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Accurate quantum reactive scattering calculations in the full three-dimensional physical space have
been carried out for the Li1FH reaction at zero total angular momentum using the adiabatically
adjusting principal axis of inertia hyperspherical coordinate formalism. The procedures for fitting
the potential energy surface, calculating the surface functions, and propagating the solutions in a
coupled channel treatment are given and discussed. Features of the resulting reactive probability
plots are analyzed, and simple explanations of a number of the quantum resonance and oscillatory
features are found. ©1995 American Institute of Physics.
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I. INTRODUCTION

The Li1FH→LiF1H reaction has several interesting
features that make it an ideal prototype of the gener
A1BC→AB1C reaction. The Li, F, and H masses provid
one of the lightest three-different-atom reactive systems, t
potential energy surface of the reaction has a noncolline
transition state, there are two potential wells and a barr
along the reaction path, and the reaction is classically end
ergic but quantally exoergic due to the difference in initia
and final vibrational zero-point energies.

On the experimental side the Li1FH reaction has been
extensively studied in crossed beams1,2 including studies in
which the target molecule was oriented using electric fields2

On the theoretical side,ab initio calculations of the po-
tential energy surface have been performed,3,4 and the results
of Ref. 4 have been fitted to different analytic forms.5–7Both
classical trajectory8–11 and approximate quantum reactive
scattering12,13calculations have been performed on these p
tential energy surfaces~PES!. More recently, new quantum
calculations of the potential14 that gave a better estimate o
the stationary points of the surface were incorporated into t
PES used for the present calculations. This PES has a
been used by Baer and collaborators15 for their centrifugal
sudden~CS! approximate quantum mechanical calculation
of the Li1FH reactive cross sections.

One primary objective of this paper is the discussion
the difficulties which arise in carrying out an accurate thre
dimensional~3D! quantum investigation of the Li1FH reac-
tion and a discussion of the adopted solutions. A second o
jective of this paper is the analysis of the results and
rationalization of some important features of the reaction d
namics of the system.

The paper is organized as follows. The new potenti
energy surface is discussed in Sec. II. The hyperspheri
approach is illustrated in Sec. III. The construction of th
surface functions and the propagation of the coupled chan
~CC! scattering equations are described in Sec. IV. Detail
reactive probabilities are analyzed in Sec. V and Sec.
contains our conclusions.
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II. THE POTENTIAL ENERGY SURFACE

As already mentioned, the starting point for the con
struction of the potential energy surface is the set ofab initio
values of Ref. 4. These values, calculated at a configurati
interaction level, gave a barrier to reaction of 0.43 eV and a
entrance channel well depth of 0.20 eV relative to the botto
of the asymptotic reactant well. However, as pointed out
Refs. 5, 7, and 14 these features cannot be reconciled w
experimental findings. For this reason, before starting th
fitting procedure, we scaled them to the refined estimates
Ref. 14 obtained by following the computational method o
Ref. 16.

To carry out the fitting procedure, scaledab initio values
were mapped onto the space of the bond order~BO! vari-
ables ($ni%) generated by exponentiating the displacement
the diatom i from the related equilibrium distancer ei
~ni5exp@2bi(r i2r ei!#, for the definition of BO variables
and their use in dynamics studies, see also Ref. 17 and r
erences therein!. Polynomials in the BO space are appropri
ate functional representations of both two-~VII! and
three-body18 ~VIII ! interaction terms because they naturally
die at large distances. In particular, two body terms can b
expressed as polynomials of the typeVi

II 5 ( j51
j54ai j ni

j . Pa-
rameters of the two-body terms were derived by forcing th
reproduction of spectroscopic data of diatomic fragmen
~see Table I!. Once the two-body components are dete
mined, the coefficients of the polynomial
( j50
j55(k50

k55( l50
l55cjkln1

j n2
kn3

l ~with j1k1 l<6 and at least two
indices differing from zero! approximating the three-body
term were obtained by a least squares fit to the differen
between the adjustedab initio values and the sum of the
two-body terms~see Table II where the values ofcjkl coef-
ficients are given in kcal/mol, the units actually used in th
FORTRANroutine!. In this way, all the features of theab initio
potential energy values were reproduced. To fine tune t
characteristics of the stationary points of the fitted surfac
further corrections were introduced. In particular, the coeffi
cients of the three-body polynomial were scaled by the fact
0.9935 to give a better reproduction of the adjusted barrier
5/102(3)/1238/13/$6.00 © 1995 American Institute of Physics¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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1239Parker et al.: Quantum study of Li1FH reaction
reaction. For the same reason, two Gaussians of the typ

A exp@2bx~r LiF2x!22by~r FH2y!22bz~r LiH2z!2#,

with A, bx , by , bz , x, y, and z being, respectively, 0.1,
0.111, 0.037, 0.078, 1.6523, 1.3715, and 1.865 for the fi
and 1.8, 0.088, 0.096, 0.042, 1.8848, 0.9363, and 2.336
the second Gaussian, were added.~Again, these values are
given in the units actually used by the potential routine, i.
kcal/mol for energies and Å for distances.! As a result, the
reaction barrier has a height of 0.182 eV, and the entra
channel well has a depth of 0.302 eV with respect to t
reactant asymptote. Moreover, two-body repulsive term
non-negligible only in the highly repulsive part of the d
atomic potentials, were added to smooth out short range s
rious structure. The little remaining very short range spurio
structure was found to not interfere with the calculations.

TABLE I. Parameters~energies in eV; distances in Å! of diatomic BO
terms.

Dei bi r ei ai1 ai2 ai3 ai4

LiF 5.97 0.9708 1.5639 2.304422.3017 1.6903 20.6930
FH 6.12 2.1942 0.9168 2.078121.2567 0.2791 20.1005
LiH 2.46 1.1709 1.5957 2.1512 21.3822 0.3107 20.0797
J. Chem. Phys., Vol. 102,Downloaded¬28¬Aug¬2002¬to¬129.15.30.25.¬Redistribution¬subjec
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An additional reason for using BO coordinates when
representing the potential energy surface of reactive pro
cesses is that the BO space is finite and inverted with respe
to the physical one. Therefore, it naturally emphasizes th
strong interaction region which is of primary importance for
reactions and contracts the long range tail into the~0,1# in-
terval. Energy contours of the fitted surface drawn at fixed
values of the angleFF , the LiF̂H bond angle, are shown in
Figs. 1–4 as a function of the related BO variablesnLiF and
nFH. In these plots, energy contours of the BO PES take
every 0.1 eV relative to the entrance channel asymptotes a
given forFF5180°, 106°, 74°, and 45°. These contour plots
show all the features of the surface~i.e., the classical endo-
ergicity of the process, the early location of the well, the late
location of the barrier, and the bent transition state geometry!
as clearly as the more familiar internuclear distance plots
For example, Fig. 1 shows the contours at collinear LiFH
geometries. As apparent from it, collinear encounters have
barrier to reaction slightly higher than 0.8 eV located late in
the product channel and a well located in the entrance cha
nel that is slightly deeper than 0.1 eV. Figure 2 shows the
contours forFF5106° corresponding to the value of the
entrance channel complex. In this case, the barrier to rea
tion, though lower than that of the collinear geometry, is still
slightly higher than 0.6 eV while the entrance channel well is
TABLE II. Coefficients of the three-body BO polynomial.

Cjkl
a j k l C jkl

a j k l

0.922 405 2d103 1 1 0 20.201 926 8d103 1 2 2
0.327 286 0d103 1 0 1 0.108 576 9d103 0 3 2
0.338 170 6d103 0 1 1 0.368 902 4d102 2 0 3

20.104 864 3d104 2 1 0 0.125 919 2d103 1 1 3
20.296 256 9d103 1 2 0 0.139 851 0d102 0 2 3
20.383 914 0d103 2 0 1 20.548 955 1d101 1 0 4
20.747 806 8d103 1 1 1 20.272 174 1d102 0 1 4
20.753 312 4d103 0 2 1 20.867 270 2d101 5 1 0
20.171 547 0d103 1 0 2 0.924 372 5d102 4 2 0
20.213 440 7d101 0 1 2 0.945 549 5d102 3 3 0
0.550 848 1d103 3 1 0 0.437 855 8d102 2 4 0
0.113 438 2d104 2 2 0 20.301 289 5d103 1 5 0

20.116 004 2d104 1 3 0 0.587 543 3d102 5 0 1
0.355 739 0d103 3 0 1 20.764 494 2d101 4 1 1
0.101 708 6d102 2 1 1 20.154 424 2d103 3 2 1
0.696 916 0d103 1 2 1 0.117 467 2d101 2 3 1
0.125 887 7d104 0 3 1 0.188 109 9d102 1 4 1
0.519 758 2d102 2 0 2 0.269 934 0d103 0 5 1
0.432 801 8d103 1 1 2 20.380 389 7d102 4 0 2

20.106 210 1d103 0 2 2 0.221 147 4d102 3 1 2
0.547 194 2d102 1 0 3 0.171 319 9d103 2 2 2

20.321 156 8d102 0 1 3 0.670 984 5d102 1 3 2
20.133 351 5d103 4 1 0 20.299 939 5d102 0 4 2
20.499 358 2d103 3 2 0 0.128 541 4d102 3 0 3
20.392 873 4d103 2 3 0 0.545 717 4d102 2 1 3
0.114 333 3d104 1 4 0 20.974 547 7d102 1 2 3

20.225 214 1d103 4 0 1 20.719 712 3d101 0 3 3
0.264 176 6d103 3 1 1 20.137 745 4d101 2 0 4
0.996 472 9d102 2 2 1 20.212 002 8d102 1 1 4

20.303 165 4d103 1 3 1 0.207 108 7d102 0 2 4
20.991 940 8d103 0 4 1 0.700 303 2d100 1 0 5
0.712 358 9d102 3 0 2 0.422 919 5d101 0 1 5

20.502 649 0d103 2 1 2

aIn kcal/mol.
No. 3, 15 January 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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1240 Parker et al.: Quantum study of Li1FH reaction
near its deepest point~about 0.3 eV!. Contours taken at a
value ofFF close to that for the transition state~74°! shown
in Fig. 3 indicate a barrier to reaction that is lower than 0
eV high and a double well structure. The first well is locate
in the entrance channel and, as for the other angles alre
considered, is slightly more than 0.1 eV deep. The seco
well is located in the exit channel and is less than 0.1 e
deep with respect to the barrier or the product asympto
The energy contours drawn atFF545° ~see Fig. 4! clearly
show a high barrier separating the reactant and product ch
nels.

A more detailed study of the reactive features of the PE
as a function of the angleFF was carried out by plotting
minima and maxima of fixed angle minimum energy path
To determine fixed angle minimum energy paths, the B

FIG. 1. Isoenergetic contours of the present Li1FH potential energy surface
with the bond angleFF fixed at 180°~collinear! plotted as a function of the
bond order coordinatesnLiF andnHF . The energy contour interval is 0.1 eV,
and regions where the potential energy is about 1.0 eV are shaded.
energy zero is taken to be at the bottom of the asymptotic reactant well,
that the zero contour just touches the edge of the plot atnLiF50, nHF51 ~see
the text for discussion!.

FIG. 2. As in Fig. 1 forFF5106°.
J. Chem. Phys., Vol. 102,Downloaded¬28¬Aug¬2002¬to¬129.15.30.25.¬Redistribution¬subject
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representation gives the additional advantage of allowing t
use of straight lines centered on the axes origin.19 The value
of the potential energy at the stationary points is plotted as
function of the angleFF in Fig. 5. The solid line, which is
the early barrier height, shows a minimum at an angle arou
74° and an energy of 0.182 eV. This barrier increase
smoothly toward larger angles and rises rapidly towar
smaller angles. An interesting detail of these plots is that f
a small interval of the angleFF a further barrier, located
later in the exit channel, shows up. Such a barrier, shown
the heavy dashed line in Fig. 5, is higher than the previou
one for a range of about 5° and leads to the formation of
small pocket about 0.087 eV deep shown by the light dash
line. The entrance channel well, 0.302 eV deep, is shown
the dashed-dotted line in Fig. 5. All these features, althoug
shifted in energies, are also found in the unscaledab initio
results. They also agree with the experimental findings
Loesch and Stienkemeier.20

he
so

FIG. 3. As in Fig. 1 forFF574°.

FIG. 4. As in Fig. 1 forFF545°.
No. 3, 15 January 1995¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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1241Parker et al.: Quantum study of Li1FH reaction
III. THE HYPERSPHERICAL APPROACH

The hyperspherical formalism adopted here has been
scribed in detail in Ref. 21. It makes use of adiabatical
adjusting principal axis of inertia hyperspherical~APH!
coordinates.22 In the APH formalism the three internal coor-
dinates arer, u, andx. These can be defined in terms of th
usual mass scaled Jacobi coordinates~St , st , andQt! as

r25St
21st

2,

tan u5
@~St

22st
2!214St

2st
2 cos2 Qt#

1/2

2Stst sin Qt
,

~1!

sin~2xt!5
2StstcosQt

@~St
22st

2!214St
2st

2 cos2 Qt#
1/2 ,

cos~2xt!5
St
22st

2

@~St
22st

2!214St
2st

2 cos2 Qt#
1/2 .

In these coordinates the Hamiltonian is

H5Tr1Th1Tr1Tc1V~r,u,x!. ~2!

~The initial arrangement label ofx has been omitted because
the relationshipx j5x i2x j i makes the three differentx j dif-
fer only in origin.! In Eq. ~2! the subscripts stand for ‘‘rho’’,
‘‘hypersphere,’’ ‘‘rotational,’’ and ‘‘Coriolis,’’ respectively,
and the individual terms are given by

Tr52
\2

2mr5
]

]r
r5

]

]r
, ~3!

Th52
\2

2mr2 S 4

sin 2u

]

]u
sin 2u

]

]u
1

1

sin2u

]2

]x2D , ~4!

Tr5A~r,u!Jx
21B~r,u!Jy

21C~r,u!Jz
2, ~5!

and

Tc52
i\ cosu

mr2sin2 u
Jy

]

]x
, ~6!

with A(r,u), B(r,u), andC(r,u) being defined as

FIG. 5. Barriers and wells of the fixed angle minimum energy paths plott
as a function of the bond angleFF ~see the text for discussion!. The dotted-
dashed line is for the early well; the solid line is for the early barrier; th
light dashed line is for the late well; and the heavy dashed line is for the la
barrier.
J. Chem. Phys., Vol. 102,Downloaded¬28¬Aug¬2002¬to¬129.15.30.25.¬Redistribution¬subject
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A~r,u!5
1

mr2~11sin u!
,

B~r,u!5
1

2mr2sin2 u
, ~7!

C~r,u!5
1

mr2~12sin u!
.

This Hamiltonian, although more complicated than when
written in Jacobi coordinates, is simpler than those obtained
when using most other curvilinear coordinates.

To solve the scattering problem using a CC technique
the wave function for a given total angular momentumJ is
expanded in products of Wigner rotation functionsDLM

J of
the three Euler angles~a, b, andg!, surface functionsF of
the two internal hyperangles~u and x!, and ~initially un-
known! functions c of the hyperradiusr. The r range is
divided into a number of sectors. For each sectori a set of
surface functionsF t(u,x;r i) is calculated at the center,r i ,
of the sector. These surface functions, which serve as a loca
basis set, are independent ofr on a given sector but change
between sectors and have been variously denoted ‘‘secto
adiabatic’’ or ‘‘diabatic by sectors’’ by different authors.

Therefore, when the total angular momentumJ is set
equal to zero, the first computational step to accomplish is
the solution of the following bound state equations

S Th1 15\2

8mr i
2 1V~r i ,u,x!2E t~r i ! DF t~u,x;r i !50 ~8!

in u andx to evaluate the fixedr surface functions.
To see the nature of the surface functions and the equa

tion they satisfy, it is particularly useful to analyze fixedr
cuts of the PES that appear in Eq.~8!. These cuts are usually
plotted as stereographic projections of the surface of interna
coordinate sphere onto a Cartesian plane whosex andy co-
ordinates are defined as

x5tan
u

2
cosx, y5tan

u

2
sin x. ~9!

These plots, given in Figs. 6–9, show the variation of
the potential energy as the triangle formed by the three atom
distorts to assume different arrangement geometries for
fixed value of the hyperradius. In particular, asu goes from
zero at the center of the figure~x5y50! to u590° at the
periphery, the triangle flattens from one for which the two
principal moments of inertia in the triatomic plane are equal
into a straight line. Asx goes from 0° to 360°~circling
counter clockwise around the figure starting from the posi-
tive x axis! all possible arrangements are described twice for
reasons discussed elsewhere.21

At large r values~see Fig. 6 forr520a0!, the graph
shows that the different energetically allowed asymptotic re-
gions of the potential are well separated and confined to
small portions of the plane. This is due to the polar nature o
the hyperspherical coordinates. Asr increases, the anglesu
andx span an increasingly larger interval of the internuclear
distances.
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e
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1242 Parker et al.: Quantum study of Li1FH reaction
At intermediate r values, the arrangement channels
though still separate, fill up more of the fixedr plane ~see
Fig. 7 for r58a0!. At r values around the transition state
~see Fig. 8 forr55.14a0! the reactant Li1FH and the prod-
uct LiF1H channels partly merge, and there is a saddle po
between them. Near the saddle there is a small well th
corresponds to the fixedr cut of the pocket shown in Fig. 5.
At shorterr values~see Fig. 9 forr54.5a0! the distinction
among different channels is no longer evident at all, and t
PES is getting repulsive.

FIG. 6. Stereographic projection of a contour plot of the Li1FH potential
energy surface as a function of the APH hyperanglesu ~the circle radius!
andx ~the circle angle! with the hyperradius fixed atr520a0 . The dotted
contour is at 0.2 eV, and regions above 1.5 eV are shaded. The small
tures located nearx561 andy50 show the reactant Li1FH arrangement
channel; the larger features nearx50, y561 show the product LiF1H
arrangement channel. The closed F1LiH channel does not appear on this
plot. Only the encircled area has physical meaning.

FIG. 7. As in Fig. 6 forr58a0 , except that the dotted contours are at 0 an
0.2 eV.
J. Chem. Phys., Vol. 102,Downloaded¬28¬Aug¬2002¬to¬129.15.30.25.¬Redistribution¬subjec
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One suggestive way of giving compact representation
of the PES is to plot it in two variables while adjusting the
third one to minimize the potential. These ‘‘relaxed variable’’
representations were first introduced using Cartesian proje
tions of Jacobi coordinates,23 and extended later to hyper-
spherical coordinates by allowing either a hyperangle or th
hyperradius to relax.24 Plots of the Li1FH PES obtained by
relaxing theu hyperangle have been given in Ref. 24. Here,
Fig. 10 shows the one obtained by relaxing the hyperradiu

fea-

d

FIG. 8. As in Fig. 6 forr55.14a0 , the distance of the transition state. The
dotted contours are at 0, 0.2, and 0.4 eV. Vestiges of the repulsive cores
each channel are visible; the large shaded areas nearx56p/2 are due to
LiF, the small shaded areas nearx50 andp are due to HF; and the inter-
mediate sized shaded areas nearx5p/6 and 7p/6 are due to the LiH channel
~closed!. The system gets from reactant to product by passing~with x near 0
or p! asu decreases, from the entrance channel well over the barrier into th
late well.

FIG. 9. As in Fig. 6 forr54.5a0 . The dotted contour is at 0.2 eV.
No. 3, 15 January 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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1243Parker et al.: Quantum study of Li1FH reaction
in the range 4.5a027a0 . It shows clearly the bent transition
state separating the reactant and product arrangement ch
nels.

IV. CONSTRUCTION OF SURFACE FUNCTIONS
AND PROPAGATION

To carry out quantitatively accurate dynamical calcula
tions the surface functionsF, the solutions of Eq.~8! on the
two-dimensional domains exemplified by the fixedr plots of
Figs. 6–9, need to be constructed. When we first began wo
on the LiFH system21,25 we used a finite element method
~FEM! to solve Eq.~8!. A key step of the FEM is the gen-
eration of a mesh that will give all the energetically acce
sible eigenfunctions accurately using a minimum number
points. Unfortunately, as apparent from Figs. 6–9, the
eigenfunctions become extremely localized at somer values,
and it is impractical to make use of a homogeneous mesh
heterogeneous grid of nodes was prepared starting from
regular frame of quadrangular elements each involving ni
nodes. Then, additional points were inserted in the regio
where the potential is deeper by halving the grid step a
repeating the process a sufficient number of times. Althou
this technique can create arbitrarily dense meshes localiz
in those regions of the PES where more points are needed
finds a limitation in the difficulty of the FEM solver to deal
with rapidly varying grids. This implies that, to give an ac
curate description of the eigenfunctions needed, one s
needs an excessively large number of points. In practice,
obtain accurate eigenvalues and surface functions at mod
ater values we had to construct grids of up to 6000 nod
points.

To illustrate the FEM surface functions and meshes f
the Li1FH reaction, perspective plots of a few surface func
tions calculated atr510a0 using a 6000 node mesh are
shown in Figs. 11–15. All the surface functions shown i

FIG. 10. As in Fig. 6 for the relaxedr representation. Energy contours have
been taken at 0.35, 0.70, 1.42, 1.93, and 2.8 eV. Regions above 10.0 eV
shaded. See the text for discussion.
J. Chem. Phys., Vol. 102,Downloaded¬28¬Aug¬2002¬to¬129.15.30.25.¬Redistribution¬subjec
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Figs. 11–14 are confined in the product LiF1H arrangement,
and, at this moderately larger value, they have the typical
shape of the isolated LiF diatom wave functions, so that on
can identify them by counting nodes. One finds the vibra
tional state by counting nodes alongx at u590°, i.e., along
the border of the circle, and the rotational state by countin
the nodes encircling the arrangement channel. For examp
Fig. 11 is the ground statev50, j50 LiF function.

On the other hand, at the same value ofr, Fig. 15 shows
the lowest-energy surface function in the reactant Li1FH
arrangement. Although this function is clearly confined in
side the reactant Li1FH channel, it dies on the side of the
channel facing the LiH1F channel~to allow a better per-
spective view of the surface function structure, the location
of the channels in Figs. 11–15 have been reflected throu
x50 and then rotated byp/2 along x with respect to the
origin of the stereographic projections of Figs. 6–10!. This
means that the function hasnot yet achieved the form of the
asymptoticv50, j50 HF function and is strongly rotation-
ally hindered even atr510a0 . This rotational hindering

are

FIG. 11. Plot of the lowest-energy surface function atr510a0 . The surface
function is confined inside the LiF product channel. The vibrational and th
rotational components have the structure of thev850 and j 850 LiF wave
function. See the text for discussion of the orientation of Figs. 11–15.

FIG. 12. As in Fig. 11 forv850 and j 851.
No. 3, 15 January 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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1244 Parker et al.: Quantum study of Li1FH reaction
means that the value ofr to which one must propagate be
fore reaching the asymptotic region must be larger th
r510a0 .

Surface functions calculated at smallerr values are ei-
ther confined in a single channel or spread over both react
and product channels. In any case, they lose the typical str
ture of asymptotic functions as illustrated in Figs. 16 and 1
where the first and the fifth surface functions calculated
r55.14a0 ~the value of the hyperradius at which the tran
sition state occurs! are shown. In particular, the surface func
tion shown in Fig. 16 is confined in what is the vestige of th
Li1FH channel and is associated with a bound state su
ported by the entrance channel well. For this reason, th
surface function does not contribute directly to the reactiv
flux. On the contrary, the surface function shown in Fig. 1
has components located on both sides of the barrier and t
has and mixes reactantlike and productlike properties.

At r values larger than 10a0 , the FEM approach became
so demanding that we chose to adopt a different metho
namely, the analytical basis method26 ~ABM ! recently devel-
oped by some of us. The ABM approach is not only ideal
suited for larger calculations but also has been shown t

FIG. 14. As in Fig. 11 forv850 and j 8526.

FIG. 13. As in Fig. 11 forv851 and j 851.
J. Chem. Phys., Vol. 102,Downloaded¬28¬Aug¬2002¬to¬129.15.30.25.¬Redistribution¬subjec
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work well at medium and short distances when its param
eters are chosen properly. In fact, the ABM was the onl
method used to calculate the surface functions used in th
CC propagation calculations of the present paper; because
its efficiency and simplicity; it was used over the full range
of r.

In the ABM approach, the surface functions are ex
panded in terms of rotation-vibration functions of the three
sets of Delves coordinates. The vibrational basis in thef th
arrangement consists of harmonic oscillator functions of a
‘‘anharmonic variable,’’zf , which distorts the space to allow
for anharmonicities.26 zf is related to the Delves hyperangle
q f via

zf5af tanq f2
bf

tanq f
1cf . ~10!

FIG. 16. Plot of the lowest-energy surface function atr55.14a0 . This
function is confined inside the reactant channel. This and Fig. 17 are or
ented the same as Fig. 8.

FIG. 15. Plot of the lowest-energy surface function atr510a0 that is
localized in the reactant arrangement channel.
No. 3, 15 January 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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1245Parker et al.: Quantum study of Li1FH reaction
The extent of the distortion is controlled by the three para
eters in this equation, and these are determined by requ
the oscillator basis functions to behave approximately l
Morse functions. Since the present calculations were car
out when the ABM was in its developing stage, the defi
tions of some parameters differ from those given in App
dix A of Ref. 26. The definitions that differ are

af5cos5 qmfS g2 f1/21 g3 f
6g2 f

1/2sin qmfD , ~11!

bf5sin4 qmfcosqmfS g2 f1/22 g3 f
6g2 f

1/2cosqmfcot qmfD ,
~12!

where

g2 f
1/25Cpfrp f@m~ve f2ve fxe f!#

1/2, ~13!

g3 f
g2 f
1/252g2 f

1/2rp fAn f~2mve fxe f!
1/2, ~14!

rp f is the greater ofr and 1.1smf ,

qmf5sin21~smf /rp f!, ~15!

Cpf5Ca f1Fa fe
2Ba frp f, ~16!

and

smf5r x fr e f /df . ~17!

The values of the parameters in these equations used in
present calculations are given in Table III in atomic uni
Their meanings are either the same as in Ref. 26, or they
simply scaling and fitting parameters.

As implied by thevmax and jmax values in Table III, the
ABM calculations of the present paper used a total of 2
primitive basis functions. Integrals between them we
evaluated using different numerical quadratures. Atr values
larger than 6a0 the quadratures were performed in the
rangement channel Delves space.26 At r values smaller than
6a0 the quadratures were performed in the APH space.26 In
this case,u was partitioned into two sectors~0,0.80! and
~0.80,p/2!, containing, respectively, 20 and 40 grid poin

FIG. 17. Plot of the fifth-energy surface function atr55.14a0 . This func-
tion has amplitude in both the reactant and the product channels.
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while x was divided into the five sectors~2p/2,20.89!,
~20.89, 20.25!, ~20.25,0.25!, ~0.25,0/89!, and ~0.89,p/2!.
The surface functionsF t(u,x;r i) were then determined by
direct diagonalization of the Hamiltonian of Eq.~8!. To ob-
tain the matrix elements needed in the propagation step of
the calculations, these surface functions were calculated at
230 sectors centered at ther values determined using the
expression

r i5@rmin1~ i21!Dr1#~11Dr2!
i21, ~18!

where rmin53.5a0 , Dr150.025a0 , and
Dr255.839 827 930 082 431023.

The resulting surface function eigenvalues are plotted in
Fig. 18. In the investigated energy range, the asymptotic
curves show the rotational states of the ground vibrational
state of the FH reactant superimposed on the more narrowly
spaced rotational levels of several of the lower vibrational
states of the LiF product. It should be noted that the curves
shown in Fig. 18 are connected from one sector to another in
energy order; i.e., they areadiabaticcurves, and they show
numerous avoided crossings. We also note that one can con-
nect the points based on the largest overlaps of the surface
functions of one sector with those of the next.27 The resulting
diabatic curves connect more smoothly at intermediate dis-
tances, have a more single channel nature, and allow one to

TABLE III. Parameters for the ABM calculations.

Arrangement Li1FH F1LiH H1LiF

mass~amu! 7.016 003 18.998 4032 1.007 825 03
ve ~a.u.! 0.018 855 57 0.006 404 61 0.004 147 81
vexe ~a.u.! 0.000 409 52 0.000 105 71 0.000 036 127
r e(a0) 1.732 517 3.015 437 2 2.955 276
vmax 4 0 5
jmax 14 3 32
nhermt 50 50 50
nglegn 50 50 50
Ca 0.91 0.91 0.947
r x 1.1 1.075 1.035
Fa 0 0 2.526
Ba 0 0 0.385
An 1 0.9 1.05

FIG. 18. Adiabatic surface function eigenvalues plotted as a function of the
hyperradius.
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1246 Parker et al.: Quantum study of Li1FH reaction
more easily see to which arrangement channel a given cu
most strongly connects. They are discussed more later in
paper. Both the diabatic curves and Fig. 18 clearly show t
the lower curves connecting to the product H1LiF arrange-
ment channel at large distances tend to remain quite cons
in energy down to quite short distances. This is consist
with the lack of distortion in Figs. 11–14. Those correlatin
with the higher vibrational states of LiF show a decrease
energy at smallerr values before becoming repulsive a
small r. On the contrary those connecting to the reacta
Li1FH channel show a richer structure. In particular, asr
decreases from initially large values, the curves lowest
energy show first a small attraction, then a barrier associa
with the orbiting of Li around the FH molecule and then
well associated with the entrance channel LiFH complex f
lowed by a repulsive region. Those at higher energy gra
ally absorb the well into the repulsive wall because of t
growing importance of the orbiting contribution. At ver
shortr values both types of curves lose their single chan
nature.

The coupled differential equations of the coupled cha
nel ~CC! method that result from the use of the surface fun
tions have the following form

S ]2

]r2
1
2mE

\2 Dc t~r!5
2m

\2(
t8

^F t~u,x;r i !

3uHi uF t8~u,x;r i !&c t8~r!, ~19!

where the internal Hamiltonian here is

Hi5Th1Tc1
15\2

8mr2
1V~r,u,x!. ~20!

The numerical integration of the 277 coupled equatio
was carried out fromr53.5a0 to r535a0 using a logarith-
mic derivative method with 24 propagation steps per sma
est propagation wavelength.28 Once the solution had been
propagated to 35a0 , the asymptotic analysis wa
performed21 and theS matrix elements evaluated. The con
vergence of the calculations has been tested by varying
surface function basis set from 200 to 277 functions.

The number of quadrature points were varied to produ
surface function eigenenergies accurate to 4 significant e
gies. At two energies the number of propagation steps w
increased. This resulted in a change of the probabilities o
in the third significant figure. The resulting probabilities a
accurate to within a percent at the nonresonant lower en
gies with the error increasing to about 10% at the high
energies. The heights of the resonance peaks are less a
rate than that since a slight change in the basis can sh
given energy onto or off a narrow resonance. Higher energ
would require a larger primitive basis set in the ABM calc
lations.

V. REACTIVE PROBABILITIES: DISCUSSION

A. Energy dependence

As already pointed out in Ref. 29, the reactive probab
ity of this reaction has no threshold. This is because the z
point energy of the reactants is larger than that of the pr
J. Chem. Phys., Vol. 102,Downloaded¬28¬Aug¬2002¬to¬129.15.30.25.¬Redistribution¬subjec
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ucts to make the reaction quantally exoergic and, as the r
action proceeds, the zero point energy evolves smooth
from the Li1FH asymptotic value to the LiF1H one, almost
completely absorbing the potential energy barrier.

In Fig. 19, typical reactive probabilities for initialv50
and different initial j values~different columns! to find v8
ranging from 0 to 2~from the lowest to the highest row!
summed over the product rotational statesj 8 are plotted as a
function of total energyE. ~Primed quantities are used for
products, unprimed for reactants.! As we already pointed out
in Ref. 29, all the reactive probabilities for transitions from
v50, j50 of the reactants to the differentj 8 values of the
product ground vibrational state seem to show a commo
resonant~sharp peaks! and oscillating~slow background os-
cillations! structure. The plot of thosev50, j50 to v850
reactive probabilities summed over allj 8 states is shown
here in the lower left hand corner of Fig. 19. As can be easil
seen from the figure, the probability summed overj 8 shows
the same oscillatory and resonant structure as the individu
detailed probabilities plotted in Fig. 2 of Ref. 29 implying
that this feature is truly common to all the detailed probabili
ties when the reactants are in the ground vibrotational stat
Following the indications given there, we attempted to inter
pret both the resonant and the slower oscillatory structur
using simple models.30

B. Narrow resonances

Obviously, the rationalization of the narrow resonance
structures in the 3D quantum results of this noncollinea
Li1FH reaction is far more complex than it was for the
symmetric collinear reactions considered before.31 We pro-
ceeded as follows. In the left-hand panel of Fig. 20, we hav
plotted the resonant energy range of thediabaticcurves that
connect to the product LiF1H arrangement. Superimposed
on these as horizontal lines are the energy eigenvalues of t
bound states that are obtained in calculations in which eac
of these curves is treated independently and all coupling b
tween them is neglected. In the right-hand panel, we hav

FIG. 19. Reactive probabilities summed over all open productj 8 states for
v50 to v850 ~lowest row!, v851 ~center row!, andv852 ~upper row!, for
given reactantj values~j increases going from left to right! plotted as a
function of the total energy.
No. 3, 15 January 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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1247Parker et al.: Quantum study of Li1FH reaction
plotted the same energy range of the diabatic curves t
connect toreactantsand their eigenvalues when treated a
uncoupled. In the center panel of Fig. 20, we have replott
the lower left-hand panel of Fig. 19 with its axes reverse
and its energy scale expanded to match the other parts of
figure. The reader who has a straight edge can readily d
cover that every sharp resonance peak in the central pane
correlated with one of the energy levels in the right pane
~This is more quickly obvious when a transparency of one
the panels is laid over the other.! For the lower energy peaks,
the energies match within the linewidths of the resonance
The higher energy resonance peaks are shifted to slightly
increasingly lower energies than the corresponding ener
levels. This happens because the simple eigenvalues of
uncoupled curves must necessarily be upper bounds to
true resonance energies given by the accurate scattering
sults in the central panel which include all coupling. I
should be noted, however, that not every energy level in t
right panel has a corresponding peak in the reactive proba
ity. This means that some of these levels are either not a
cessed, give rise to resonances too broad to be visible,
give rise to resonances that decay only to reactants and
not contribute to the reactive probability.

No such correlation is found between the resonances a
the energy levels of the left panel. The most that can
claimed there is a weak qualitative correlation of the avera
background reaction probability with the density of states
the left panel.

Thus, it appears that the sharp resonance structures in
low-energy reaction probabilities are Feshbach resonan
due to the system getting trapped in metastable states in
entrance channel well region. It also appears that the pe
with the narrower widths and larger amplitudes are tho
trapped behind the lower, wider barrier separating them fro
the long-range part of the entrance arrangement channel.

FIG. 20. Comparison of the energies of the reactive resonances with th
of the bound states supported by the wells in the channel diabatic cur
defined in Sec. IV. The bound states of the product curves are in the
panel; those of the reactants are in the right panel. Resonant energies o
v50, j50 to v850, summed overj 8 reactive probabilities are in the center
panel.
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C. Broader oscillations

Ignoring the sharp structures in several of the lower pan
els in Fig. 19, we see that the background has broad oscilla
tions at high energy which get narrower and narrower as th
energy decreases. Somewhat similar structures have pre
ously been found in collinear and fixed-collision-angle infi-
nite order sudden~IOS! calculations.9,32,33 However, those
structures had a different spacing than the present ones, a
those in IOS calculations tend to disappear when the resul
are averaged over the collision angle.

To get a simple interpretation of the present oscillations
we construct an extremely simple model. Beginning from
Eq. ~19! we assume that we have transformed the CC equa
tions to a diabatic representation, so that the coupling occu
in the potential terms. Then, we consider just two states, on
of which connects to the desired incident reactant state~such
asv50, j50! and the other of which represents a collection
of product rotational states which are assumed to be close
spaced and to surround the energy of the incident state, s
that they can be considered to have the same asympto
energy as it. With these assumptions, the resulting pair o
equations has the same form as those of the very first IO
papers,34 and their formulas can be used directly. Further-
more, to make the model completely analytically soluble, we
take the potential to be an infinite square wall inside som
turning point r t , zero outsider t1d, and between those
points to be the constant 232 matrix,

V5S 2D
fD

fD
f 2D D . ~21!

Thus, this potential, in qualitative consistency with the
curves of Fig. 18 has a square well of depthD in the reactant
channel, an off-diagonal coupling that is a fractionf of the
well depth, and much shallower square well in the produc
channel. This particular form is chosen for convenience an
to keep a minimum number of parameters. The resulting re
action probability is34

P54U22
2 U12

2 sin2~h22h1!, ~22!

whereU is the transformation that diagonalizesV, and theh i

are phase shifts. For the present model,

U22
2 U12

2 5 f 2/~11 f 2!2 ~23!

and

h22h15S 2m

\2 D 1/2$~E2Ethresh!
1/22@E2Ethresh

1D~11 f 2!#1/2%d. ~24!

Using the threshold energy~0.255 eV! of the ground state
reactants and choosingD50.076 eV, f50.2, andd53.5a0
as physically reasonable values~see Fig. 18! of the fitting
parameters, one gets the reaction probability shown in Fig
21. Comparing it with the lower left panel of Fig. 19, one
sees that it nearly quantitatively reproduces the amplitude
and positions of both the maxima and minima of the two
higher energy oscillations. However, there is so much nar
rower resonance structure in the lower energy part of th
lower left panel of Fig. 19 and its enlargement in the middle

ose
ves
left
f the
No. 3, 15 January 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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1248 Parker et al.: Quantum study of Li1FH reaction
panel of Fig. 20 that it is difficult to see how many of th
slower oscillations it might have.~Figure 21 has two be-
tween 0.255 and 0.29 eV.! However, if one looks across the
lower panels of Fig. 19, one sees that as the initialj in-
creases, it pushes the threshold upward, pushes the hi
energy oscillations off the right side of the plot, and begins
split up the lower energy highly structured region until b
j53, it has clearly split into two peaks, and byj54, the two
peaks corresponding to the two lowest energy peaks in F
21 are the only two slow oscillations remaining on the plot
the lower center of Fig. 19.

The broadening of the lower energy oscillations asj in-
creases is also consistent with the observation from Fig.
that the diabatic curves correlating with the higherj states of
the reactants have shallower wells; they have repulsive c
trifugal potentials which eventually dominate over the we
as j increases.

Thus, from the remarkably good correspondence of t
simple model to the accurate results, it appears that
slower oscillations in these reaction probabilities are due
quantum interference between the reactant and product c
nels and to the fact that the reactant channels see a m
stronger potential well than the product channels.

Although this extremely simple model is able to accou
for the j dependence of thev50 tov850 reaction probabili-
ties, one sees from the upper two rows of Fig. 19 that
such simple structure is seen in the transitions tov8.0. For
small j these are endoergic transitions with a threshold ind
pendent ofj . Further, for all j , it appears that these trans
tions involve a mechanism that is beyond the simplest s
den model just described.

A final comment needs to be made on the dependenc
the reactive probability onj . In Fig. 22, the reaction prob-
abilities from reactants inv50 to the differentv8 states are
plotted vsj at three total energies near the upper end of
energy range of the calculations. One notes from this fig
that the dependence onj is more regular than one might hav
expected from scanning from left to right along a given ro
of Fig. 19. One sees some alternations withj which shift
with energy, and also that, as the energy increases, the hi

FIG. 21. Oscillatory structure obtained from a very simple model of t
reactive probabilities forv50, j50, v850 and summed overj 8. See the
text for discussion.
J. Chem. Phys., Vol. 102,Downloaded¬28¬Aug¬2002¬to¬129.15.30.25.¬Redistribution¬subjec
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j andv8 states become open and begin to contribute to th
reaction. Also, since these calculations were performed wit
J50, there is the restrictionj5 l}b with b being the classi-
cal impact parameter. Therefore, the curves of Fig. 22 behav
like opacity functions and die at largej . In addition, the fact
that these opacity functions are not large at smallj values
and tend to increase withj before dying off makes their
shape different from the ‘‘hard sphere’’~i.e., the stepwise!
shape of the opacities of the other metal plus hydrogen ha
lide heavy–heavy–light reactions.35

D. Product distributions

Other quantities that aid in understanding this reaction
are the final state distributions of the products at fixed ener
gies. Although calculated only forJ50, so thatl52j , these
distributions still contain a great deal of information about
the reactive dynamics of the system.

We first discuss the product vibrational distributions
~PVD’s!. PVD’s summed over allj 8 for reactants inv50 are
given in Fig. 23 for three different values ofE ~E50.45,
0.50, and 0.55 eV going from the left to the right-hand side
columns of Fig. 23! and several values ofj ~j increases from
0 to 9 going from the lower to the upper row!. Though the
total reactivity is definitely smaller than unity, the shapes of
the PVD’s are always unimodal, a behavior also given by the
v11 rule of Franck–Condon models.36–38 Other common
features of the different plots are the shift of the PVD peak to
higher v8 values as energy increases, leading to somewha
inverted distributions, and the spreading of the distribution
over a more extended set of states~i.e., to an increase of the
average vibrational energy of products!. Similar behavior has
been found in collinear calculations performed for the
Mg1FH system37 and in calculations for other systems38 in
which there is a sudden change in the shape of the potenti
about the minimum energy path as the system passes t
saddle point.

The product rotational distributions~PRD’s! are shown
in Fig. 24 for three energies. These PRD’s show a rathe

e
FIG. 22. Reactivev50 to v850 ~left-hand column!, v851 ~center column!,
andv852 ~right-hand column!, probabilities summed over all open product
j 8 states plotted as a function ofj at E50.45, 0.50, and 0.55 eV from the
lower to the upper panel.
No. 3, 15 January 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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1249Parker et al.: Quantum study of Li1FH reaction
structured shape with some tendency for even-odd alter
tion and some propensity to favor evenj 8 over oddj 8. How-
ever, this propensity is far from complete: For a given initi
j , it often reverses as the energy changes, and at a givenE, it
also often reverses as a function of initialj . In fact, in a
single plot it sometimes reverses as a function ofj 8. We do
not presently know the cause of these alternations.

If one ignores this alternation structure, and looks at t
overall behavior withj 8, one sees that, in most of the pane
of Fig. 24, the probability starts off atj 850 about as large as
it ever gets and tapers off to zero at moderately largej 8
values. Since, as already mentioned, forJ50 one has
l852j 8 for the rotor and orbital angular momenta, the
PRD’s can be interpreted as product opacity functions~that
is, plots vs the product impact parameter!. This tapering off
to zero without an intermediate maximum means that in
product valley the system senses a repulsive potential.~For
example, a hard sphere opacity function is constant for sm
l 8 and then drops to zero for largel 8.! This behavior, com-
mon to other light-heavy–heavy reactions39 ~as is the reverse
H1LiF reaction!, contrasts with the behavior seen for th
reactants in Fig. 22 where the attractive well in the react
valley gives rise to maxima at intermediatej values.

VI. CONCLUSIONS

We have reported anab initio study of the Li
1FH→LiF1H reaction. The potential energy surface used
based on both new and olderab initio calculations; a bond

FIG. 23. Product vibrational distributions~probability vsv8! calculated at
E50.45 eV~left-hand column!, 0.50 eV~center column! and 0.55 eV~right-
hand column! and given reactantj values~j increases going from lower to
upper rows! summed over all open product rotational states.
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order fit of it was described and the parameters given. Accu
rate 3D quantum reactive scattering calculations were carrie
out at zero total angular momentum using the APH formal
ism, and the resulting reaction probabilities were presente
and discussed. Narrow spikes in the probabilities at low en
ergies were found to be Feshbach resonances due to trapp
in binding effective potential curves that are energetically
open in the interaction region but closed at large hyperradius
Broader oscillations in the backgroundv50 to v850 reac-
tion probabilities were shown with a very simple model to be
due to quantum interference between states that connect
reactants and sense an attractive well in the entrance valle
and states that connect to products and sense little attractio
Transitions tov8.0 do not show such simple behavior. The
product vibrational distributions are unimodular and show
somewhat inverted distributions. The product rotational dis
tributions show some tendency to even-odd alternations i
the final rotational statej 8, but the alternations shift with
energy and initial rotational statej .
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FIG. 24. Product rotational distributions~probability vs j 8! calculated at
E50.45 eV~left-hand column!, 0.50 eV~center column! and 0.55 eV~right-
hand column! and given reactantj values~j increases going from lower to
upper rows! to the ground product vibrational state~v850!.
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77, 6341~1982!; A. Laganà, M. L. Hernandez, and J. M. Alvarin˜o, J. Mol.
Struct.~Theochem! 107, 87 ~1984!; Chem. Phys. Lett.106, 41 ~1984!; J.
M. Alvariño, M. L. Hernandez, E. Garcia, and A. Lagana`, J. Chem. Phys.
84, 3059~1986!; J. M. Alvariño, M. L. Hernandez, M. Basterrechea, an
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