70°.

oscillations that are associated with the structure of the tran-  However, forv=1, j=1, A,;(E) is close to zero, which
sition state, as discussed above. An interesting feature for indicates that the reaction cross section does not strongly
=0, j=1 is that the helicity dependent cross section at lowdepend on the initial orientation, and at high energigs, -,
energies fol)=0 and 1 are in dephase and the average oveis larger thano,jo -0, i.€., the reaction has a certain prefer-
an isotropic distribution, in Fig. 8, does not show oscilla-ence to occur for perpendicular to the relative velocity.
tions. At high energies the,;-o(E) is much larger than This situation is the opposite to what happens in0, and
that for 0=1, for j=1, which suggests that the most favor- indicates certain differences in the reaction mechanism be-
able initial relative orientation between reactants is approxitween the two vibrational levels. In this regard, there are
mately collinear. Foj =2 and 3 this fact is not so clear, but several experimental studies on the steric effects in the
there is a tendency that the helicity dependent cross sectidri +HF(v=1,j=1) collisiorf*®*°in which it was determined
increases with decreasifgy, which suggests that, in general, that the ratiooy /o7 (analog toog-1/0g-¢ in the present
the reaction efficiency increases when the angular momerireatmenk is 1.8+0.4 at a translational energy of 0.42 eV.
tum vectorj is nearly perpendicular to the relative velocity The calculated ratio in the present case at the same energy is
vector between reactants. This implies, again, that the read-.1, lower than the experimental value but it shows the same

tion is enhanced when the HF internuclear vectas ini- behavior, i.e., iv =1 the reaction has a certain preference to
tially nearly parallel to the velocity between reactantsdor occur forr perpendicular to the relative velocity.
=0. These differences in the stereodynamics of the reaction

Recently the stereodynamics of theHHF collision has in v=0 and 1 clarify the reaction dynamics in the following
been studied at=0 (Ref. 69 and it was determined that the way. The reaction needs some vibrational excitation to take
reaction occurs preferentially at collinear configuration fromplace since the saddle point is located at 1.301 A while the
the F side of the HF molecule. It should be noted, howevergquilibrium distance fov =0 is approximately 0.921 A. The
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