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A complete quantum study for the state-to-state Li + HF(v,j,m) — LiF(y',j/,Q) + H reactive
collisions has been performed using a wave packet method, for different initial rotational states
and helicity states of the reactants. The state-to-state differential cross section has been simulated,
and the polarization of products extracted. It is found that the reactivity is enhanced for nearly
collinear collisions, which produces a vibrational excitation of HF, needed to overcome the late
barrier. It is also found that LiF(v' = 0) products are preferentially forward scattered, while

vibrationally excited LiF(»' = 1 and 2) are backward scattered. These results are interpreted with
a simple reaction mechanism, based on the late character and bent geometry of the transition
state, originating from a covalent/ionic crossing, which consists of two steps: the arrival at the
transition state and the dissociation. In the first step, in order to get to the saddle point some HF
vibrational excitation is required, which favors head-on collisions and therefore low values of m.

In the second step a fast dissociation of H atom takes place, which is explained by the ionic
Li " F~H character of the bent transition state: the FH™ is repulsive making that H depart rapidly
leaving a highly rotating LiF molecule. For the higher energy analyzed, where resonances slightly
contribute, the orientation and alignment of product rotational states, referred to as reactants
frame (with the z-axis parallel to k), are approximately constant with the scattering angle.

The alignment is close to —1, showing that j' is perpendicular to k, while starting from initial states
with well defined rotational orientation, as states with pure m values, the final rotational are also
oriented. It is also found that when using products frame (with the z’-axis parallel to k) the
rotational alignment and orientation of products varies a lot with the scattering angle just because
the z’ axis changes from being parallel to anti-parallel to k when varying from 6 = 0 to 7.

I. Introduction

The anisotropic character of intermolecular interactions
makes the orientation between reactants key for producing
a reactive collision. Theoretically this orientation can be
analysed studying the correlation of the four principal vectors;
the two velocity vectors between reactants and products, k and
k/, and the two angular momenta associated as well to
reactants and products, j and j'. The correlation between the
velocity vectors, k—k’, is directly related to the differential
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cross section (DCS) measured in crossed beam experiments,
which has made these kinds of studies of high interest.'”

Experimentally there are several techniques, such as
deflection in homogeneous electric fields,® Doppler profile
laser induced fluorescence’ and resonance enhanced multiphoton
ionization time-of-flight which, in addition to the angular
resolution, can measure the final rotational polarization of
products, involving the analysis of the correlation of three
vectors k—k'—j’. From a theoretical point of view, the analysis
of the three vector correlation k—k’—j’ may clarify the
dynamics but complicates the simulations, since detailed
state-to-state calculations should be required.

The production and control of the reactant rotational
orientation is rather complicated experimentally, but it
provides very valuable information about the entrance channel
as well as a way to control the outcome of reactions.® The
experimental techniques mainly used to produce the orientation
of reactants make use of hexapole inhomogeneous electric

fields;”"!” absorption of linearly polarized radiation;'"!? or the
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ones using the brute force with strong electric fields.!*'* All
these ways to produce orientation are based on the interaction
of electric fields with the charge density of the molecule,
requiring reagents with permanent dipole moments. This is
the reason why some of the experiments were devoted to
reactions between alkali and halides where reactants and
products present strong dipole moments. '

Among these systems Li + HF— LiF + H is one of the
candidates and some stereodynamical studies have already
been done experimentally. Loesch and coworkers produced
the excitation of HF using linearly polarised laser generated in
a crossed beam experiment.'>!*1618 Because the transition is
parallel, HF is excited to v = 1,7 = 1, m = 0. When the
polarization axis of the field changes the molecule can be
aligned either parallel or perpendicular to the relative velocity
vector k. A weak homogeneous field was added along the
centre-of-mass motion to avoid the depolarization induced by
hyperfine couplings. The values obtained for the integral cross
section (ICS) and DCS show important steric effects, favouring a
side attack. Some extra ICS measurements have been done by
Lee and co-workers'® and Loesch and co-workers.?’ 2>

The steric effects have also been analyzed theoretically for
an initial excitation of HF to v = 1, j = 1 using quantum?
and quasi-classical theory (QCT).'®*2% It has been analyzed
by using the stereodirected representation for J = 0°®7 and
J = 1 and 10.%*% These results present good agreement with
the experiments.'>!*!® Experiments and calculations show
that the initial vibrational excitation of HF, even by only
one quantum, increases reactivity dramatically.'>1%!823 This
effect is concluded to be due to the late character of the
reaction barrier. Another effect obtained in the simulations
is the dependence of the reaction on the helicity for initial
v = 0, while for v = 1 it does not play a significant role. The
reason for that is that in collinear collisions the vibrational
excitation of reactants is favoured, which is needed for v = 0
because of the late barrier character of this reaction.

The reaction Li + HF — LiF + H is considered a bench-
mark of the alkali + halide type of reaction since it is the
lightest of this kind. This allows reliable potential energy
surfaces (PES) for the ground state®®* as well as for the
excited states.>*> There are many theoretical simulations of
the reactive collision for this reaction including QCT,!8-22:36-37
time independent (TI) quantum dynamics®-*"¥*! and
time-dependent wave packet (WP) calculations.>*** %6 The
experimental stereodynamic results have motivated many
theoretical simulations as well.>* 2532 More recently all these
studies were extended to ultracold temperatures.*’*®

Despite all these theoretical studies, DCSs have only been
calculated using the QCT approach,? and just recently quantum
mechanical calculations were done for Li + HF(v = 0, = 0).
The appearance of many resonances and zero point effects in
this reaction suggests that the quantum mechanical simulations
of DCS are the most adequate way to mimic experimental
results. For this reason we have decided to extend the quantum
simulations to higher rotational states and analyse the effect of
reactant polarization in the DCS.

The paper is structured as follows. Section II is devoted to
describing the theoretical treatment. Since pioneering work
published by Case and Herschback! many other vector

correlation treatments have been proposed®**>*=! but a brief
outline is presented here for clarity. In section III, the results
obtained for Li + HF — LiF + H are described and
discussed. Finally, section IV is devoted to extracting some
conclusions.

II. Theoretical treatment

The wave function describing AB(v,jm) + C - A +
BC(v',j',m") reactive collisions, for an energy E and long
distances between products, R* — o0, in a reference system
where the z-axis is parallel to the initial velocity vector between
reactants, k, is expressed as

ik’
v

A/ e ”RI (] /-/(l’l)
Vv A
x> Famyrn (K ) L= Yy ()

1ym k E R
o0y i m!

(1)

where standard product Jacobi coordinates 1/, R’, y" are used,
and v'j/,m’ (v,j,m) denotes the product (reactant) quantum
numbers for vibration, angular momentum and its projection
in the reactants body-fixed (BF) frame. Hereafter, prime
(unprimed) quantities are referred to as products (reactants).
k/ is the wave vector in the products channel v',j/, of norm
2[1 E*EV//-/ /h .
tional eigenvalues and eigenvectors of BC(v',j',m’) fragments,
and p' = my(mg+me)/(m,+mg+me) the reduced mass.
The final rotational states of the products can be
transformed to the body-fixed frame of products, in which
the z’-axis is parallel to k’, through a rotation

Z m’ /Q’ (lg,)

E,; and ¢, ;(r') are the rovibra-

Yy (7y)

/ m’ Z m' Q/

where m’, Q' are the projections of angular momentum j’ in
the z-axes of reactants and products body-fixed frames,
respectively. Using these expressions in eqn (1), the asymptotic
collisional eigenfunction becomes
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In eqn (1) and (2), F and fare the collision amplitudes, and the
relationship between them is

A~

F‘Y'mv"’jlm' (k ’ E) = Di‘ﬂ/Ql( )f\]m V'Y (k E)
Q/

3)

/

A N . N
.fvjm,v’j/Q' (k ’ E) = Z F\{jm,v’j’m’ (k ’ E)D:H’Q’ (k )
m/

For a coherent superposition of initial rotational states and a
coherent detection of products rotational levels, it is interesting
to define a generalized cross section as**>0>?

A~ ~
G‘Z/mlﬂ12*>v/.//m’1’71/2 (k vE) = F\ijlw’j’m (k E) vjmy V'’ ’71 (k 7E)
(4)
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Describing the initial superposition of rotational states by the
density matrix pml m,» the DCS is obtained as™

g r/kE

vj—vjm )y

Z pml m 1/”71[712*?]]”7,’71/ (k E) (5)

my,my

Thus for an incoherent isotropic distribution, the standard
vj — V' state-to-state DCS is defined by setting Pm, m
diagonal with diagonal matrix elements equal to (2j + 1),
resulting in

W‘”’/’(k E) = 2J+1Z|Fv/n”/m k E)|

mm’

1 o
= 51 Z Vv/'m,v{/”ﬂ’ (k 7E)| .
2] + 1 mQ

A. State multipoles and multipole moments

Instead of calculating the cross section for each initial density
matrix, it is more convenient to expand pml my OVer the
state multipoles.!*** The state multipoles are spherical
operators®>> defined as

=Y (-1 21<+1(nf12 !

—my

_KQ) Jma) ],
)

and the coeflicients of the expansion, or multipole moments,
are defined as™

Voo j—my  / J ] K v
pKQf Z( ) 2K+1(}’}12 —m _Q) pn/ll,mz
(®)

A density matrix describing the superposition of final
states of products can be defined by re-normalizing the
DCS for an arbitrary superposition of initial states, eqn (5),
as

my ,ny

my ,my

p:;1j’]ln2/ (k E) - O-‘]_"]mllmv/ (k E)/ L/Hl///(k E) (9)
Thus, it can also be expanded in state multipoles, whose
multipole moments are given by an expression analogous to
eqn (8) but replacing all the quantum numbers by their
analogue for products, which are primed. This normalization
in eqn (9) is set to describe the polarization of products for
each energy E and direction k’ independently.

According to eqn (8) and (9) the K’ = 0 multipole moment
is normalized to (2j/ + 1)~ The K’ = 1,2 and Q' = 0 state
multipole moments are given by:

V//v/ _

Pio = Z i (]/ 2] +1 pm o’

Vil 3 m/ 2 —j/ i’ + 1 Vi
:02(; = Z 7 ( 2 (] m ) ,0,,,',/ NG
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which are proportional to the known rotational orientation
and alignment parameters®®

(‘J = m’
(k E) - ;|: j/(j/+ 1) pmm (k E)
(11)
v ~ 3 m/ 2
YK E) = Em: j,(](l/ +)1) } R E),

defined with respect to the z-axis parallel to k in the reactants
frame.

The same coeflicients can be defined with respect to
products frame, in which the projections on z’-axis, ', will
be used instead of m’ in the results section.

Thus, when the orientation Uy - approaches +1 (or —1),
the most probable event corresponds to j’ pointing in the same
(opposite) direction as k. If the quantization axis is taken
along k and an initial isotropic distribution is assumed, the
orientation and all odd terms of the multipole expansion
vanish for Q' = 0. In photodissociation, the asymmetry is
introduced by circularly polarized light, so that integral and
differential®* cross sections can be different from zero. For
Q' # 0, however, out of the scattering plane, Oy . can be
different from zero even in the case of excitation by linearly
polarized light.>* The alignment Ay —o is generally non-zero
and takes the limiting values of —1 and 2, depending on
whether j' is perpendicular or parallel to k, respectively.

B. Collision amplitude and S-matrix
The collision amplitudes f‘y,,,’v/jrgr(E,kﬁ/) are obtained from the

collision S-matrices as>’ >’

1
2%k,

N ~
jly'm,v’j’Q’(E7k) = Z(z'] + 1) x S{]‘m,wjfg’ (E) d,ig’(®)7

J

(12)

where d” ,(®) are reduced Wigner rotation matrices®® depending
on the center of mass (CM) scattering angle ®, the polar angle
vector of K’. J is the total angular momentum. The scattering
amplitude entirely expressed in reactants body-fixed frame,
Fojmym(EK), is directly obtained using eqn (12) and (3).

The procedure used to obtain the S-matrix elements can be
summarized as follows:

1. The overlap between the |v/j’Q’') product state (where Q'
is a helicity component) and the kth Chebyshev iteration of the
wavepacket @ (k), using a modified Chebyshev propagator®®
to integrate the Schrdédinger equation,
R =R/ as

is evaluated at

C‘J,/;HL e (/c):/siny’d;"dy’wv,j,(r')ij,gr (y’70)(r’,Rgo7y’|®é’; (k)),
(13)

for each total angular momentum J and a parity ¢ under
inversion of spatial coordinates. These coefficients are directly
obtained by numerical integration using product coordinates
in the propagation. When using reactant coordinates, however, a
reactant-to-product transformation must be done, at each
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iteration k, which could be very demanding computationally.
Here, this transformation is done using an efficient trans-
formation method recently proposed.®®

2. The quantity in eqn (13) is transformed to the energy
domain as®-¢7

Je J
Clyi?14'17’j’§2' Z Ck H” E C\;"n*}‘ Q) (k) (14)

where H, = (H—E,)/A is the energy scaled Hamiltonian used
in the Chebyshev propagation (with Ey = (Emnaxt+ Emin)/2,
A = (EmaxfEmin)/z) and

(2 _ 5k0)he—ik arccos(E—Ey)/A

Ck(l:lm E) =
A’ — (E — Ey)*

(15)

3. C{/ Snw///g’ (E) coefficients, with Q" > 0, and parity under
spatial inversion ¢ = =1, are transformed from products

body-fixed frame to space-fixed (SF) frame as

J J
ZZ 0 Cl oy (B) T (16)

m>0Q'>0

QJ
vy b=V 6’

where the sum over m and Q' runs only for positive values, and
T3, = /2= dgre (1) V2011 (f; & _JQ) (17)

are the SF-to-BF transformation matrix elements. This
transformation matrix is usually applied to transform wave
functions. When dealing with S-matrix there is an extra phase
factor /=7 which appears.’’ In the present treatment, this
factor cancels because this transformation is applied twice,
once in step 3 and a second time backward in step 5 below.

4. The S-matrix in the space-fixed reference system is
obtained as

ks 1 e*i[’n/Z
ST w(E) = —iy | =X 0%, . u(E
e B) = N ) WD (e RL) T :

(18)

where 1?)(x) are spherical Bessel functions of the third kind.
Here, the energy distribution of the initial wave packet,
a,;m(E), is obtained as

1 u . )
e(E) =/ dR " Rg" (R, 1 = — 19
aﬂ( ) 2 27Ih2kvj/ e g ( ) OO) ( )

where g’%/(R,t = —o0) is the result of propagating back in
time the initial Gaussian function, using a centrifugal barrier
/(£ +1)/2uR%. This propagation allows a better determination
of the energy distribution of the initial wave packet from a
relatively short distance, where the potential is negligible but
the centrifugal barrier is still important for high 7.

5. Finally, S-matrix elements are obtained by a transformation
back from the SF frame to the BF frame as

Umﬂv”Q’ § :§ :T

Jj'
\7//*)\7' ’/’(E) Ty

o' (20)

where the new transformation now reads

g P L J
TQ,Y[—(fl) \/2E+1(0 o —Q’) (21)
and runs for positive and negative Q' values, since non-parity
adapted BF functions are used to represent the S-matrix.
With this procedure, the S-matrix elements are obtained as
required in eqn (12).

III. Results and discussion

In this work wave packet calculations have been performed for
Li + HF(v = 0,7 = 1, 2 and 3) —» LiF(v'j)) + H for

= 0,1,2,...,45 for m = 0,...min(j,J) and the two parities
under coordinate inversion, ¢ = 1. The propagation in time
has been done using a modified Chebyshev integrator® %3
using reactant Jacobi coordinates in a body-fixed frame.
At each iteration, a transformation to product Jacobi
coordinates is done to analyze the final flux on different
LiF(v'j") channels, using an efficient method described in
ref. 66. The MAD-WAVES3 program has been used for doing
the calculations.*

The parameters used in the wave packet propagation are the
same as those used in ref. 50 for the initial case of j = 0.
Briefly, the grids used are determined by the convergence of
state-to-state reaction probabilities for J = 0 to be better than
0.1%. The number of helicity components is set to a maximum
of 16 functions (Qua.x = min(J,15)), yielding DCSs which are
in good agreement with the same results obtained with
32 functions (better than 0.1%), as studied for Li + HF(v = 0,

j = 0).% Finally the number of Chebyshev iterations used is of

the order of 20000. This number was checked to converge
rotational average state-to-state probabilities to values better
than 1%, in most of the energy intervals considered. This high
number is necessary to get convergence for narrow resonances,
typically appearing at low J. For higher J values, the resonances
disappear and the number of iterations can be reduced to 10000,
which is done here for J > 35.

The APW PES by Aguado ef al.®® has been used in the
present case. The minimum of the HF potential well at the
asymptote has a lower energy than the LiF one, but when
zero-point energy effects are included the situation changes to
the opposite situation, becoming exoergic by —0.08 eV. In the
entrance channel there is a well of ~—0.25 eV, corresponding
to the Li-HF complex. In addition, the system presents a late
barrier, i.e. a reaction barrier in products channels for an
elongated HF distance of rys = 1.2682 A. This barrier is the
result of a curve crossing between a covalent and ionic
electronic states, correlating with Li(S) + HF('Z™) and
Li*('S) + HF *® The main features of this PES are
summarized in Fig. 1, and are very similar to those previously
reported and discussed in detail.?**

A. Reaction probabilities for / = 0 and integral cross section

Total and vibrational reaction probabilities for the Li +
HF(vj) — LiF(v') + H collisions are presented in Fig. 2,
for zero total angular momentum, J = 0. The results are
qualitatively similar to those obtained with a different
PES,?** and will be described briefly here.

This journal is © the Owner Societies 2011
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N

2.0 3.0
Rij--nr /A

Fig. 1

show the late character of the barrier at y = 75° (bottom right panel),

at rgr = 1.2682 A.

The reaction probability for v = 1 is much higher than for
v = 0. Moreover, summing over the partial waves, the integral
reaction cross sections presents a larger difference.!®!6:18:23
The vibrational energy difference is 0.5 eV, so that the total
energy for a collisional energy 0.5 is the same as that forv = 1
and E. = 0. The reason for this difference is not the total
energy, but the initial vibrational excitation of the reactants,
which does not seem to be easily transferred as otherwise there
would not be such large differences between the corresponding
reaction probabilities. This situation is due to the late barrier
character of the reaction, corresponding to an elongated HF
distance. This barrier is more easily overcome when there is
some vibrational excitation, while translational excitation does
not help, as predicted by Polanyi’s rules.®®"°

The reaction probabilities for v = 0 but different j values are
rather similar, showing two regions, one below =x0.15 eV,
dominated by resonances attributed to the Li-HF well in the
entrance channel, and the higher energy interval, in which the
total probabilities are smooth but the vibrationally resolved
probabilities show broad oscillations. All the narrow structures
appearing at low energies were attributed to resonances supported
by the well in the entrance channel, corresponding to the
Li-HF complex, and have been analyzed before for different
PESs. 2313871 Their energies are below the reaction barrier, or
just above it because the reaction threshold is increased by the
zero-point energy at the saddle point. These resonances can only

0.3
0.2
0.1
0.0

-0.1
-0.2
-0.3

LiIF+H

Advance of the Reaction —>

H+LiF
T Yrs= 75 deg.

2.0
Rii—-nr /A

Minimum energy path and contour plots of the Li-HF PES of ref. 68 (top-right panels), and different two-dimensional cuts of the PES to

the well in the entrance channel at y = 105°, and the saddle point

decay on the products channel by tunneling through the barrier.
For this reason, these tunneling resonances are rather narrow.

Above 0.15 eV, the vibrationally resolved probabilities
show broad oscillations, which were attributed to interference
effects®! or to transition state (TS) resonances above the
barrier.>® This last case was justified as follows. Freezing
the HF distance (the reaction coordinate) at the saddle point,
the PES shows a well (see Fig. 1). This well presents bound
states, which coincide approximately with the maxima of the
oscillations of the reaction probability.?® These TS resonances are
very broad because they are immersed in the dissociative continua
of reactants and products channels. As energy increases, the
vibrational spectrum of the TS becomes more congested and the
oscillations tend to disappear.

The final rotational distribution, in Fig. 3, is very structured,
showing all the resonant structure. For low final rotational
excitations, even values of j/ have a population significantly
higher than those obtained for odd j values. For higher j values
this difference decreases. Such difference indicates a net
separation between even/odd ;' dynamics, which has already
been observed.*> This was interpreted by the features of the
transition state region.

The TS is ionic, corresponding to a bent Li* F~H, because
the reaction barrier is created by a covalent/ionic crossing,* in
which an electron “jumps” from the Li atom to the F atom in
the-so called harpoon mechanism. The HF ™ subunit created
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Fig. 2 Total (left panels) and vibrationally resolved (right panels)

reaction probabilities for the Li + HF(v = 0,j)) - LiF(y') + H for

v=20,7=0,123and v = 1,7 = 0, with total angular momentum
= 0.

corresponds to a non-bonded system which shows a dissociative
potential with no wells, and at the equilibrium distance of neutral
HF the system is placed in a very repulsive region. Hence, once
the barrier is overcome, the H atom dissociates quickly due to the
HF~ repulsive interaction, leaving the strongly attractive Li " F~
ionic products. This is the so-called direct interaction with
product repulsion (DIPR) mechanism, recently reviewed,” typical
of metal atom (M) with hydrogen halide (HX) reactions: the
electron jumps from M forming HX™ transient, which is unstable
and dissociates rapidly, leaving the M "X ionic products. The
fast dissociation means that the features of the distribution of
products are determined by the transition state region.

Maintaining the argument above in mind, it is important to
note that the bent saddle point, expressed in LiF-H Jacobi
coordinates, corresponds to an angle ' ~ w/2. Assuming a
local harmonic behavior of the potential, TS state resonances
correspond to either odd or even eigenstates with respect to
y" = m—y’ symmetry. Thus these states, mediating the reaction
dynamics, dissociates rapidly keeping the even/odd separation.
This simple model would explain the even/odd final state
distribution obtained for J = 0, with Q" = 0.

For Q' = 1, even/odd j values correspond to antisymmetric/
symmetric, the opposite to the case of Q' = 0. In this case the
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Fig. 3 Rotationally resolved reaction probabilities for the
Li + HF(v = 0,) —» LiF(') + H for v = 0, and total angular
momentum J = 0. Results for j = 0 and 1 are shown in the left and
right panels, respectively.

ground rotational state is j// = 1. Thus, each Q' manifold will
present a different sequence of transition state resonances,
whose ground state has a major contribution from the j/ = Q'
When summing over all partial waves and helicities, Q’, the
even/odd alternation of the rotational population is washed out.

The total integral reaction cross sections, shown in the left
panels of Fig. 4, can also be divided in two regions. In the low
energy part, up to ~0.1-0.2 eV for j = 0, the cross section
show several peaks, which arise from the summation of the
resonant structures at each partial wave. Thus, the individual
traces of resonances are lost. The narrow tunneling resonances
appearing at each J group together, forming new broader
structures (for E£. < 0.1-0.2 eV). This could be the reason why
the quasi-classical results of ref. 22 are so smooth. In addition,
since classically there is no zero-point energy at the transition
state, the reaction has classically no threshold, and the corres-
ponding cross section should decrease with increasing energy.

In the high energy range, the quantum results show
oscillations, associated with the TS resonances. Classical and
quantum results are of the same order of magnitude, and
seem to get closer as energy and j increase. As j increases, the
overall magnitude of the cross section do not change strongly.
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Fig. 4 Total (left panels) and vibrationally resolved integral cross
section for the Li + HF(v = 0,/)) - LiF(v') + H. The QCT results are
from ref. 22 and represented by open circles. The rotationally averaged
cross section is compared with the experimental results from ref. 19
and ref. 20. The rotational average is built with the rotational
populations at the stagnation conditions of 315 K measured in
ref. 22. Note that the results of ref. 20 are in arbitrary units, and
rescaled here for comparison.

The value of the cross section at 0.4 eV is very similar for all

Jj values studied. However, at low energies it changes gradually

from ~0.5 A2 forj = 0to 1.5 A? for j = 3. This behaviour
is interpreted as follows: at low translational energies the
increase of rotational excitation allows the system to explore
the PES near the bent transition state. As translational energy
increases, the rotational excitation becomes negligible and the
effect disappears.?

The results obtained are between the error bars of the measure-
ments of the absolute cross section of Becker et al.,'® which have
large error bars. The experimental results reported by Hobel
et al®® are in arbitrary units and were rescaled. The overall
agreement between these last experimental measurements and
theoretical results is reasonable, except in the fast increase of the
experimental cross section at £. = 0.1 eV, which in the quantum
calculations appear at lower energies. This low energy part
depends strongly on details of the barrier height and of the long
range interaction potential, and the disagreement seems to indicate
that there may be some inaccuracies in the PES. The exact
position of tunneling resonances determining these fast increases
depend strongly on the shape of the PES in a large region of the
configuration space.

The increase of the experimental cross section’® observed
for energies below 0.12 eV is in surprisingly good agreement
with the results obtained theoretically for j = 3. The theoretical
average was performed using the rotational populations
determined experimentally at the stagnation conditions of
315 K.?* This population corresponds to a rotational temperature
of 70 K, in which the population of j = 3 is only 2.7%. Increasing
the temperature would increase the weight of high j, getting a
better agreement with the experimental results.”® The “exact”
quantum calculation of higher j values is very demanding
computationally, and should probably be addressed using quasi-
classical methods.

The vibrationally resolved cross sections, in the right panels of
Fig. 4, show the progressive opening of the excited vibrational
levels. At low energy only v/ = 0 is open and the cross section is
very structured. These structures are associated with tunneling
resonances because the reaction probabilities showed many
peaks at the same energies associated with resonances, as
discussed for J = 0. As commented above, for j = 0 the reaction
presents a reaction threshold, below which the reaction can only
take place through tunneling. Reactions with thresholds typically
show an increase followed by a decrease in the reaction cross
section. For higher j values, however, the threshold shifts toward
lower energies, or disappears, because the rotational energy of
the reagents increases. In the absence of a threshold, the cross
section tends to decrease as collision energy increases.”

For E, > 0.1 the first excited vibrational states open. Since
these energies are considerably higher than the reaction threshold
due to the zero-point energy at the saddle point, the cross section
for v/ > 0 are smoother, with an increase as the channel opens,
followed by a slow decrease which only shows very broad
oscillations associated with the TS resonances. It is interesting
that for higher collision energies considered here, all product
vibrational levels become equally populated. Moreover, at these
higher energies, the relative weight of the v = 0 state decreases
with increasing initial j. This may imply that initial translational
and rotational energy transforms in vibrational energy of
products, because of the late barrier character of the reaction
and the skewing angle of this reaction. This is again explained by
Polanyi’s rules: in late barrier reactions reactant translational
energy transforms into vibrational energy of products.

B. Effect of the polarization of reactants

The dependence of the reactivity on the rotational orientation,
or k—j correlation, can be obtained from the cross section
for selected initial helicity quantum number m, and it is
shown in Fig. 5. If the Coriolis coupling does not strongly
mix different m values, the mutual k—j orientation does not
change. This is the case for the Li + HF reaction, for which
centrifugal sudden approach is rather satisfactory for the total
cross section.>? The reason is that the reactant Jacobi vector, R,
nearly coincides with one of the inertia axes, because the light
H atom is close to the heavier F atom in the entrance channel. In
the products channel, however, when H gets far from the heavier
atoms, this approximation gets worse, and Coriolis coupling is
more efficient. For this reason, it is expected that the centrifugal
sudden approach is going to work worse for state-to-state
magnitudes.
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Fig. 5 Integral cross section for the Li + HF(v = 0,)) reaction for
different initial helicities, m. For m < 0 the cross sections are nearly
the same as for |m|, the largest differences being at low energies (below
0.1 eV) where the tunneling resonance contribution is large.

Since m may be considered to be conserved in the entrance
channel up to the saddle point, we can consider as a crude
approach that the initial k—j relative geometry is maintained in
the entrance channel until reaching the reaction barrier.
Asymptotically k is parallel to the z body-fixed axis, and the
HF internuclear vector, r, is in the x—z body fixed plane. For
m = 0, j and k are mostly perpendicular, and r and k are
parallel. For m = j, jand k are mostly parallel, and r and k are
perpendicular. In the case of the title reaction, there is a strong
dependency of the cross section with m, as can be seen in
Fig. 5. This result indicates that the Coriolis coupling is not
strong enough to produce a complete randomization among
the different helicities in the entrance channel, so that the
m-dependence (or j—k correlation) is preserved.

For j = 1, the cross section for m = 0 is clearly larger than
for m = 1, demonstrating that the reaction occurs preferentially at
collinear geometries, when using the body-fixed frame used for
studying the dynamics. In other words, the cartwheel collision
geometry is preferred to the propeller one, in the space fixed
frame. For j = 2, m = 2 appears the smallest cross section, while
m = 1 is the largest for low energy, and m = 0 for high collision
energies. This suggests that for strictly collinear collisions, the
reactants would rebound back without reaching the TS. A slightly
bent collision geometry is then necessary to get both a vibrational
excitation and a bent geometry which drives the system towards
the bent and late barrier configuration. The results obtained for

j = 3 are analogous: m = 0 and 1 yields larger cross sections, and

their relative importance varies with energy, while the largest
m gives rise to the smaller cross section.

These results are in agreement with previous results
obtained with another PES.?* Those results were obtained in
the centrifugal sudden (CS) approximation, in which m is fixed
along the reaction dynamics. In the present work, m can vary
because the Coriolis coupling is not neglected. Thus, the fact
that the reaction cross section has a strong dependence on the
initial m means that the Coriolis coupling in the entrance
channel does not randomize the helicity m values. In such a
situation all m would yield a similar reaction probability. We
conclude that the centrifugal sudden approach assumed in
ref. 23 is rather good in the entrance channel, i.e. until the
system has overcome the saddle point. After this point, the
helicities can mix strongly without affecting to integral cross
sections.

The fact that the reaction depends so strongly on the initial
helicity m indicates that the angular cone of acceptance is
rather narrow in these cases of v = 0.j. For v = 1, however, it
was found® that the reaction cross section is considerably
larger and that it does not depend on the initial . Since in that
case the CS approach was used (and should also be a good
approximation), the only explanation is that the angular cone
of acceptance in that case is considerably larger. This situation
holds for all the collision energies studied,® from 0 up to
0.5 eV. However, at the same total energies, when starting at
v = 0, the situation is completely different showing the strong
dependence on the initial m described above.

This difference between v = 0 and v = 1 dynamics can then
only be understood by an energy separation between the
motion along the reaction coordinate and along the two
perpendicular degrees of freedom. The reaction barrier has
a late character, corresponding to a relatively long HF inter-
nuclear distance, r. At this point the reaction coordinate is
parallel to r, as shown in Fig. 1. For v = 0, the energy along
the reaction barrier is low, and the dynamics is determined
by the TS resonances and by a narrow angular cone of
acceptance, around the yrg = 105°. This angle would imply
that the most probable initial helicity should be m = j, for
which the reactant Jacobi vectors r and R are perpendicular.
The fact that, on the contrary, the higher reactivity is found
for m = 0 or 1, suggests that the mechanism is slightly more
complicated.> The HF vibrational excitation determines
whether the system can overcome the reaction barrier. In the
case of v = 1, the excitation is enough to overcome the barrier
and for this reason the reaction cross section does not depend
on the initial m. On the contrary, for v = 0 there is not enough
energy along the reaction coordinate. The vibrational
excitation needed is essentially acquired in Li + HF nearly
collinear collisions, while for perpendicular collisions the
translational energy is more probably transferred to HF
rotation. Quantum studies performed for selected J values
using the so-called sterodirected representation also find that
the reaction is more probable for angles corresponding to
nearly collinear geometries?® > If the collision is strictly
collinear, HF would be very excited but it would rebound
back without finding the bent TS. This explains why not
only m = 0 is important but also m = 1, i.e. not strictly
collinear geometries are the most effective for producing the
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reaction: a sufficiently bent geometry is needed to get the
system bent after getting enough HF excitation to overcome
the late reaction barrier.

This was also corroborated by simulations of the infrared
excitation of the van der Waals Li-HF complex, in which a single
HF vibrational quantum was enough to produce the reaction.”*

C. Differential cross section and polarization of reactants

The total DCS for the title reaction and for an initial isotropic
rotational distribution of the HF reactant are shown in Fig. 6,
and they are compared for v = 0, j = 0 with quasi-classical
results of ref. 22. The DCS is asymmetric with several peaks in
all cases. There is nearly always forward and backward (0 and
180° respectively) peaks, whose relative differences depend on
the initial j and the collision energy. Also, side scattering is
always important, showing a rather complicated structure. It is
difficult to rationalize the DCS because it shows a rather
different behavior as a function of energy and j. For low
energies the DCS for all j values are significantly different, and
the back-scattering peak seems to be favoured for high j,
probably because the system has enough time to rotate during
the collision. As collisional energy increases, the DCS obtained
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Fig. 6 Total differential cross section for different energies and for
v = 0,7 = 0,1,2 and 3. The QCT results are from ref. 22.

for different j values become gradually more similar. For the
highest energy considered, £ = 0.317 eV, all the DCSs are
very similar, and the forward scattering becomes higher. As
discussed above, tunneling (up to 0.1 eV) and TS resonances
play an important role in the dynamics, especially for lower
energies. These resonances could explain the distinct behavior
of the DCS for different j and energies. As energy increases,
tunneling resonances do not contribute and TS resonances
manifest differently for each v'. Thus, the effect of resonances
as energy increases is expected to wash out for high energies,
especially when considering that the number of partial waves
also increases. The strong dependence of quantum results on

j and energy, attributed to resonances, explains the differences

obtained with quasi-classical results.

A deeper insight is obtained by examining the vibrationally
resolved Li + HF(v,j,;m) — LiF(v') + H, for different v and
different initial values of m, as shown in Fig. 7. Forj = 1, the
DCS for m = 0 is always larger than for m = 1. As for the
case of state-to-state integral cross section, this is again an
indication that the reaction is favored in nearly collinear
collisions. The DCS for |m| = 1 is more isotropic than for
m = 0. For m = 0, the DCS is either forward (for v = 0 and 2)
or backward scattered (for v/ = 1), but always with important
contributions at intermediate angles.

For j = 2 and |m| = 2 (corresponding to a narrower initial
distribution around 90° than j = 1,m = 1), the DCS is again
rather flat and corresponds to side collisions. In general, the
DCS for m = 0 is dominant and is the one which varies the
most, but the DCS for m = 1 is also rather significant and
presents an angular dependence similar to that of m = 0. The
reason is that for m = 1, the initial angular dependence is
distributed around intermediate configurations between linear
and T-shaped.

Forj = 3, |m| = 0and 1 are always higher than |m| = 2 and 3.
As m increases, the initial angular distribution presents a
lower probability around collinear geometry because spherical
harmonics behave as sin” y when y — 0 or n. Thus, as
m increases, the initial angular distribution is more peaked
around m/2 and the reaction probability decreases. Since the
TS is located at y ~ 70°, this indicates that the reaction
mechanism is more complex, as discussed before.”> For
HF(v = 0) there must be first an excitation of the HF stretch,
favored by nearly collinear collisions, consistent in this case
with low m values. Once this is accomplished, the system can
bend to reach the TS geometry.

The final angular distribution of the DCS on the different v/
is determined by the fast dynamics on the product channel, as
a consequence of the DIPR mechanism described above: the
transition state is bent, and when the products fly apart, the H
atom kicks LiF making it rotate fast. The fast and light H
atom may be expelled in any direction, yielding rather broad
DCSs. This fast dynamics is however affected by the resonances
appearing at low energies which introduces structures in the DCS,
specific for each energy and difficult to rationalize. Moreover, the
increase of vibrational energy of LiF(v') products slow down
significantly the separation between products, thus allowing some
rotations, producing more isotropic angular DCS or favoring the
backward peaks. In the DIPR mechanism described above,
the fast dissociation of H atom is due to the repulsive potential
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Fig. 7 Vibrationally resolved differential cross section for j = 1 (a), 2 (b) and 3 (c), for initial helicities m = 0,...,j and different energies.
The results for m = —|m| are identical to those obtained for m = + |m|.
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of the HF~ subunit within the HF Li" configuration at the
saddle point. This repulsive potential induces a fast separation
between H and F Li™. Because of the bent geometry of the
saddle point most of rotational excitation can be transferred to the
LiF products. This energy exchange is considerably larger than
expected from the mass mismatch H/LiF. This may explain why
backward scattering may be produced even at the higher energy
considered here.

D. Rotational distribution and polarization of products

The LiF products are formed in rather excited rotational state.
In Fig. 8 the rotationally resolved DCS are shown for
E = 0317 eV and j = 2, for several initial m and final /'
values. In all cases the rotational distributions are peaked
between j/ = 20 and 30, independently of the final vibrational
state v'. It seems that for v/ = 1, the backward rotational peak
is at j/ = 30 while for v/ = 0 is at j/ = 20. The maximum
available rotational channels at £ = 0.317 eV are 50, 42 and
33 for v = 0, 1 and 2, respectively. Clearly, there is no
relationship between the available kinetic energy and the final
rotational maximum of the distributions. This is explained by
the impulsive model used before, in which LiF pushed by the
H depart at the saddle point, making it rotate. A similar
situation is found for other initial j values®® and energies.
The analysis of each m’ (in reactants frame) or Q'
(in products frame) components is a tedious task. This
analysis can be greatly simplified by using a new method of
parameterization of the reaction product angular momentum
polarization.>***31:75 In this paper we restrict our discussion
to the analysis of the rotational orientation and alignment
parameters as defined in the theoretical section in eqn (11).
These parameters describe the component of the product
angular momentum orientation and alignment, with Q = 0,
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Fig. 8 Rotationally resolved differential cross section for E =
0.317 eV, v = 0, j = 2, and different values of the initial helicity
m and final state of products, v'.

parallel to the direction k’ (in products frame) or k
(in reactants frame), and are presented in Fig. 9 and 10 for
initial j = 2 and £ = 0.317 eV. These two quantities are
obtained using eqn (11), with the scattering amplitudes
expressed either in products or reactants frame, respectively.
The scattering amplitudes in these two frames are directly
related by a simple rotation in the the k—k’ plane (the xz
body-fixed plane chosen) given by eqn (3). Therefore, the two

Rotational Quantum Number, |’
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Rotational Quantum Number, |’
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Fig. 9 Orientation (a) and alignment (b) in products frame (with
z parallel to k') as a function of scattering angle and final rotational
states, j/, for j = 2 and E = 0.317 eV. Rotationally resolved
differential cross section of the initial helicity m and final state of
products, v'.
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Fig. 10 Same as Fig. 9 but in reactants frame, with z-axis being
parallel to k, the incoming velocity between reactants.

quantities are related by a geometrical factor. However, since
it is not evident to predict the effect on (Qlé:o and &{]é:()a they
are both shown here to clarify the discussion.

For m = 0, the initial HF rotational state has no orientation,
and products do not show any angular momentum orientation
either, as shown by symmetry and conservation laws.**’® A
similar situation holds from any initial isotropic distribution
of the reactant angular momenta. The orientation obtained for
m > 0 is non zero as expected, since initial j is already oriented
along the z-axis, and the depolarizing Coriolis interaction in this
case is not effective, as discussed before. For m < 0 the product

orientation is also non zero, but has opposite sign, so that in case
of the reactant initial alignment (i.e. +m have the same initial
population) the net product orientation will become zero after
summation. Similarly, in photodissociation the component
of the product angular momentum orientation onto the recoil
direction can be produced only by using circularly polarized
light 547778

In the reactant frame, Fig. 10, the sign of the orientation
does not vary appreciably with 0. The sign of the orientation
(§‘é=0 is preserved with respect to the initial reactant axis k.
This clearly indicates that j' is pointing in the same direction
for all scattering angles tending to keep an orientation close to
that of the initial j vector. This result is also very similar to the
case of photodissociation with circularly polarized light where
the initial light orientation vector is known to be partly
preserved during the reaction and transferred to the angular
momentum orientation of the reaction products.’*”’

On the contrary, in the products frame, Fig. 9, (O’ézo
corresponds to the projection of the orientation along the
z'-axis: it changes sign when the scattering angle 0 varies by
around m/2. The reason for this change of sign is merely
geometric: k’ varies with the scattering angle, being parallel/
anti-parallel to k when the scattering angle is 0/180°. The
change of the products reference frame makes the projections
of j/ change too. Thus, if the z’-axis changes direction when
varying the scattering angle from 0 to 180°, the projection Q'
will change sign. This explains why orientation changes sign in
products reference frame.

An interesting thing is that in the semi-classical j/ > limit,
(m') = 0O|j'|. Here, Og —¢ ~ 0.2 or more for j/ ~ 15-20, in
some cases, so that the corresponding (m') value is 3 or 4.
Also, in the backward direction for 0 < j' < 10 the orientation
reaches a value of 0.5, consistent with m’ ~ 5 forj/ = 10. The
orientation initially set for reactants is slightly reduced for
products. However, the average helicity changes from m = 2
to m’ = 4 or 5, an effect that can only be attributed to the
reaction dynamics. A similar situation was found in the
photodissociation of ICN,7”%% in which final CN fragments,
with rotational angular momentum of =40, were measured to
have an average projection of 7, while the initial helicity
introduced by the photon is only of 1 quantum.

The alignment of products rotational states with respect to k,
in Fig. 10, is independent of the initial 7, and nearly always
close to —1, indicating that j' is perpendicular to k. This is
easily understood using a simple kinematic model based on the
angular momentum conservation from reactants to products,
ie.j+ ¢ =] + /. jisin general rather small and can be
neglected, ie. / ~ j + ¢’. Since / and /' are perpendicular
to k and K’, respectively, they are both perpendicular to
the scattering plane. Therefore, j' is also expected to be
perpendicular to that plane. This is also consistent with the
DIPR mechanism, in which LiF is produced in highly excited
rotational states by the strong repulsive state of the HF™
subunit within the HFLi™ bent transition state. This mechanism
is based on the topology of the potential energy surface and is due
to the reaction dynamics, and can be rather general in A + BC
reactions. These results are in agreement with recent QCT
calculations performed for this system.®!
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When the alignment is expressed in the products frame,
along the kK’ axis, it is no longer constant but it varies with the
scattering angle, as previously reported for j = 0.°° For
forward and backward scattering, the alignment is negative,
close to —1, indicating that low Q' values are preferred,
meaning that j' tends to be perpendicular to k’. On the
contrary, for side angles, the alignment is close to 2, indicating
that the preferred axis of rotation changes now to be parallel
to k’. This behavior is also explained by the change of the
direction of the z’-axis when moving from 0 to 90° scattering
angles, and is due to geometric effects. This also indicates that
the reactants frame, with the z-axis parallel to k express
more naturally the main vector properties of the products
polarization.

The final alignment of j' is independent of the initial
projection m, the projection of the reactant angular
momentum j, and therefore m can be neglected. However,
the initial value of m determines the orientation of products, as
discussed above. At scattering angles of 0 and &, where k and k'
are parallel or anti-parallel, the initial helicity m can only be
transferred to j/, since /' is perpendicular by definition to k’. At
other scattering angles this condition is not fulfilled, but this
propensity seems to hold.

The general trends of the product polarization discussed so
far are essentially valid for other energies. This indicates that
the kinematic arguments used above are rather strict on
average and explains the limiting values obtained for the
orientation and alignment. It should be noted, however, that
the values obtained are not strictly the limiting values, and
there is some dependence on the scattering angle and on the
energy. These deviations, more evident for lower j values, are
the traces of the reaction dynamics, not explained by the
simple kinematic models used above. It is therefore important
to analyse them in more detail to get a further insight of the
reaction dynamics.

IV. Conclusions

In this work the first quantum simulation of the state-to-state
differential cross section of the Li + HF(v = 0,/ = 0,1,2,3m) —
LiF(/,j/,Q) + H reaction is performed, using exact
wave packet methods and the most accurate PES currently
available.®® The obtaining of differential cross sections as a
function of the initial relative orientation of reactants and deter-
mining the polarization of products provides a clear picture of the
reactive collision process, which can be nicely explained by the
properties of the transition state.

The total integral cross section for several rotational states
has been calculated and compared with experimental results of
Loesch and co-workers.?*?' The differential cross section in
the center-of-mass have been presented for different initial
states, including different initial helicities of the entrance
channel. For m = 0 the cross section is significantly larger
than for m = j, showing that the reaction is favored by head-on
collisions.

The differential cross section shows a preference for forward
and backward scattering, but the side-scattering is also
significant. The DCS obtained for lower energies present
specific structures associated with either tunneling or TS

resonances. This makes it difficult to rationalize them in terms
of simple models. For this reason we focused on the highest
energy considered, 0.317 eV, at which resonances play a minor
role. For this energy, the scattering is forward for v/ = 0, while
it becomes backward for v/ = 1 and 2. This can be explained
by an impulsive model in which H dissociates fast from the
bent Li"F H transition state. The internuclear interaction
within the HF ™ is repulsive, making possible a relatively large
energy transfer between the light H atom and the heavy LiF
molecule. Thus, when H leaves in the forward direction, it
pushes F backward, introducing a force against the direction
of LiF motion which is the origin of the vibrational excitation.
On the contrary, when H leaves in the backward direction, it
pushes forward LiF, i.e. in the same direction of its motion,
without producing vibrational excitation.

The bent geometry of the transition state explains the high
rotational excitation of LiF products obtained for all final
vibrational states v/, independently of the available kinetic energy.

This impulsive model also explains the polarization of the
rotational states of products: the alignment is nearly constant
with the scattering angle and equal to —1 (in reactants frame),
indicating that j’ is perpendicular to k, as also found recently
using QCT for this reaction.®! When an orientation is created
in the HF reactants, by setting for example a single m # 0, the
LiF products also present an orientation in the same direction
or rotation, which is even amplified by the reaction dynamics
for high ;' values.

This simple picture of the polarization of j’ when expressed
in the reactants frame gets far more complicated when
transforming to products frame. The reason is that the z’-axis
in products frame changes with the scattering angle, inverting
its direction when passing from 0 to 180°. These results may
be, however, not completely general to A + BC reactions and
should be analyzed in detail.

The analysis of the dynamics at lower energies deserves
further attention because the simple model used here becomes
complicated by the resonances, tunneling or TS that appear
there.

The study of the quantum stereo-dynamics offers not only a
way to unravel the complex dynamics involved in a reaction
but also a way to control its outcome. For example, the
possibility of orienting reactants can produce an enhancement
of the reactivity as discussed in this work and detected
experimentally.!'>! In this case, the hyperfine coupling
produces a depolarization which should be taken into account
in future simulations. Experimentally the hyperfine coupling is
switched off by adding weak electric fields along the center-of-
mass vector.'* Another source of control is the use of coherent
superposition of different helicity states, properly designed for
this purpose.
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