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The potential energy surface for collinear Be+ FH—BeF+H has been studied at various levels of ab
initio approximation. A final surface was obtained from a first order configuration interaction
wavefunction, using the iterative natural orbital method and a medium-sized basis set of Slater atomic
functions; this is expected to give a semiquantitative description of the reactive process. The exothermicity
is computed to be 6 kcal/mole which can be compared with the best experimental value of 2+4
kcal/mole. The barrier height is predicted to be 28 kcal/mole at a geometry where both internuclear
separations are extended by about 0.4 bohr from their asymptotic equilibrium values. This surface differs
qualitatively from simple LEPS models. The curvature of the reaction path is much more abrupt, the
atom effecting little distortion of the partner molecule until quite close approach in both entrance and exit
channels. The surface was fit with bicubic splines and dynamics was studied by the quasiclassical
trajectory method as a function of initial kinetic energy for the reactant initially in v, =0 and v, = 1. The
reaction probability and final energy distributions were found to depend sensitively and selectively on the
initial kinetic and vibrational energy. Most of the available energy is channeled into product translation;
for v, =0 at higher initital kinetic energies, less than 10% of the available energy becomes product
vibration. Also, addition of reactant vibrational energy has a profound effect on reaction probability and
final vibrational distributions. Examination of typical trajectories made it possible to identify the surface
features responsible for the dynamical behavior. For comparison, calculations were also done on a LEPS
surface constructed to have the same barrier position and height. Because the LEPS surface has a more
gently curved reaction path, with better coupling of vibrational and translational energy, it results in less
specific energy use and disposal. For example, 40%-50% of the available energy was channeled into
product vibration on the LEPS surface, and addition of reactant vibrational energy effected only small
changes in the dynamics. These results underline the dangers of using oversimplified potential surfaces in
the study of reactive collision dynamics.

to examine the manner in which variation of potential
parameters affects collision dynamics. Such studies
have been very useful for developing general rules which
seem to explain the dynamics of some reactive systems.
However, there is a danger that the model potentials

in general use may not have sufficient flexibility to de-
scribe other systems and that rules based on these
models may be misleading in some cases. In fact, the
ab initio surface computed in this study differs signifi-

1. INTRODUCTION

A basic goal of chemical kinetics is to understand the
details of reactive molecular collisions and, in par-
ticular, the way in which the shape of the electronic po-
tential energy surface influences reactivity, energy
specificity, and energy disposal. Experimentally, pro-
gress has been made in measuring reaction rates as a
function of initial kinetic and internal energy and in ana-

lyzing the product in terms of translational, angular,
and internal state distributions.! Theoretically, work
has been done to obtain the same information via scat-
tering calculations on electronic potential energy sur-
faces for reactive systems.2 For a few systems the
electronic surfaces were also computed ab initio. Be-
cause ab initio calculation of potential surfaces are gen-
erally expensive and must be repeated for each new
system of interest, many of the scattering calculations
to data have used (parameterized) model surfaces, such
as the LEPS® model. In these latter studies it is easy

a)Supported by the National Aeronautics and Space Administra-
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cantly from model potentials in common use.

The motivation for the present study was recent ex-
perimental measurements of state-to-state rates for
the reaction Ba + FH(v,) ~ BaF(v,) + H, where the rea-
gent was initially in vy =0 or vy=1. ¢ It was found that
most of the available energy became product transla-
tional energy with very little channeled to product vibra-
tion. Similar results have been obtained recently for Sr
and Ca reacting with FH. 5 This is contrary to predic-
tions based on LEPS models, and Pruett and Zare* sug-
gested that energy disposal in this system might reflect
specific (non-LEPS) characteristics of the potential
surface. Although ab initio calculation of the potential
surface for this system would be quite expensive, it was
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FIG. 1. Electronic correlation diagram for collinear BeFH.

Note that 1 eV =23. 05 kcal/mole.

felt that the analogous Be + FH system, for which ac-
curate ab initio calculations are feasible, might provide
some insights. Because scattering calculations on ab
initio potential surfaces have been performed for only a
few systems to date, calculations for this system are of
interest in their own right to extend our understanding
of the shape of the potential surfaces for various types
of reactive systems and its effect on collision dynamics.
It is especially important to see whether such surfaces
can, in general, be adequately represented by some of
the models in current use.

The Be atom has an electronic 'S ground state cor-
responding to a 1s%2s? configuration; likewise the HF
molecule has a closed-shell ground state electronic
structure corresponding to '=*10%°20?3¢%17'. The reac-
tion is therefore expected to proceed on a singlet elec-
tronic surface, with overall izt symmetry for the col-
linear Be—-FH approach. The products, which have open
shell ground state electronic structures H?S 1s and BeF
25* 10%20°30%40°501 1%, also correlate with the 'S* BeF-H
collinear surface. The products correlate with a (col-
linear) 3%* surface as well; but this is expected to be
quite repulsive, analogous to the antibonding 3% state of
H,, and to correlate with the excited Be 3p 15%252p elec-
tronic state of the reactants. Thus the reaction is ex-
pected to be described by nuclear motion on a single
(ground state) electronic potential energy surface which
is well separated from, and hence not influenced by ex-
cited electronic states {cf, Fig. 1). For such cases
molecular collision dynamics should be adequately char-
acterized by classical motion of the nuclei on this elec-
tronic potential energy surface.

We have obtained the ground state (collinear) elec-
tronic surface from theoretical calculations. A major
concern in this study was to avoid biasing the results
by preconceived models; hence calculations were per-
formed at several levels of ab initio approximation,
These calculations and the resulting potential surface
are discussed in Sec. II. Collision dynamics on this
surface were then studied with classical trajectories,
and this is described in See, IIl; for comparison, anal-
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ogous calculations on a LEPS model for this system are
presented in Sec. IV, Findings are summarized in
Sec. V.

Il. ELECTRONIC POTENTIAL ENERGY SURFACE

Within the Born-Oppenheimer approximation, which
is a fundamental assumption in this work, the potential
energy surface is obtained by solving the electronic
Schrodinger equation as a function of “clamped” nuclear
positions. By using more and more elaborate wavefunc-
tions it is possible to approach arbitrarily close to the
true wavefunction and energy.e To describe a reactive
surface, however, one needs the energy at a large num-
ber of nuclear positions —as will be seen, several
hundred even for the relatively simple three atom col-
linear system considered here—so that an inexpensive
level of approximation is desired. We have performed
calculations at several levels of approximation to con-
sider their adequacy for describing this system.

A. Hartree-Fock

Perhaps one of the most common approximations (and
one which has been quite useful for many problems) is
the single configuration or Hartree-~Fock (HF) model,
This method can be shown to give an “independent elec-
tron” description: Each electron moves independently
in the field of the nuclei and the average field of the
other electrons; instantaneous correlation of electron
motions is ignored. Then the wavefunction is described
by an antisymmetrized product of orbitals, and the
variation principle determines the “best” orbitals. In
practice the orbitals are expanded in a set of basis func-
tions and the HF model leads to the best single configura-
tion wavefunction within this basis. For a system the
size of BeFH it is quite feasible to use expansions which
approach the infinite (complete) basis set limit.

The HF approximation might be expected to be useful
whenever a single configuration description is reason-
able, and this is often the case. For example, in the
Introduction the discussion of correlation between.re-
actant and product electronic states was given in terms
of the usual single configuration description of the low-
lying atomic and molecular levels, However, a problem
arises in the HF approach which, as we will see, makes
it unsuitable for describing reactions such as the pres-
ent one, If each orbital is allowed to vary freely in
minimizing the energy (the unrestricted HF method) the
resulting electronic function does not, in general, have
the proper spatial and/or spin symmetry. To alleviate
this, symmetry and equivalence restrictions are in-
troduced; orbitals are allowed to vary only within cer-
tain constraints on their spatial and spin symmetry,
Thus, the spatial symmetry of the nuclear framework is
imposed: s and p functions for atoms, and ¢ and 7
functions for linear molecules, Also, electrons are
paired with opposing spin functions in the same spatial
orbital. The resulting restricied HF method, while of-
ten adequate to describe molecules near their equilib-
rium geometry, is generally inadequate to describe the
breaking of bonds such as occurs in dissociation or re-
action,
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TABLE I. Comparison of molecular and reaction parameters obtained from different theoretical calculations
and from experiment.

Hartree-Fock Configuration interaction Expermment
Basis set? I il v limitP I I m v
Re(FH), a.u. 1.93 1.93 1.84 1.70° 2.05 2.05 2.00 1.88 1,73¢
De(FH), kecal/mole 38 38 50 101° 60 60 63 100.6 138.3+1.0°
_ 141.3+0.5¢
Re(BeF), a.u. unb. & unb. 2.61 2.56 unb, unb. 2.94 2.60 2,574
De(BeF), kcal/mole unb. unb. 87 116 unb. unb. 29 106.5 138,848
AE, keal/mole -37 ~15 +34 -5.9 0.4+4
—2.5+4
Barrier:
E, kcal/mole ces e e .o .o . 28 .
Rgy, a.u. cer e e e sow 2.35
Rpep, a.u. - 3.00

®The basis sets are given in Table II and discussed in the text.
"Large basis sets thought to approach the infinite basis set limit.
¢P. E. Cade and W. M, Huo, J. Chem. Phys. 47, 614 (1967).

98, Rosen, Données Spectroscopiques (Pergamon, Oxford, 1970).

°V. H. Dibeler, J. A. Walker, and K. E. Mcculloh, J. Chem. Phys. 51, 4230 (1969).

'W. A. Chupka and J. Berkowitz, J. Chem. Phys. b4, 5126 (1971).

&Unb. indicates that molecule was not bound at this level of approximation.

PP, E. H. Walker and R. F. Barrow, J. Phys. B 2, 102 (1967).

This problem can be illustrated by again considering
the correlation of reactants and products here. The
reactants, Be + HF, are described by the closed-shell
configuration 10%2¢°30%40%5¢%17* where, in collinear
geometry the Be s orbitals become ¢ orbitals., The
products, BeF + H, on the other hand, must be de-
scribed as 10220'230240250601”4; here one of the unpaired
o electrons corresponds to H 1s and the other to the un-
paired BeF electron, The products cannot be described
as a closed-shell configuration in the restricted HF ap-
proximation since then the paired (singlet coupled) elec-
trons would be forced to share the same spatial orbital.
Therefore, while the HF method might provide an ade-
guate asymptotic description of both reactants and prod-
ucts, it cannot describe the continuous deformation
along the reaction path.

Because the Hartree—Fock method is in standard use
for many electron structure applications we have con-
sidered its utility further., As noted, by employing
different orbital configurations, we can separately de-
scribe the reactants and products, and the Hartree-
Fock values for some relevant (asymptotic) reaction pa-
rameters obtained by this method are shown in Table
I. Starting from the asymptotic Hartree—Fock solutions,
it is possible to do calculations into the reactive re-
gion., At some point the energies obtained this way will
cross as the reagent configuration goes to excited states
of the product and vice versa. It was thought that it
might be possible to get an idea of the barrier position
and height by starting from both ends and looking for this
crossing; however, this occured at such a high energy
that it did not seem to provide any useful information.

B. Configuration interaction

It is apparent that reactive potential surfaces will, in
general, need a multiconfiguration description. The
problem is then twofold: choosing the configurations and
choosing the orbitals. These are interrelated since a
poor choice of orbitals will lead to slow convergence of
the CI wavefunction as configurations are added. Thus,
the Hartree—Fock orbitals for the closed-shell (reactant-
like) configuration will provide a poor basis for de-
scribing the open-shell products and vice versa.

If all possible N-electron configurations that can be
constructed from a (finite) set of orbitals are included
in the CI wavefunction, it is invariant to a unitary trans-
formation among the orbitals. That is, if one con-
structs a complete CI, the choice of orbitals is imma-
terial. The complete CI is an attractive method for re-
active surfaces insofar as it provides an unbiased de-
scription (within the limits of the expansion basis, of
course) of changes in bonding, e.g., bond breaking,
bond formation, charge transfer, etc. The drawback of
this method is that the number of possible configurations
grows extremely rapidly as the number of basis func-
tions is increased, and applications have generally been
limited to minimum basis set calculations, i.e,, one
basis function for each occupied orbital in the separated
atoms.

We have performed minimum basis set full CI cal-
culations for this system. The Slater-type basis in-
cluded one function for each atomic orbital (H1s,
Be1s2s, and F 1s2s2p) with the orbital exponents ob-
tained by optimizing the Hartree—Fock energies of the
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TABLE II. Basis sets of Slater-type (screened exponential)
orbitals used in the present study. Basis I is the usual mini-
mum basis set., Basis II has, in addition a Be 2p¢ function.
Basis III was obtained by optimizing the orbital exponents of
Basis I for the molecular environment, Basis IV was used in
the final calculations.

Basis I? Basis II Basis III Basis IV
Be 1s 3.6848 3.6848 3.6893 3.73315
Be 2s 0.9560 0.9560 1.0576 1.03781
Be 2s oe® oo 1.61052
Be 2po seo 1.1278 1.2650 1.25864
Be 2 1.22427
F 1s 8.6501 8.6501 8.6501 8.64472
F 2s 2,5638 2,5638 2.51383 2.63255
F 2s see (e v 1.01188
F 2po 2.5500 2.5500 2,43658 4.13710
F 2p0 1. 93090
F 2pm 2.5500 2.5500 2.4345 1.81506
F 2pT “en 4.29163
H 1s 1.0000 1.0000 1.0000 1. 00000

% . Clementi and D. L. Raimondi, J. Chem. Phys. 38, 2686
(1963).

separated atoms; these are listed in Table II. With this
basis one can build 22 configurations of '=* symmetry.
Unfortunately, test calculations showed the inadequacy
of this level of approximation for the system under
study. In particular, it predicts no bonding in the BeF
product molecule (cf. Table I).

An apparent inadequacy of the minimum basis set is
lack of a Be 2p function. It is well known that this is
important in describing atomic Be since the 2s and 2p
orbitals are nearly degenerate in energy. Addition of a
Be 2po function is expected to improve the description
of the BeF bond by allowing for sp hydridization. Ac-
cordingly, we increased the minimum basis by adding
a Be 2po function with exponent £ =1,1278. Addition of
this single orbital increases the number of possible 'Z*
configurations to 225. However, test calculations with
this basis at both the Hartree-Fock and CI level (in-
cluding the most important 200 configurations) indicated
that it was still inadequate to predict a bound BeF prod-
uct (cf. TableI).

The basis set still contains some flexibility without
the necessity of adding more functions in that it is pos-
sible to reoptimize the Slater orbital exponents to better
describe the molecular environment. As a general rule
of thumb it has been found more economical to use a
larger number of functions rather than to reoptimize
a smaller basis set. Nonetheless, some limited op-
timization was tried to see whether an adequate descrip-
tion could be obtained this way. Although this provided
some improvement, it appeared that such a small basis
simply does not have adequate flexibility to give a good
description along the reaction path,

Having found it necessary to use a larger set of basis
functions, it is no longer feasible to include all possible
configurations, It is then necessary to choose the or-
bitals and configurations in an optimal way. It can be
shown that a specific set of orbitals provides the most
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rapid convergence (in a certain sense) of the CI cal-
culation as a function of the number of configurations in-
cluded. These are the so-called natural orbitals.” Un-
fortunately, to obtain these requires a knowledge of

the exact wavefunction, since they are the orbitals which
diagonalize the first order density matrix of the exact
wavefunction. It is possible, however, to obtain ap-
proximate natural orbitals. For example, in the itera-
tive natural orbital scheme introduced by Bender and
Davidson, ® one obtains “approximate” natural orbitals
which diagonalize the first order density matrix of some
trial CI function; these are used to generate a second

CI wavefunction which gives a new set of approximate
natural orbitals; and this process is iterated. Note that
there is generally no guarantee of “convergence” in this
iterative scheme, but it has been found to be effective

in a number of studies.

There still remains the choice of which configurations
to include in the CI wavefunction, Of the many schemes
that have been tried or suggested, the “first order wave-
function” as developed by Schaefer and co-workers®
seems particularly attractive for the current study for
several reasons, First, this method includes in a sys-
tematic way the configurations needed to describe the
breaking and formation of bonds. Second, it leads to a
relatively small number of configurations. Finally, a
CI wavefunction with configurations chosen according to
this scheme is well suited for use in conjunction with the
iterative natural orbital method to optimize the descrip-
tion of the orbitals.

The first order wavefunction includes all configura-
tions which differ little in energy from the Hartree—
Fock configuration (i.e., all excitations within the va-
lence shell) and the first order correction of deficiencies
associated with double orbital occupancy (configurations
where at most one electron is excited beyond the valence
shell). The definition of “valence” shell can be inter-
preted loosely if necessary to include important ef-
fects; in particular, the Be 2p orbital, as noted pre-
viously, is important for describing correlation in this
system although it might rigorously be excluded from
the valence orbitals. To keep the configuration list at
a reasonable length it is common to restrict excitations
among the valence shell so that only certain kinds of
single and double excitations from the ground state con-
figuration are included. Since there are two important
ground state configurations here, one for reactants and
one for products, we have included the same kind of
excitations from both of these reference configurations,
Also, the lowest two orbitals were kept doubly occupied
in all configurations since these correspond to F 1s and
Be ls core electrons which are expected to remain es-
sentially unchanged over the potential surface. The fi-
nal Cl wavefunction included 198 configurations of '=*
symmetry; these are given in Table III.

The basis set used in the first order CI calculation
was somewhat more flexible than the minimum basis
set (cf. Table IT), However, a single function was still
used to describe the core F1s and Be 1s orbitals. To
improve the quality of this limited basis set, some opti-
mization of the orbital exponents was done for a few
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TABLE III. Configurations included in
the first order wavefunction.

Reference configurations
I 10%26°30%4c?56% 17
I 16°20°3c%40*50601rt

Single excitations

I no—mo, n=3-5, m=7-10

II no—mo, n=3,4, m =5-10

I 50—mo, m=6-10

I,II 20— mo, m=6,7

LUlr—mnr, m=2,3

Double excitations

I ad — mo?, n=3,4, m=6,7
I 50 —176

o nd — 1, n=3,4

LI nobo— 70, n=3,4

1 3040 moz, m=6,7

II 3g4g— 70°

LIrd* —6omo, n=3,4, m=7-10
I nd® —~Tomo, n=3-5, m=8-10
0 nd* —7omo, n=3,4, m=8-10
LII 3040— 6omo, m=T7-10

I,II 3cd0— Toma, m=8-10

LIl noS0— 7omo, n=3,4, m=8-10
II nodbo-~~ 6omo, n=3,4, m=T7-10
I 1rlm—2mmm, m=2,3

I 17i7— 2737

[ 1rl7—md®, m=6,7

M 1rl7— 7o

LI 1rlT— 7omo, m=8-10

I 1irly =~ mom’e, m=5,6, m’'=7-10

geometries, This basis (Basis IV in Table II) is still
far from the Hartree—Fock limit, and is not expected

to give quantitative accuracy. Nonetheless it isbelieved
to be a reasonable compromise between accuracy and
economy. It should be flexible enough to describe the
important changes in bonding in this reactive system;

it is expected to give a reasonable representation of the
shape of the potential energy surface.

Calculations were done for a large number of geome-
tries to map the potential as a function of the BeF and FH dis-
tances. The former was varied from 2.1-10. 0 bohr and
the latter from 1. 3-10.0 bohr. The smaller distances
are well inside the classically forbidden region, and
the interaction is negligible at the larger distances.

The final potential is shown as a contour plot in Fig. 2,
and some relevant properties are summarized in Table
L

The final potential energy surface which is displayed

Schor, Chapman, Green, and Zare: Collinear Be+ FH(v,) = BeF(v,} +H

in Fig. 2 shows several interesting features and differs
considerably from simple model surfaces in common
use; these points will be considered in detail below in
connection with the scattering calculations. It seems
appropriate here to comment on the expected accuracy
of this surface and to summarize our experience with
the various levels of approximation. The only way to
quantitatively judge the accuracy of the present calcula-
tion would be to perform larger calculations. We have
not done this, partly because of expense and partly be-
cause it is felt that the present results provide a real-
istic description. The major shortcoming in the present
work is the limited basis set. The first order configu-
ration interaction method is thought to include all im-
portant effects; if other types of configurations were
important it would have been apparent in the smaller
basis full CI calculations., Within the first order CI
method, it is somewhat inconvenient to increase the
basis set size since that also increases the number of
configurations. In this context it should be noted that
two others methods, the multi configuration SCF!® and
the generalized valence bond!! approach, provide a
similarly good description of changes in bonding along
a reactive surface and should be more readily capable
of employing larger basis sets. Such calculations were
not pursued in the present study, but it is expected that
they will be quite useful in future work, In summary,
it is apparent that a multiconfiguration description
will generally be necessary for studying reactive sur-
faces, and that a reasonably large basis set, capable
of describing at least both the reactants and the prod-
ucts, must be used. The first order CI calculation
presented here is probably the minimum needed to ob-
tain an adequate semiquantitative description.

C. Fitting the surface

The result of an ab initio calculation is a set of num-
bers which represents the potential V(Ryg, Rp.r) at dis-

7.0
6.0 |
3
<
8 5.01
2
>
]
=
$  40-
- ————————
3.0 P
Q T
20 30 40 50 60
FH DISTANCE (AU)
FIG. 2. Potential energy contours for collinear BeFH obtained

from an ab initio (first order configuration interaction) calcula-
tion. Distances are in atomic units (1 a.u. =0.52918x10°® cm);
contour units are kcal/mole.
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crete points. In order to perform dynamical calcula-
tions it is necessary to have a continuous representation
of the potential. For classical trajectory calculations
it is imperative that this representation have continuous
first derivatives as well. There are basically two ap-
proaches that can be used to obtain a continuous
potential: a global fit to the computed points or an
interpolation procedure which is essentially a local fit.
In the former, one fits the entire surface to some func-
tional form; in the latter, different functions are used
for different parts of the surface.

Many of the global fitting procedures attempt to choose
a functional form based on simple models of molecular
bonding. Among these are the frequently used LEPS
model and the more recent diatomics -in-molecules!?
(DIM} method. By building a certain amount of physics
into the functional form, it is hoped that the surface can
be characterized by relatively few parameters so that
knowledge of the potential at only a few points is re-
quired. Since the asymptotic (reactant and product)
potentials are usually well known, global fits generally
build the correct asymptotic behavior into the functional
form. These advantages of the global approach, how-
ever, are also its weaknesses: the assumed functional
form severely constrains the flexibility. Thus, param-
eters in these models are usually chosen to fit certain
features of the surface which are thought to be impor -
tant, such as barrier position and height, but this con-
strains the potential in other regions of configuration
space which may (or may not) be important for describ-
ing collision dynamics. It would appear that our current
state of knowledge concerning the relative importance
of different aspects of the surface makes it unwise to
use functional forms that are more restrictive than
necessary.

We have made some attempt to fit the calculated BeFH
surface to a LEPS model with three adjustable param-
eters (cf. Sec. IV). Although the asymptotic regions
could be accurately reproduced, it did not seem possible
to obtain a good fit in the region of strong interaction
using such an inflexible function. The ab inifio calcula-
tions were done on a nonuniform grid with many more
points in the region of strong interaction; much of this
information is lost in a global fit in exchange, perhaps,
for some extra precision in regions where few points
were calculated.

It is, of course, possible to obtain an arbitrarily
accurate global fit to a complicated surface by (Fourier)
expanding in some complete set of functions, the most
familiar example, perhaps, being Taylor expansion in
polynomials. The problem here is that an accurate fit
generally requires many terms and hence many param-
eters. Such a complicated function retains little of the
physical insight into the nature of the surface which is
an asset of simple, modelistic functional forms. Fur-
thermore, it becomes computationally expensive to
evaluate. Such an approach seems to have little to rec-
ommend it.

Interpolation is based on obtaining local fits. By
limiting the region of validity, it is possible to obtain
good accuracy with a simple, but general functional
expansion, most commonly a low order polynomial. In-
terpolation schemes are particularly well suited to take
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advantage of a nonuniform grid, with more values in
regions of rapid variation, as is commonly the case in
ab initio calculations of potential surfaces. Of various
available interpolation schemes, cubic splines'* offer
certain advantages for classical trajectory calculations,
for example, continuous first derivatives. Several
classical trajectory studies have indicated the utility of
cubic spline interpolation.

For the two-dimensional collinear surface here, in-
terpolation was done with a two-dimensional spline.
This is a bicubic polynomial piecewise defined by
S(x,, y,.) on the rectangle given by the nodes (x,, x, , 1),
(Vs Yms 1)- The coefficients of the polynomial in each
rectangle are determined by requiring several condi-
tions: (1) the polynomials pass through the node points,
which ensures a continuous function, (2) the first and
second partial derivatives are continuous at the nodes,,
which ensures a smooth function, and (3) the second
partial derivatives vanish at the end nodes, which gives
the so-called “natural” spline. In the present study,
this interpolation was accomplished with routines avail-
able from standard computer program libraries. 15

Some problems were encountered in effecting the
spline fit and it seems worthwhile to discuss these. The
accuracy of the fit was found to be sensitive to the dis-
tance between nodes. In particular, in regions where
the potential is flat, such as the asymptotic entrance
and exit valleys, the spline tends to give oscillatory be-
havior when the distance between nodes is too great.
This was corrected by calculating or estimating the po-
tential at additional grid points. The fit was considered
adequate when additional grid points no longer had a
significant effect on typical trajectories. Although it
might be assumed that trajectories are insensitive to
the potential in classically forbidden regions, for ex-
ample, in the three atom dissociative region, it was
found that these regions did, in fact, influence the fit
through constraints on the continuity of derivatives. In
the asymptotic regions, and especially in the three atom
region, it was generally adequate to generate additional
points by linear interpolation; at short distances extra-
polation was done by fitting an exponential form.

In classical trajectory calculations, numerical accu-
racy depends strongly on the smoothness of derivatives
of the interaction. Therefore, we also experimented
with fitting splines directly to values of the potential
derivatives which were obtained from the potential in
regions where the fit was not problemmatic. This pro-
cedure suggested itself when it was observed that the
derivative in the initial spline fit sometimes showed
oscillatory behavior even where the function appeared
reasonably smooth. While this proved to be an effective
method, it seemed more cumbersome than necessary.

lIl. CLASSICAL TRAJECTORY CALCULATIONS

The classical trajectory method has been used exten-
sively in studies of the dynamics of molecular collisions
in reactive systems. Studies on model systems have
given insight into the relationship between potential sur-
face features and reaction dynamics.® Good agreement
with experiment has been found in trajectory studies on
potential energy surfaces which have been verified by
ab initio calculations. ® Finally, the results of quantum
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dynamical calculations have been compared with classi-
cal trajectories on the same surface both for collinear
and three dimensional collisions. !" These studies indi-
cate that, in general, classical results are useful in an
averaged sense: Quantum dynamics gives rise to oscil-
latory structure which is absent in the corresponding
classical result, but the classical calculation usually
gives the appropriate underlying shape. In three dimen-
sions averaging over orientation reduces the interference
structure considerably, so that the comparison between
quantum and classical dynamics improves, Thus with
some confidence we believe that classical trajectories
will provide an adequate picture of the dynamics on this
potential energy surface.

A. Numerical methods -

The classical trajectories were generated using stan-
dard methods.!® The two coordinates, R and » were de-
fined such that R is the distance from the atom to the
center of mass of the molecule for the initial arrange-
ment, and 7 is the length of the molecule. These coor-
dinates give rise to a particularly simple Hamiltonian;

H=P/2u+p*/2m + V(R, v),

where P and p are the momenta conjugate to R and 7,
respectively, and gand m are the appropriate reduced
masses, The initial conditions were selected so that

the atom and moleucle are sufficiently separated that
their interaction is negligible, the relative translational
energy E is fixed, and the vibrational energy E, is that
of an HF molecule in the specified state. It is this quan-
tization of the diatomic energy which suggests the term
“quasiclassical trajectories,”

One additional parameter is required to complete the
initial conditions: the vibrational phase, ¢. This was
varied within a batch of trajectories. The particular
choice for each trajectory can be made in any one of
several ways. Inthree dimensional triatomic collisions
where there are five or more parameters to be varied,
it is customary to use Monte Carlo sampling techniques,
although other approaches have been suggested. !® How -
ever, for collinear collisions with just a single param-
eter, systematic sampling methods are expected to give
better precision for the same number of trajectories.
Thus, with exceptions noted below, ¢ was selected uni-
formly between 0 and 27. If the asymptotic molecule
can be described by a harmonic oscillator or by a Morse
curve it is possible to use action angle variables to re-
late the phase to the coordinate and momentum » and p,
Because the surface we are using is not analytic, we
have adopted a slightly different approach. The vibra-
tional state », was obtained from spectroscopic data.
The vibrational turning points v, and ». and the period 7
for that energy were obtained numerically, When an ini-
tial phase was selected, the diatomic was placed at #, if
¢ <m, and v. if ¢ >7. At this point p=0. A two body
integration was carried out for a time interval ¢
= ¢(modg)/2r. At this point, the collision began.

20

The four canonical equations of motion were inte-
grated using a fourth order predictor-corrector algo-
rithm with continuously variable step size.?! The po-
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FIG. 3. Schematic diagram of energy quantities involved in the
reaction Be+ FH(vy) =~ BeF(v,;) + H. The exothermicity and bar-
rier height are those obtained from an ab initio calculation.

tential and first derivatives were obtained from the bi-
cubic spline fit to the ab initio surface points as dis-
cussed in Sec, II.C. The error criterion in the integra-
tion was established so that energy conservation was
always better than 7x10°® keal/mole.

The total reaction probability P R(E) was calculated as
the fraction of the trajectories which react. Improved
precision for this quantity can be obtained with a small
number of additional trajectories by making use of the
fact that there are broad bands of reactive and nonreac-
tive trajectories as a function of ¢, so that one need de-
fine only the band edges with precision.?? The edges of
the bands are not always distinct, sometimes charac-
terized by regions where the outcome varies rapidly with
phase. This region has heen termed the “statistical
region, "% and is related to complex collision events.
For the Be +FH reaction, the statistical region was
never more than 2% of the total range of ¢.

The distribution of vibrational energy in products has
been calculated in terms of a quantity P(v,, v,), the prob-
ability that a reactive trajectory initiating in state v,
reaches product state »,, P(v;,v,) was determined by
the usual histogram method: v, was the quantum number
whose energy was closest to the classical product vibra-
tional energy. Over at least 95% of the range of ¢ the
final vibrational energy is a simple smooth function so
that improved precision in the result can be obtained as
above by using small additional samples of trajectories
to define the boundaries between successive values of v,
with greater accuracy.

B. Results

Various energy quantities play a central role in any
discussion of collision dynamics: exothermicity, barrier
height, vibrational energy, etc. For convenience, the
energetic quantities for this system are shown schemat-
ically in Fig, 3. The total reaction probabilities as a
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FIG. 4. Reaction probability as a function of initial kinetic
energy for Be+ FH(v,) ~BeF +H, vy=0and v;=1, obtained from
collinear classical trajectory calculations on an ab initio poten-
tial surface. Arrows on the abscissa indicate threshold energies

function of translational energy for Be + FH(», =0) and
(v,=1) are shown in Fig. 4. Clearly the effects of energy
in this system are specific: The extra vibrational energy
results in a qualitatively different curve. The added
vibrational energy results in less translational energy
being required to surmount the barrier, but the effect is
not additive: The total energy at threshold has in-
creased. More important is the difference in shape of
the two PR(E) functions, For Be +FH(y, =0) the function
rises slowly from threshold, never reaches unit proba-
bility, and falls gently from a maximum about 5 kcal/
mole above threshold, For vibrationally excited reac-
tants, the function rises steeply from threshold reaching
unit probability within 1 kcal/mole and continues at unit
probability over a wide energy range.

The reaction probability distributed over product vi-
brational states, P(»,,u,), shows more dramatically the
specific nature of this reaction. Histograms for se-
lected energies are shown in Fig. 5. (Complete results
are given in Ref, 23}, The distributions are shown at
four characteristic energies for both vibrationally cold
and vibrationally excited reactants: at threshold, slightly
above threshold where the total reaction probability is
still rising, at 28, and at 36 kcal/mole.

For vibrationally cold reactants the distributions
show a strong energy dependence. At threshold the dis-
position of energy is very specific, with », =3 strongly
preferred. As the translational energy increases the
distribution spreads and lower product states begin to be
populated. At a.translational energy such that the total
reaction probability has reached its maximum, the prod-
uct state distribution falls monotonically from v,=0.

As the initial translational energy increases, so in-
creases the fraction of translational energy in the prod-
ucts. It should be noted that even near threshold there
is sufficient energy to populate BeF to v,=10 (cf. Fig.
3) so that these distributions reflect a strong preference
for product translation.

For vibrationally excited FH the picture is quite dif~
ferent. The additional reactant vibrational energy re-
sults in significantly greater product vibration. The
distributions have a qualitatively-different shape: They
are broader, and they peak towards the largest », popu-
lated. The translational energy dependence differs also-:

3797

The trend is more gradual and the distributions become
less sharp as energy increases. Another measure of
energy partitioning is shown in Fig. 6. Shown is the
fraction of energy in product vibration., For both v, =0
and 7, =1 the fraction is greatest at threshold, and falls
to an approximately constant value at high energy.

C. Relation of dynamics to potential surface

An appealing aspect of collinear reactive studies is
that the low dimensionality facilitates a detailed exam-
ination of the influence of the potential on collision dy-
namics., Thus, for a given initial vibrational level and
kinetic energy, the collision depends on only a single
variable, the initial vibrational phase. As might be ex-
pected, small changes in the initial vibrational phase
generally cause relatively smooth changes in collision

: Vi=l
604 Eqn71S
40
zo:

0-

oI T2T3vals 61778190

204

PERCENT OF REACTIVE TRAJECTORIES

7
PRODUCT VIBRATIONAL LEVEL

FIG. 5. Distribution among product vibrational levels for Be
+FH—BeF +H for selected initial translational energies (in
kcal/mole) and initial vibrational levels v,=0 and v;=1. Re-
sults were obtained from collinear classical trajectory calcula-
tions on an ab initio potential surface.
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Be+FH(v))—~BeF+H, v;=0 and v, =1, as a function of initial
translational energy. Results were obtained from collinear
classical trajectory calculations on an ab initio potential sur-
face. Arrows on the abscissa indicate threshold energies.
Solid lines have been drawn through the computed points as an
aid to visualization.

dynamics, although more complicated behavior is some-
times observed. It has proved useful in other systems
to consider the behavior of dynamics as a function of the
initial vibrational phase, and we present here such an
analysis of our results, Where the behavior with vibra~
tional phase is well behaved, it is expected that trajec-
tories are sampling similar regions of the potential sur-
face. We then consider a number of trajectories which
illustrate in detail how the dynamics in this system are
influenced by specific features of the potential energy
surface.

Figure 7 shows the final vibrational energy as a func-
tion of the phase ¢ for selected translational energies
for Be + FH(y, =0). Keeping in mind that the absoclute
value of ¢ is arbitrary, one sees a fairly steady trend.
Near threshold the curve is smooth and simple. As
energy increases, the curve broadens reflecting in-
creased reactivity, but it begins to become more com-~
plicated in shape, At the highest energy shown there
are regions in which the product vibrational energy is a
seemingly discontinuous function of the initial phase,
although most of the range has smooth segments, The
boundaries between reactive and unreactive areas are
quite sharp, in contrast to observations on some other
systems, 2’

Figure 8 shows analogous curves for the Be + FH(y, =1)
reactions, The sharp contrast is evident, It is inter-
esting to note that, while the system reacts with unit
probability over a range of energies, there is a persis-
tent discontinuity in the curve and a surrounding range
where the product vibrational energy is a very steep
function of the initial phase. The domain of this appar-
ent discontinuity is narrow, but it is evident that it is

Schor, Chapman, Green, and Zare: Collinear Be + FH(v,) > BeF(v,)+H

into this gap that the unreactive trajectories begin to
occur at high energy.

Another way of representing these results is to map
the regions of reactive and unreactive trajectories in the
(Etrms> @) Plane. Similar studies of H + H,*2* have lent
insight into the relationship between surface and dynam-
ics. Maps of these reactive bands for Be + FH(v, =0)
and Be + FH(y, =1) are shown in Fig, 9. Previous obser-
vations are underscored: First, there is a fairly simple
continuity in the reactive bands, and second, additional
vibrational energy results in a qualitatively different
outcome. An interesting new feature can be observed:
The failure of the Be + FH(», = 0) to reach unit probability
is evidenced by a persistent unreactive band which ex-
tends to almost 36 kcal/mole translational energy. How-
ever, there is a new and quite distinct unreactive band
which first appears at about 35 kcal/mole. This possi-
bly suggests a common mechanism for high energy un-
reactive events,

We turn now to consider in some detail how the dy-
namics are affected by specific aspects of the potential
energy surface. This system is characterized by a
rather sharp change in electronic configuration between
the entrance Be + FH and the exit BeF +H channels., This
results in a substantially different appearance of this
surface as compared with the well studied H +H, 2* or
F +H, %® systems. The reaction path in the entrance
channel rises in energy as the reactants approach, but
there is little curvature —little distortion of the FH equi-
librium geometry from its asymptotic value, After an
ascent of about 15 to 20 keal/mole, the barrier appears
suddenly at an extended Be~F and F-H geometry. The
reaction path (the path which falls by steepest descent
from the top of the barrier) curves sharply over the top
of the barrier rising another 10 to 15 kcal/mole, and is
oriented at the saddle point nearly along the initial vi-
brational coordinate, The sharp change in electronic
configuration results in a fairly narrow pass between
reactants and products, with a rather pronounced shoul-
der extending towards the saddle point from the repulsive
wall,

While the coordinates of Fig. 2 and of the trajectories
shown below are simply the bond lengths Ry, and Ry,
it should be noted that, because it is a relatively heavy
particle which is being transferred, the transformation
that would diagonalize the kinetic energy with a single
effective mass would cause little significant distortion:
the abscissa would scale by a factor of 0.48, but the
angle would remain about 90°,

A reactive trajectory at the threshold for the Be + FH
(v, =0) reaction is shown in Fig. 10. The reactants enter
at the top of the figure. Translation and vibration are
initially poorly coupled: The envelope to the vibrational
amplitude is virtually constant until very close approach,
while the translational energy is drained as the inter-
molecular potential rises. The trajectory is quite sud-
denly deflected into the product valley, The total energy
of the system is sufficiently low that the trajectory
passes very close to the saddle point, with little excess
kinetic energy. Because the BeF separation at the col
is extended, and because the product valley, like the

J. Chem. Phys., Vol. 69, No. 8, 15 October 1978

Downloaded 26 May 2011 to 171.66.91.49. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



Schor, Chapman, Green, and Zare: Collinear Be + FH(v, ) > BeF(v,) +H

3799

—  ——
2or Exon*229 KCAL/MOLE 1 201 Exa28.0KCAL/MOLE 7
15k i
0| -
-3 N—— SIS S - \-
g 0
3
! .
> - - -
§ 20 £ "2 385 KCAL/MOLE 71 2% Exv* 320 KCAL/MOLE
u -
>
Wos F -4 asp -
g x
e 1of .‘ 4 o} -
g %
S \/“ - g . i
- [ p——— o - (13 ra -4
g S \\-’__-- .\ IJ n
g o o
20 Exn*26.0KCAL/MOLE 20F Exo* 36,0 KCAL /MOLE ]
s b st .
]
10 |- 14 10 . .
i
’1 /\.,
5 // - [ r . ~
Vd i x o X
Lo ]
o L Q‘_‘_‘n&; 4 1
0 180 360 0 180 360

REACTANT  VIBRATIONAL PHASE

FIG. 7.

initial FH vibrational phase. The FH molecule was initially in its »,=0 vibrational level.
classical trajectory calculations on an ab initio potential surface.
is shown as a solid line, or, where the product vibrational energy is varying rapidly as a function of initial phase, as dots.

Final energy in vibrational motion for Be + FH collisions at selected initial translational energies as a function of the

Results were obtained from collinear

For reactive trajectories the energy in product BeF vibration

For

nonreactive trajectories, the energy remaining in FH vibration is shown as a broken line, or by crosses.

reactant valley, shows little curvature and couples vi-
bration and translation only very weakly, the product
molecule has considerable vibrational excitation,

As the translational energy increases, the width of the
pass which is energetically accessible increases, but as
is shown in Fig. 11 a successful reaction still in general
requires a deflection of the trajectory at a small Be~F
distance in order to channel energy into the direction
needed to surmount the barrier., Thus while Py in-
creases with energy, there remains a range of initial
phases which give rise to unreactive collisions,

This behavior is in sharp contrast to the Be + FH(y, =1)

collisions. A threshold trajectory for this system is
shown in Fig. 12. Again, coupling of translational and
vibrational energy in the entrance valley is poor. How-
ever, in this case the amplitude of the FH vibration is
sufficient to carry the system over the barrier if the
approach is close. Thus once the translational energy
is sufficient to bring the BeF separation to that at the
saddle point, the reaction proceeds with unit probability.
There is no need to channel energy from one mode to
another. The threshold is sharp. A higher energy tra-
jectory is shown in Fig, 13. The behavior is typical:
The trajectory passes over the barrier at its first pos-
sible opportunity, usually resulting in “cutting the cor-
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ner”’ —passing to products through a configuration even
more extended than that at the col,

These same trajectories suggest the explanation of the
product energy distribution. For the Be + FH{v, =0) re-
action at threshold the saddle point geometry results in
vibrationally excited products. However, as energy
increases the reactive trajectories which have been de-
flected over the barrier by collision with the repulsive
wall now pass to products through configurations which

25k Exn® | SKCAL/MOLE

e e

Ejan = IBKCAL/MOLE

Exan® 2BKCAL/MOLE

PRODUCT VIBRATIONAL ENERGY, Kcal/nole

Ejn:36KCAL/MOLE

A
0 180 360

REACTANT VIBRATIONAL PHASE
FIG. 8. The same as Fig. 7, except that the FH reactant was
initially in its v,;=1 vibrational level.
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FIG. 9. Bands of reactive and nonreactive trajectories as a
function of the initial translational energy and the initial vibra-
tional phase for collinear Be+ FH(v) on an ab initio potential
surface. Shaded regions correspond to reactive trajectories.
The upper panel shows FH initially in vy =0 and the lower panel,
v = 1.
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FIG. 10. A near threshold reactive trajectory for collinear
Be+ FH{y,; =0} on the ab initio potential surface. Reactants en-
ter from the upper left.
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FIG. 11. A reactive trajectory for collinear Be+ FH(y;=0) on
the ab irnitio potential surface. The initial kinetic energy is
about 5 kcal/mole above threshold. Reactants enter from the
upper left.

are more compressed, and result in progressively de-
creased product vibration (compare Figs. 10 and 11), A
high energy trajectory with initial translational energy
of 36 kcal/mole is shown in Fig. 14. The trajectory
passes high over the repulsive shoulder and results in
vibrationally cold product.

Again, we contrast this behavior with the reaction in-
volving vibrationally excited reactants. Here since most
trajectories cut the corner, the final vibrational energy
distribution is peaked towards higher values. Further,
the weak dependence of these distributions on transla-
tional energy is understood; Increased translational
energy, and hence increased total energy, permits the
trajectories to cut the corner a little sooner, allowing
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FIG. 12. A near threshold reactive trajectory for collinear Be
+FH(v; =1) on the ab initio potential surface. Reactants enter
from the upper left.
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FIG. 13. A reactive trajectory for collinear Be+ FH(vy=1) on
the ab initio potential surface. The initial kinetic energy is a
few keal/mole above threshold. Reactants enter from the up-
per left.

slightly higher final vibrational energy, but the narrow
pass prevents this from being a large effect. In addi-
tion, increased translation implies that some trajec-
tories will penetrate to smaller BeF distances before
the phase is right for passage over the barrier (see Fig.
15). Again a minor effect, it is this which broadens the
product vibrational energy distribution,

The trajectories presented above were chosen to be
typical of the system behavior, In general, we found
that reactive trajectories sampled different parts of the
potential energy surface depending on the initial vibra-
tional state. However, it is interesting to look further
at rather atypical trajectories, in order to determine
the surface features which give rise to the reactive band
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30

2.0 30 40 5.0 6.0
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FIG. 14. A reactive trajectory for collinear Be+ FH(v; =0) on
the ab initio potential surface at a high initial kinetic energy.
Reactants enter from the upper left.
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FIG. 15. A reactive trajectory for collinear Be+ FH(v(=1) on
the ab initio potential surface at a high initial kinetic energy.
Reactants enter from the upper left.

structure, For the Be + FH(v; =0) system at lower
energy it is seen that the edge of a reactive band is char-
acterized by vibrationally excited products, and at
higher energies that the final vibrational energy becomes
a more complicated function of the initial phase. The
cause of the former is clear: A slight shift in phase

and a trajectory which is entering the product valley
with its BeF distance increasing, and thus destined for
high vibrational excitation, becomes one which is unre-
active. This behavior is observed in other systems,??
However, it is the behavior at higher energy which re-
sults from a special feature of this surface. As the
translational energy increases, trajectories penetrate
deeper into the corner of the potential energy surface.
There a trajectory may be reflected at the shoulder,
begin the return towards the entrance valley, but pass
over the barrier on the return (see Fig. 16). Because
such trajectories involve collision with a steep and
sharply curved wall, it is clear that small asymptotic
differences will be greatly amplified. Reflections with
the repulsive wall have been cited as the cause of the
statistical region in other systems,?+2? but there is an
interesting difference here. In the other systems it was
mainly the mass combination which gave rise to sharp
curvature and consequent reflection—in fact this effect
can be seen with a simple hard wall potential?® —while
in this system it is the shape of the surface itself, and
not a mass effect,

This corner also gives rise to the unreactive band
which enters into both systems at higher translational
energies. If the translational energy is sufficiently
great, some of the trajectories will reach this part of the
surface before the vibrational phase is appropriate for
passage over the saddle point, There the repulsive
forces may direct the trajectory straight back into the
entrance valley.

Schor, Chapman, Green, and Zare: Collinear Be+ FH(v,) > BeF(v,)+H

IV. COMPARISON WITH LEPS

The dynamics of molecular collisions on LEPS and
similar model potential energy surfaces has been studied
in considerable detail, Systematic studies on particular
reactive systems (H+H,, F +H,)'*?® as well as general
model systems® have led to a well documented body of
information on the relationship between surface features
and reaction dynamics., The appeal of LEPS, and of
similar simple valence-bond type surfaces is that very
few parameters other than well known aysmptotic struc-
tural constants are required to describe the entire sur-
face. But this is a weakness also: While the LEPS
equation has, infact, been shown to give a remarkably
good description of the F +H, system, there is no reason
to expect that this will be so for all systems. Other
empirical forms have been suggested, some for general
use, % others specific, *® but these have found little wide-
spread application, For the large class of reactions
which progress from essentially covalent bonding in the
reactants to ionic bonding in the products, there is par-
ticular reason to suspect that the LEPS equation is in-
adequate,

To explore this problem, we have constructed a LEPS
potential which reproduces insofar as is possible the
shape of the ab initio Be + FH surface. The Morse pa-
rameters D,, B, and 7, for each diatomic are taken from
literature values. The exoergicity of the resulting sur-
face is only 0.6 kcal/mole while that of the ab initio sur-
face is 6 kcal/mole. However, in view of the high bar-
rier it is felt that this difference is not significant for
the energetic quantities discussed here, The adjustable
parameters have been selected so that the barrier
height and location are the same as on the ab initio sur-
face. Relevant parameters are given in Table IV, and
a collinear surface map shown in Fig, 17, Simply by
examining the map, one can observe qualitative differ-
ences, differences which no adjustment of the LEPS

7.0

Ekin= 32 Kcal/mole

60 V, =0 -
g VZ=8
u 5.0

Q

<

=2

(2]

@ 40

(7'

[}

[+2]

3.0

3.0 40 5.0 6.0
FH DISTANCE (A.U)

FIG. 16. A reactive trajectory for collinear Be+ FH(v;=0) on
the ab initio potential surface. Reactants enter from the up-
per left.
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TABLE IV. Parameters used in LEPS potential surface.?

Parameter HF BeF BeH
D,, kcal/mole 138.3 138.8 56.6
R, a.u. 1.733 2.573 2.538
B, a.u.™ 1.190 0.919 0.922
Sato parameter —0.05 -0.06 —-0.05

3See Ref. 3 for definition of parameters and functional depen-
dence.

parameters can eliminate. On both surfaces the saddle
point is at a considerably extended geometry, but on the
LEPS surface the reaction path curves quite gradually
and smoothly over the barrier, while on the ab initio
surface the curvature is much more abrupt. On both
surfaces the saddle point is 28 kcal/mole above reac-
tants, but on the LEPS surface the rise to this energy
is gradual, while on the ab initio surface the last half
of the rise occurs over a very short distance. The
shape of the repulsive wall as it curves around the out-
side of the reaction path shows similar contrast.

These differences effect profound changes in the dy-
namics. Table V shows the probability of reaction as
well as the average energy in product vibration as a
function of initial translation for both Be + FH (v,=0)
and Be + FH(v;=1). In each case the reaction threshold
is somewhat above the ab initio result, reflecting less
effective use of reactant vibration to surmount the bar-
rier. Above threshold the contrast is more pronounced:
The system reacts with unit probability over the whole
range of energies studied, with an extremely sharp rise
from threshold. The product vibrational energy distri-
bution shows similar contrast. In the LEPS result the
fraction of energy deposited in products remained essen-
tially constant over the full range of energies, while in
the ab initio result there was a sharp falloff with energy.
The ab initio surface gave a much greater difference in
the product vibrational energy depending on the reagent
vibrational energy. The distributions of product vibra-
tional energy, shown in Fig. 18 also show a weak
energy dependence in contrast to the ab initio results.
The contrast is particularly great for vibrationally cold
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FIG. 17. Potential energy contours for collinear Be +FH from
a LEPS model adjusted to have the same barrier position and
height as the ab initio surface shown in Fig, 2. Contour units
are kcal/mole.

reactants: For the LEPS surface the distributions are
broad and peak at higher v, values, while for the ab
initio surface, lower states are preferentially populated.

All of these results reflect the much smoother pro-
gress from reactants to products on the LEPS surface.
On a more detailed level this can be seen in plots of the
product vibrational energy as a function of the initial
phase. Two such plots are shown in Fig. 19. Their
general shape is typical of the entire range of energies
studied. Because the system reacts with unit proba-
bility, there are no band edges representing transition
between reactive and unreactive regions. However, in
the case of the ab initio results it was seen that this
function can have a complicated structure even with unit
reaction probability. Nevertheless, with the LEPS
surface the function is very smooth,

In summary, although the ab initio and LEPS surfaces
have the same barrier height and location, the dynamics
on the two surfaces is vastly different. In the ab initio

TABLE V. Probability of reaction and final vibrational energy for collinear Be+ FH(v;) on a

LEPS surface.

111=O 111:1

Epn® Ppg (Ep)° %° Ep,® Pg (E2)° %°
24,25 0,00 5,94 °ee 18.25 0.00 17,24 R
24.5 1.00 10.8 35 18,5 1.00 16.8 46
25.0 1.00 11.6 37 19.0 1.00 18.0 49
26.0 1.00 12.4 38 20.0 1.00 18.4 49
28.0 1.00 12.0 35 22.0 1.00 18.5 46
30.0 1.00 12,7 35 24.0 1.00 18.5 44
32.0 1.00 13.0 34 28.0 1.00 19.7 43
36.0 1.00 15.5 36 32.0 1.00 22.3 44
40.0 1.00 18.0 39 36.0 1.00 24.4 45

40.0 1.00 28.4 49

*Reactant kinetic energy in kcal/mole.

PAverage product vibrational energy in keal/mole.

°Percent of available energy (Eyia+E,, +AE) in product vibration.
dAverage final vibrational energy in unreacted FH molecule.
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results, reagent translation and vibration is only weakly
coupled until the close interaction region is reached.
There results quite specific use of energy in the reac-
tants, and disposal of energy in the products. The
LEPS surface evolves much more smoothly from the
entrance to the exit channels, causing effective mixing
of reactant translation and vibration and much less
specific energy disposal.

V. SUMMARY

A potential energy surface for the collinear chemical
reaction Be + FH - BeF + H has been calculated using
ab initio quantum mechanical techniques. While the
reaction occurs on a single adiabatic potential energy
surface, the electronic configurations appropriate to
separate reactants and products are quite different, the
bonding in reactants essentially covalent, and the bond -
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FIG. 18. Distribution among final vibrational levels for

Be+ FH—~BeF +H for selected initial translational energies

(in kcal/mole) and initial vibrational levels v;=0 and v;=1. Re-
sults were obtained from collinear classical trajectory calcu-
lations on a LEPS potential surface.
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FIG. 19. Product vibrational energy as a function of reactant
vibrational phase from classical trajectory calculations on a
LEPS potential surface for collinear Be+ FH—~BeF +H. Re-
sults are shown for initial translational energies somewhat
above threshold and initial vibrational levels v;=0 and v, =1.
The unit reaction probability and smooth behavior as a function
of initial phase shown here are typical of all the results on the
LEPS surface and should be contrasted with the results on an
ab initio surface shown in Figs. 7 and 8.

ing in products essentially ionic. A number of levels of
basis set approximation were explored, seeking a basis

set which described reactants and products at an equiva-
lent and acceptable level.

Preliminary studies demonstrated that a minimum
basis set complete CI calculation was not acceptable,
as it failed to yield stable products. Addition of a 2p
function to the Be atom, with reoptimization of the or-
bital exponents, gave an improved, but still inadequate
result. A larger basis set made a complete CI approach
impractical. Thus the CI was performed with orbitals
obtained using the iterative natural orbital method of
Bender and Davidson, ® with configurations selected
according to the first order wavefunction scheme devel -
oped by Schaefer.? The configurations retained were
chosen so0 that the same kind of excitations were in-
cluded in the two asymptotic ground state configurations.
The resulting calculation is not expected to give quanti-
tative accuracy. However, it represents a reasonable
compromise between accuracy and economy. Further
because of the effort to describe the asymptotic channels
at an equivalent level, it should give reasonably good
results for the energy differences which comprise the
potential energy surface.

Visual inspection of the resulting surface showed it
to be quite different in character from the well known
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H+H, and F+ H, surfaces. The curvature of the reac-
tion path is much more abrupt, the atom in both entrance
and exit valleys effecting little distortion of the mole-
cule until the approach is quite close. The saddle point
is 28 kcal/mole above reactants, and occurs at a geom-
etry where both internuclear separations are extended
about 0. 4 bohr from their asymptotic equilibrium
values. There being no simple analytic function avail -
able to fit such a surface, a bicubic spline function was
used to obtain a piecewise fit to the calculated points,

The quasiclassical trajectory method was used to
study the dynamics of the Be + FH(»,) ~BeF(v,) + H reac-
tion for v; =0 and v; =1 over a range of relative trans-
lational energies. All aspects of the results showed
that the additional vibrational energy had a profound
effect on the dynamics. For the vibrationally cold reac-
tion (v{=0), the reaction probability rises from the
threshold energy, peaking about 4 keal/mole above
threshold at a value below unity, and falls slowly there-
after. The product energy distribution shows a strong
translational energy dependence, with the average frac-
tion of energy as product vibration very low at inter -
mediate and higher total energies. With vibrationally
excited reactants (v;=1), the probability of reaction
rises more steeply from threshold, is unity over a wide
energy range, and falls only slightly at higher energy.
The product vibrational energy distributions are broader
and less energy sensitive. Examination of representa-
tive trajectories makes it possible to identify the surface
features which give rise to this behavior. Vibration
and translation couple only weakly in the entrance valley,
so that the reactant vibrational energy is very important
in the way in which the barrier is crossed. Trajec-
tories for the cold and hot reactants pass over the bar-
rier in quite different areas of the surface on the aver-
age, leading to the specificity in the product energy
disposal.

A LEPS surface was constructed to have the same
barrier height and position. The overall appearance
was qualitatively different, and this difference was re-
flected in differences in the dynamics. The reaction
path was more gently curved, resulting in better cou-
pling of reactant translation and vibration, with less
specific energy use and disposal. This is an important
result, for it underscores the need to broaden the usual
picture of simple triatomic A + BC reactions. While
studies on LEPS functions have led to useful generali-
zations on energy use and deposition for systems like
H+H,and F+H,, reactions which involve quite differ -
ent configurations in the asymptotic channels have quite
different topological features and dynamics.

As indicated in the Introduction, this study was origi-
nally motivated by experimental results for Ba+ FH,*
and similar experimental results have subsequently
been obtained in reactions of Sr and Ca.® In concluding,
we will consider what, if anything, the present study can
tell us about these systems. The most striking fact is
that the present results for Be + FH are quite similar
to the experimental results in terms of energy specific -
ity and energy disposal. This behavior has been traced
to the non-LEPS appearance of the potential energy
surface here, and that, in turn, reflects the rather sud-
den change in electronic configuration in passing from
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reactants to products. While it is tempting to postulate
that the surfaces for the other alkaline earths with FH
may be similar to that for Be + FH; we really have no
basis for such a conclusion. A more reasonable state-
ment is that these surfaces also differ greatly from the
LEPS model, probably because they too undergo a sud-
den change in electronic structure, due, perhaps, to an
electron jump, on passing from reactants to products.

One final point which must be considered in any com-
parison of the present work with experiment is the fact
that restriction to collinear geometry is a rather
severe approximation to the true, three-dimensional
dynamics. It is by far the most severe approximation
made in the present study of Be + FH, and in future
studies it would be most desirable to relax this con-
straint. The present study is not intended to imply that
the collinear approach is favored. Indeed for the Li
+ HF system, an ab initio calculation®' showed a pref-
erence for a highly bent minimum energy path. Never-
theless, the present study demonstrates important dif-
ferences between LEPS and ab initio surfaces for deter-
mining reaction dynamics.
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