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Direct-Mode Chemical
Reactions I1: Classical Theories

DoNALD G. TRUHLAR and DAvID A. DIXON

1. Introduction

Other chapters of this book discuss accurate and approximate quantum-
mechanical treatments of chemical reactions. Most of our understanding
of chemical reactions, however, is based on classical models—both tra-
jectory calculations (exact classical mechanics) and simpler classical models
(approximate trajectories). Computational aspects of classical trajectory
methods as applied to atom-molecule reactive collisions are discussed in
Chapter 16 of this book. The present chapter emphasizes physical aspects
of exact and approximate classical dynamical calculations for direct-mode
chemical reactions. In particular it discusses the dependence of calculated
reaction attributes on features of the potential energy hypersurfaces and
the reliability of calculated reaction attributes. The reliability of the cal-
culated results depends not only on the accuracy of the potential surface
employed but also on the dynamical errors in the caiculations. When
numerically integrated exact classical trajectories are employed the. dy-
namical approximation is simply the classical propagation of the motion.
When simplified models are employed there are additional dynamical
approximations whose validity must be examined carefully for the reaction .
or class of reactions under consideration. Statistical theories are sometimes
applied to direct-mode reactions but are more generally applicable to com-
plex-mode reactions, and are discussed in that context in Chapter 19.
Thus the present chapter emphasizes the use of trajectory methods and
nonstatistical approximate classical methods. Quasiclassical quantization
of initial or final conditions of the trajectories."’ semiclassical quantization
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at both ends and inclusion of interference effects (as in classical S matrix
theory),*® and propagation of a whole wave packet centered at a classical
trajectory'® are ways to try to minimize the error caused by using classical
mechanics. Of these techniques the quasiclassical method is the only one
which is always straightforwardly applicable or at least which has already
been well documented to be so. In keeping with the handbook character
of this book, this is the trajectory technique that is emphasized in this
chapter.

The classical treatment of chemical reactions is based solidly on the
Born—-Oppenheimer separation® of electronic and nuclear motions.
According to this approximation, the potential energy for motion of the
nuclei is the fixed-nuclei electronic energy as a function of nuclear positions
plus internuclear electrostatic interactions. This is calied the electronically
adiabatic potential energy hypersurface or, for brevity, the potential surface.
According to the Born—Oppenheimer approximation, the electronic state
does not change during a collision, i.e., all collisions are electronically
adiabatic. Even for nonadiabatic collisions, however, detailed theoretical
progress is usually possible only when the collision can be visualized as
occurring by intervals of propagation governed by single adiabatic potential
surfaces and fairly localized regions of strong pairwise interaction of these
surfaces.* The adiabatic electronic states are coupled by the internuclear
motions,*? and in the regions of strong nonadiabatic coupling a quantum-
mechanical or semiclassical probability of change of electronic state must
be considered ; such a change is called a nonadiabatic transition, a diabatic
passage, or a surface hopping.!'"

Thus the first question that must be answered in beginning to consider
a chemical reaction is how many potential energy surfaces are involved
in any important way. If more than one surface may be important one
must understand their general natures and the nature of their nonadiabatic
coupling. Only when these features of the problem have been at least
qualitatively understood is it possible to intelligently decide on the further
details of an appropriate classical model. In Section 2 of this chapter we
discuss some approaches which can profitably be taken to obtain this
initial level of qualitative understanding. In Sections 3 and 4 we discuss
simple classical models which can be used to gain a first level of detailed
or quantitative understanding of integral cross sections, angular differential
cross sections, and energy disposal. In Sections 3 and 5 we discuss the use
of one or more full potential energy surfaces and exact classical trajectories
to try to model the reaction as quantitatively as possible with classical
mechanics.

* Even so it is sometimes more convenient or even necessary to use diabatic (i.c.. nonadiabatic)
or quasiadiabatic potential surfaces to describe certain systems.®*’ When we refer to po-

tential surfaces or electronic states in this chapter. we mean the Born-Oppenheimer adiabatic
ones.
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2. Determination of Relevant Potential Surfaces

The number of surfaces that play an important role in the reaction
dynamics must be characterized as this allows one to properly choose the
dynamical model best suited to the problem. The number of surfaces that
play a role in the entrance channel can be ascertained from the collision
cnergy and from the electronic states of the reactants. For the simplest
neutral atom-diatom collision, H + H, = H, + H, the atom has a 2§,
ground state, while the molecule has a 12; ground state. The first excited
state for the H atom is at 10.2 eV, while the Jowest vertical triplet and singlet
cxcitation energies of H, are 10.6 and 114 eV, respectively!?; thus no
excited states are accessible at thermal energies. This reaction can be
expected to occur on a single potential surface in this energy regime, and
any dynamical model that we choose need only involve the ground-state
surface.

The first complication is the presence of electronic-state degeneracy
-in more than one of the reactants or a more than twofold degeneracy in
cither reactant. Then the degeneracy is almost always at least partially
split by the atom-molecule interaction so that the system’s motion is
governed by more than one potential surface. The major exception is that
all states of a system with an odd riumber of electrons are at least doubly
degenerate in the absence of a magnetic field. This is known as Kramers’
degeneracy.(*® Thus the degeneracy is not split in the H + H, system.
When the degeneracy is split, but in the absence of nonadiabatic transitions.
the probability of a collision being governed by any one surface is calculable
from simple statistical factors. If nonadiabatic transitions occur these
factors only determine the probability that a trajectory will start on a given
surface. A simple example of this kind is the reaction F + H,. Neglecting
for a moment any effects due to spin-orbit coupling, a ground-state F
atom is in a 2P, state. Since the H, ground state has symmetry 'Z7. the

‘overall spin function is a doublet. The splitting of the spatial degeneracy
depends on the direction of approach of reactants (and symmetry of the
system) as follows: collinear (C,,), 2X* and 2I1; perpendicular bisector
(C,.), %A, ®B,,and 2B, ; and any other (C,), two 24" and one *4”. At large
separation these states are degenerate, but as the reactants approach they
will split, and simple molecular orbital arguments can be emploved to see
how this occurs. Approach, for example, with C,, symmetry will involve
the H, interacting most strongly with an F orbital containing a singie
electron or an F orbital containing two electrons (Figure la). The former
approach leads to a 2Z* surface with three electrons in orbitals that cor-
relate with those of the ground-state products H(?S,) + HF(*£*). The
latter approach will initially be repulsive and correlates with excited states
of the product. These are energetically inaccessible in thermal experiments
so that only one surface is important for the reaction in the absence of
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Figure 1. Orbital and state correlations for the reaction F + H, - FH + H. (a) Qualitative
orbitals for the C_, (collinear) path. For F only the 2p orbitals are shown, two in the plane
and one out of the plane, and for H the 1s orbitals are shown. In the IT state, an orbital
containing two electrons approaches the closed shell H,, yielding a repulsive interaction.
The reactive X state involves the interaction with H, of an orbital with only one electron.
(b) State correlation diagram in C, (planar) symmetry. Note that the spin-orbit coupling
splits the 2P, state of F into 2Py, and 2P,,,. The product I state correlates with both
reactant spin—orbit states. In correlation diagrams the vertical direction corresponds to
energy, and the horizontal direction corresponds to a generalized reaction coordinate.

nonadiabatic transitions and spin—orbit coupling.!¥ The spin—orbit
splitting of the 2P, state of F into two states separated by 0.050 eV makes
things more complicated.*4-1%) The correlation of the spin—orbit states with
the triatomic molecular states is shown in Figure 1b. In order to interpret
results for a system with a thermal population of F atoms both states must
be included, and this should be treated as a two- or three-surface problem
(see Section 3).*¢!7” In any event the proper statistical factor for each
possible electronic state of the atom—molecule system is the first theoretical
datum needed to treat the collisions.

In a similar fashion electronic states for the products must be examined
and their energies must be compared with the quantity E_jision + Ecxos
where E. 500 1S the sum of the relative translational energy E,,, and the
internal excitation energy of the reactants, and E.,, is the ground-state-to-
ground-state exoergicity of the reaction. For very exothermic reactions or
for high-energy collisions, it is possible to produce electronically excited
atomic or molecular states in the products: this may lead to chemilumines-
cence. As an example, consider the reaction H + I, — HI + I for which
E.,, is 1.6 eV. This energy is larger than the *P;,,—P,,, spin-orbit splitting
of 0.94 eV for the 2P, ground state of I, and the *P,,, excited state could
be populated by the reaction. For a system where experimental results
are not known, the excited surface leading to this product should be included
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in the model. However, one often has recourse to experimental results
which provide information about whether a given state must be included.
For many reactions producing atomic halogen products the excited
atomic state of the halogen has not been observed ; however, in the F + HBr
reaction it has been observed,*® and it would have to be included.
When spectroscopic or thermochemical data about the ground or
“excited states of the intermediate are available, even more information
about which surfaces should be considered can be gained from electronic-
state correlation diagrams.®®-22 Consider the reaction O + H, - OH + H
which could conceivably pass through a stable intermediate, H,O(*4).1?¥
We again neglect spin—orbit coupling. The ground states of the reactants
are O(*P,) + H,(*Z;), which correlate in C,, symmetry with the first
excited state of H,O(3B,), which is unbound and with two higher energy
states (see Figure 2). Although the 3B, surface correlates with products
OH(?M) + H(3S,), the deep well due to H,O(*4,) is not available and the
reaction should proceed in a direct mode. A similar correlation of ground-
state reactants and products with the lowest-energy triplet state of H,O
also holds for a C,, approach. The first excited state of the reactants
corresponds to O(*D) + H,(*Z;}) and 1/5 of the collisions involving this
pair of reactant states would begin on the ground-state (* 4, ) surface of H,O.
For C,, geometries this surface correlates with excited-state products
OH(*T*) + H(3S,). However, an excited state of H,O('4,) does correlate
with ground-state products in C,, symmetry, and in C, symmetry these

IA‘

0('Dg)+
Ha('Z .M

Ha('Zg")

O+Hy C,, OH+H Cs HOH Cp, O+H;

Figure 2. State correlation diagram for the reaction O + H, — OH + H. Reactant states
are shown correlating to product states via a C,, (collinear) path or a combination
C,, and C, path through the water intermediate of C,, symmetry. Note the avoided
crossing in the C, portion of the path.
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two 'A, states become 'A’ and exhibit an avoided crossing in the exit
channel. Another excited-state reactant channel (' B,) does correlate directly
to ground-state products, and thus in the absence of any other electronic
information both states should be considered in a dynamical study of D
oxygen atoms. Further complications arise in the reaction O + Br, =
OBr + Br, in which ground state O(*P,) cannot adiabatically gain access to
the well of a stable intermediate OBr,('4,), just as in the O + H reaction.
However, at low collision energies, the reaction shows the behavior exhibited
by a long-lived complex. Any dynamical model proposed to explain this *
must either (i) involve spin-orbit coupling or nonadiabatic transitions and
at least two surfaces, or (ii) involve reaction through a bound triplet inter-
mediate. Further progress in understanding the reaction can be obtained
only from detailed experimental results or electronic structure calcula-
tions.(24-28) ' ;
In many cases the information obtained from state correlation diagrams
can be augmented by considering orbital correlations?227-29 for the same
reaction. Mahan has applied both methods to the reaction C*(*P,) +
H,('X})— CH™* + H.®® The question to be answered is: Are the dynamics
governed by the two states (*4, and 2B,) of CH which are bound with
respect to reactants? As for F + H,, the ground-state reactants interact
in C; symmetry according to two 24’ surfaces and one 2A4” surface. For
C,, geometries these become ?4,, 2B,, and 2B,, respectively. The orbital
correlations for the 24, and 2B, surfaces show the behavior expected for
a forbidden reaction, viz., occupied orbitals of the reactants correlate with
excited orbitals of CHJ. For C,, approaches, these surfaces should be
repulsive. For the 2B, surface, however, the ground-state orbitals correlate
with the ground-state orbitals of the 2B, state of CH; , which has two
bonding electrons (the same number as the reactants), no antibonding
electrons, and all the rest nonbonding electrons. Thus for C,, approaches,
this surface might be expected to be about flat. For less symmetric ap-
proaches, however, the 24, and 2B, states correlate with two 24’ states.
Since these states have the same symmetry they exhibit an avoided crossing.
As a result the lowest-energy 24’ state might be expected to be flat at large
distances and bound at small distances. This provides a possible low-energy
path for the system to reach the deep potential well of ground-state CH3.
These arguments based on correlation diagrams are supported by ab initio
electronic structure calculations®” and experiments.’3!-32
-Another example of the use of orbital correlation diagrams is the
reaction H + Cl, for which sideways insertion is predicted to be a high-
energy process.®¥ Application of orbital correlations to collinear approaches
in atom-diatom collisions is generally more ambiguous: the principle of
conservation of orbital symmetry?”’ cannot be employed as no symmetry
elements bisect bonds that are being made and bonds that are being broken.
Application of the orbital phase continuity principle®* to the reaction
H + H, - H, + H does suggest that the reaction is allowed: however,
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no prediction of the barrier height can be made from such simple orbital
correlations. Orbital correlation diagrams are most useful in atom-mole-
cule reactions for eliminating geometries from consideration at low collision
energies, but they are only qualitative and should be used with discretion.

Although orbital and state correlations do not predict barrier heights
some characteristics of the potential surface can be deduced on the basis
of other simple generalizations. In general, exoergic reactions tend to have
their barriers, if any, located in the entrance channel, while the barriers
for endoergic reactions tend to be located in the exit channel.®® Other
useful generalizations are available,®*® e.g., more exoergic reactions tend
to have smaller intrinsic barriers. Simple estimates of the thermodynamics
of possible intermediates and transition states can be gained from spectro-
scopic observations of the intermediate, as in ion—molecule reactions, or
by using the group additivity method®” together with general structural
considerations. Other features of the surface can also be ascertained from
general electronegativity considerations. For example, in the lowest-
energy configurations of trihalogens the least electronegative atom is in
the center®*® and, thus in the reaction of Cl + IBr, ICl may be expected
to be formed preferentially over the more exoergic product BrCl. Experi-
mentally this is the result.®*® Such electronegativity arguments have been
used in discussing the reactions of oxygen®*-*% and hydrogen“® atoms
and CH, radicals“" with the interhalogens.

Further understanding of the properties of the potential energy surface
can come from simple molecular orbital theories. The bond-breaking
and bond-making portions of many atom-molecule reactions are dominated
by covalent forces, as in the reactions H + X, and X + H, where X is a
halogen. In other cases, e.g, M + X, and M + RX where M is an electro-
positive metal and R is an alkyl group, the Coulombic forces are dominant.
The latter group of reactions can be qualitatively described by an electron
Jjump model,*? as discussed in Section 4 below. Reactions dominated by
covalent forces can be usefully described in terms of molecular orbital
theory. A qualitative ordering of the molecular orbitals in a transition state
or intermediate for a triatomic as a function of bond angle can be obtained
using Walsh’s rules.3-*5 The next level of refinement requires computer
calculations at the minimum-basis-set level. In order to obtain correct
qualitative descriptions of the molecular orbitals and charge densities at
geometries along the reaction coordinate, one needs to perform an open-
shell self-consistent-field calculation.*® If dissociation is to be studied,
a generalized valence-bond or multiconfiguration self-consistent-field cal-
culation may be required.*” An example of an approximate minimum- -
basis-set method which should be sufficiently accurate for qualitative
descriptions of the molecular orbitals and is also computationally efficient
is the partial retention of diatomic differential overlap method (PrRDDO).®)
A rapid computer program which employs this method and which is set up
for proper open-shell treatment of either one- or two-configuration sclf-
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consistent-field calculations is available.**®" Although these calculations
are not likely to provide quantitative information about the reaction*
they may provide a qualitative description about the electronic structure
at points on the surface. The simplest example of a reaction dominated
by covalent forces is the reaction H + H, — H, + H, for which a minimum-
basis-set linear-combination-of-atomic-orbitals description of the transition
state molecular orbitals neglecting overlap is given by

(] [ vs =06)""2@s — 268 + ¢0)
] v2=07"@a — ¢
¥y = (6 V2(pa + 205 + b¢)

where the boxes show the occupancy of the molecular orbitals ;, and ¢,,
¢s, and ¢ are atomic orbitals on centers A, B, and C, respectively. These
molecular orbitals are analogous to those of the allyl radical. At a very simple
level, the above orbital description is approximately applicable to all col-
linear reactions involving doublet-state atoms with large ionization po- .
tentials and closed-shell diatomic molecules. The density of the highest
occupied molecular orbital will vary with the electronegativities of
the species, but detailed restricted Hartree—Fock SCF calculations on
several systems show that as the reaction proceeds the density in this
orbital moves smoothly from one end atom to the other without any signif-
icant density on the central atom, ie., with the node always very close to
the center atom.®!’ This shows how cautious one must be of using simpler
molecular orbital theories which might predict that ¥, looks like an anti-
bonding orbital of BC. Such possible correlations of the reactive system's
molecular orbitals with those for stable species with known geometries
or with photodissociative excited states can be quite suggestive in trying
to understand the shape of the potential surface and how it affects the
reaction dynamics.*? In turn they might suggest what kind of a classical
model is most appropriate for treating the dynamics.

Molecular orbital theory and symmetry arguments can also be used
to characterize the nature of the avoided crossings and strong interactions
of potential surfaces.(*-3%

Assuming that the set of surfaces necessary to describe the reaction
dynamics has been characterized, the appropriate method for treating the
dynamics can be chosen. The first choice to be made is whether the reaction

* For example. for H + H,, even with an cssentially converged one-electron basis of Slater-
type orbitals or Gaussians, a onc-configuration restricted Hartree-Fock SCF calculation
yields a barrier height of 1.0 eV and an eight-configuration SCF calculation yiclds a barrier
height of 0.72 eV. as opposcd to the accurate value of 0.42 eV.**® But the single-configura-
tion calculation gives the position and force constants of the transition state more accurately
than it gives the barrier height.
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proceeds via a direct mechanism or 2 complex. The presence of deep wells
on the potential surface may lead to long-lived-complex formation. However,
the energetics of the reaction, e.g, a high initial translational energy, and
dynamical effects may prevent a long-lived complex from occurring, and
even reactions governed by potential surfaces with wells may proceed by a
direct mechanism. Reactions that do proceed by complexes usually exhibit
forward—backward symmetry in the center-of-mass angular scattering
distribution, and often show a statistical partitioning of the product
-energy.®®® Such reactions are treated in Chapter 19.

Reactions involving excited-state reactants or highly degenerate
reactants can become very complicated. For example, the reaction O(*P,) +
H} (*Z})— OH* + H may be considered to involve excited-state reactants
since O (*S,) + H,(*Z,") lies about 2 eV lower in energy. There are several
adiabatic pathways between the former reactants and OH* + H products.
But the experimental low-energy cross section appears to be too large to
be explained in terms of electronically adiabatic collisions.*® Another
example is provided by the reactions of La and Sc atoms with O,. Several
low-lying states of the atoms may be excited even under thermal conditions,
the states are appreciably split by spin—orbit coupling, and the reactions
are so exothermic that LaO can be formed in 2A, 2Z*, and two I states
and ScO can be formed in 2Z* and 2IT states. These molecular electronic
states are also appreciably split by spin—orbit coupling. Fifteen doubly
degenerate MO, states correlate with the 2Ds;, and 2D;,, sublevels of M
alone. And even more states must be considered to analyze the collisions.
Again, after more detailed considerations, it seems to be possible to conclude
that nonadiabatic processes make significant contributions to the observed
product populations.®” The treatment of such multisurface reactions is
discussed in more detail in Section 3, and the treatment of reactions believed
to occur in a single surface is considered again in Sections 4 and 5.

3. Models for Multisurface Reactions

As discussed at the end of the previous section, in many cases one must
consider several potential surfaces and nonadiabatic transitions between
them. For example, relative rate constants for forming product MO elec-
tronic states in reactions of Group I1IB metal atoms M with ground-state
O, seem to agree with prior statistical distributions with no dynamical
constraints.’>™ The product vibrational distributions in both the ground
and the excited clectronic states for these reactions seem to be in at east
approximate accord with statistical phase-space theory.®’-*®' Another
example is the reaction X + M, - MX + M where M is an alkali atom and
X is a halogen. In these cases a statistical partitioning of product atoms
between the ground and excited electronic states has been claimed to have
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been observed.®® Both statistical models®® (see Chapter 19) and infor-
mation theory models®®!’ (see Chapter 22) have been employed in a treat-
ment of the populations of the excited states relative to the ground state
for these reactions. The most significant feature of these reactions may
be the large exoergicity combined with the low electronic excitation en-
ergies of the product atoms. If one can generalize from the available results, .
it seems to be a common case, rather than a rare exception, that once the
system gets into one or more of a fairly dense set of excited electronic
surfaces, the electronic energy begins to be partitioned more statistically
than adiabatically. Further, one does not have to go very high in excitation
energy for many systems before the electronic states become very dense.
In such cases one may be able to treat the reaction in terms of two sets of
surfaces with strong nonadiabatic coupling within the higher-energy set
and possibly weaker nonadiabatic coupling of this set to the lower-energy
set. Within the higher-energy set one can try to analyze the reaction by
phase-space theory or information theory with statistical thermodynamic
prior expectations. '

In many or most cases, of course, the final electronic state distributions
are definitely nonstatistical. 16263 One might still try to apply statistical
methods to the rotational-vibrational distributions in specified product
electronic states.*7-38-64 This corresponds to a modified phase-space
theory which is statistical except for a weighting factor W, which depends
only on electronic quantum numbers. Another variation would be to let
the nonstatistical weight W, also depend on rotational-vibrational state
and final relative velocity according to some model.®% Similarly, one can
employ information theory to analyze deviations from statistical or model
predictions.’7-58-66) If the number of interacting surfaces can be reduced
to a more manageable number, then it becomes possible to make a more
detailed treatment of the dynamics by time-dependent semiclassical
mechanics. For surfaces that couple strongly or have narrowly avoided
crossings, some nonadiabatic behavior can be expected. Such behavior
occurs for low-energy collisions with high probability only if the adiabatic
surfaces approach each other closely (in general, in regions of avoided
crossings). Although diabatic states have been very useful in describing
atom-—atom collisions involving curve crossings, this type of surface is not
as useful, in general, in atom-molecule collisions except when obtained by
a formal transformation of the adiabatic surfaces. For atom-molecule
systems with (3N — 6) internal nuclear degrees of freedom the avoided
crossings, if any,®* occur at seams in the multidimensional internal-
coordinate space instead of at a point as in atom-atom collisions. For
many systems, the seam is expected to be well-localized, and diabatic
behavior thus occurs only in these local regions, while adiabatic behavior
may be expected elsewhere. Thus a reasonable basis for classical models
is to use diabatic representations only in the localized seam regions and
adiabatic surfaces for the remaining regions of the hypersurface.
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The method that has been most widely applied is the surface-hopping
trajectory model.!!1-67-®) [n this method, the electrons are treated quantum
mechanically, while the nuclear motion is treated by classical mechanics.
To explain the method we start by considering another one, the so-called
classical-path semiclassical method. In this method one assumes that the
internuclear motion R(¢) as a function of time ¢ is initially governed by
the potential surface corresponding to the initial electronic state i. The elec-
tronic motion can then be calculated from the time-dependent electronic
Schrodinger equation

Hy(r, R(5)) @ (r, 1) = ihd®(r, 1) /Ot

where r denotes all the electronic degrees of freedom. If one expands the
electronic wave function ®(r, ) in terms of Born—-Oppenheimer adiabatic
states @;[r,R()] as

P(r,1) = Z a;(t) ¢;[r,R(t)] exp {—(i/h) J E;[R(t)] dt}

where E ;(R) are the adiabatic potential surfaces, one obtains a set of coupled
differential equations for the a;(t), which are the probability amplitudes
for the adiabatic states:

da; bl '
Lo - Yav-{¢, — ¢ ~ (i/h -E,-—Ejd]
dt .':,ejalv <¢J JR ¢.>CXP[ (l/ )j.( )

The coupling term between surfaces is simply the nuclear velocity V muiti-
plied by the nuclear derivative coupling matrix element evaluated in the
basis of adiabatic electronic wave functions. For the simplest case. only
two surfaces are treated and there are only two coupled equations for the
probability amplitudes. One integrates these numerically simultaneously
with the coupled classical equations for the trajectory. The initial condition
isa; = §;;, where 8 is the Kronecker delta. As soon as any other ¢; becomes
nonzero, the method becomes inconsistent since the probability amplitude
for more than one electronic state is nonzero and there is no unique choicc
for one potential surface to use to govern the internuclear motion.* To
circumvent this one makes an extra classical approximation. One assumes
that the system stays in the initial adiabatic electronic state until a seam
S(R) is reached. Then one computes a semiclassical probability of an clec-
tronic-state change and splits the trajectory into two branches. each propa-
gating on a single adiabatic potential surface. After leaving .the seam e'fich
branch of the initial trajectory is continued as a new trajectory until a
seam is again reached where branching can again occur. This sequence
is continued until all branches of the trajectory are complete. Each branch

* In principle one should make the potential which governs the internuclear motion self-
consistent with the set'of a;,** but there is no practical scheme for this which is generally
applicable and well tested.
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receives a probability weighting factor based on the probabilities for con-
tinuing on each surface at each seam. This method is called trajectory
surface hopping. Since probabilities rather than amplitudes are employed
in weighting the branches, the motion of the nuclei is essentially being treated
classically. If the number of atoms or number of potential surfaces increases,
it may become too difficult to define the seam in advance and one may
have to determine the surfaces of avoided intersection during the course
of the trajectory calculations.”?

Two instructive applications of the trajectory-surface-hopping method
have been to the reactions®” H* + D, - HD + D*, HD* + D, or
H + D3 and isotopic analogs of these reactions,”? and to the reactions
Ar* + H, » ArH* + Hor Ar + HJ .7 Several aspects of the applications
to these systems should be noted. First, in both systems Preston and co-
workers computed the probability of a surface hop using a pair of coupled
time-dependent semiclassical equations for the probability that the system
is in a given electronic state. The results of these numerical calculations
were used to parametrize the Landau—Zener expression (see Chapter 13) .
for the probability of a surface hop at a seam. For the H* + D, reaction,
it was found that the surface-hopping probability is essentially the same
using either the Landau-Zener expression with parameters fit to the results
of the classical-path semiclassical calculation, or the Landau—Zener ex-
pression with parameters taken from the surface in the usual way. It should
not be assumed in general that a Landau-Zener approximation that is
not fit to semiclassical calculations will work well. Second, the trajectory-
surface-hopping calculations are in excellent agreement with experiment
for absolute reaction cross sections, product translational-energy distribu-
tions, and product angle-velocity contour maps. Third, the sensitivity of
the results to the surface-hopping pro‘bab_ility P(R,R) was studied for
H* + H,. The Landau-Zener form of P(R, R) that was used may be written
exp[—C(R)/V,], where V, is the velocity perpendicular to the seam and
C(R) is the function which was parametrized to the classical-path semi-
classical calculations. If C(R) is changed by a factor of 5, the cross sections
for various product arrangements are changed by no more than 20%.
To explain similar results, Tully and Preston argued that for atom-molecule
collisions electronic transition probabilities will usually be determined
more by the relative number of trajectories which enter regions of strong
diabatic behavior than by the exact values of the surface-hopping probabil-
ities at particular seam crossings. If this is true in general, it provides a signif-
icant simplification of the treatment of electronically nonadiabatic reactions.
A fourth qualitative point emerges from these studies. For both systems
the relevant seam turns out to be perpendicular to a vibrational degree
of freedom of the reactants. This contrasts sharply with the many. simple
models of curve crossing that emphasize the radial coordinate of relative
separation of the reactants.
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George and co-workers have developed a decoupling approximation
to the classical S matrix theory of surface hopping.”® The classical S
matrix theory involves complex-valued trajectories, root searches, analytic
continuation of potential surfaces, and interference effects, and thus has
severe computational drawbacks to its general applicability. In contrast,
the decoupling scheme bears a strong similarity to the Tully—Preston tra-
Jjectory-surface-hopping approach for those cases where both can be applied.
The decoupling scheme is more general since it can be applied to cases
where there is no avoided crossing, or to study effects of classically ener-
getically inaccessible excited electronic states.”374 Of course, cases without
an avoided crossing can also be treated by the classical-path semiclassical
method already mentioned, which involves coupled classical equations of
motion for nuclear coordinates and quantum-mechanical equations of
motion for the electronic coordinates. Both the classical-path semiclassical
method and the decoupling method have been applied to the nonadiabatic
reaction F(*P,,;) + H, —» FH + H mentioned in Section 2 of this chap-
ter (16:17.73)

Komornicki et al?® have tested the decoupling procedure against
quantum-mechanical calculations for nonreactive systems and found
good accuracy except for a case involving strong electronic-to-vibrational

-energy transfer with a small energy-level defect. Similar effects could
also occur in reactive systems. The only test of the trajectory-surface-
hopping method against accurate quantum results for a reactive system
is provided by the study of Bowman et al.”> of the collinear reaction
Ba + N,0 — BaO(X 'X) + N, or BaO(a*Il) + N,, where N, was treated
as a point mass. In this study the usual Landau-Zener approximation was
used for the surface-hopping probability. Two surfaces are involved and large
quantum effects are observed. Since the seam in the exit channel in this
case is displaced from the equilibrium position of BaO, vibrational energy
in the product BaO is necessary to cause the transition between surfaces.
The classical model shows lower electronically diabatic reaction probabilitics
than the quantum-mechanical model does. It was suggested that this de-
ficiency may be remedied by allowing hops in a band about the seam rather
than just at the seam. As in any classical model of the nuclear motion
care must be taken when important dynamic effects are associated with
regions near classical turning points. All of the problems with trajectories
governed by single potential surfaces may also affect trajectory-surface-
hopping calculations. These problems are discussed in Section 5 of this
chapter.

It is of course not necessary to employ exact trajectories with the sur-
face-hopping approach. Exact propagation of trajectories between regions
of localized coupling could be replaced by model calculations, as discussed
next for single-surface interactions.
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4. Simple Models for Single-Surface Reactions
4.1. Entrance-Channel Models

Before discussing approximate models used in describing distributions
of product velocity and scattering angle, we first describe some simple
models based on the behavior of the system in the entrance channel. This
includes some simple models for the total integral reaction cross section.

One simple model, the harpooning model,*“?-76:77 accounts reasonably
well for entrance-channel behavior in exoergic reactions M + XY — MX +:
Y where M is an alkali atom and XY is a covalently bonded molecule. In
these reactions, the atom and diatomic approach on a covalent surface,
but the products MX + Y are on an ionic surface. At the distance where
the ionic and covalent curves cross, the electron is assumed to jump from
the atom to the molecule in a process denoted as the harpooning mechanism.
If the jump occurs at large distances and the ionization potential (IP) of
M exceeds the electron affinity (EA) of XY, the distance R between M and
the center of mass of XY at the crossing point is given by

R e 144AevV
°< IPM - EAxy - [PM - EAXY

where e is the electronic charge. For these systems the IP is low and for
halogen targets the EA is large so that R, is large. Since the atom and
diatomic are assumed to interact negligibly until R, is reached, the cross
section for strongly coupled collisions is given by Q.. = nRZ. If the electron
jump occurs at small R, where Coulombic forces are not dominant then
valence forces will play a role and different behavior can be expected.
The electron jump model has recently been used to try to explain selective
formation of excited states in the reactions of Group III B metals with
various oxidants.(’®79) Another use of the electron jump model including
multiple electron jumps has been made for reactions of alkali dimers with
halogens and alkaline earths with halogens.®®

Several simple models are available for estimating the reaction cross
section.®!-88) Consider a general attractive potential V' (R) governing the
collision of two spheres of radii r, and r,. The cross section for contact
of the two spheres is given at relative translational energy E . by

_V(a+ r,,)]

th(Ercl) = n(ra + rb)zl: 1 E

rel

Another simple result is obtained by assuming V(R) =0 when R >
(r, + ry). and that reaction occurs only when the component of relative
kinetic energy along the line of centers at contact is greater than a threshold
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value E,. This leads to the following expression for the reaction cross section :

0’ ' Erel < EO '
E =
Q( rel) {ﬂ(ra + rb)z[l - (Eo/Erel)]’ Erel > EO

For reactions of ions with nonpolar neutral species, the cross section
for close collisions may often be approximated by the Langevin mod-
el.#1:83:85) If we assume a spherical neutral, the collision is governed at
large distances by the potential ¥ (R) = q*«/(2R*), where « is the polariz-
ability of the neutral and g is the charge of the ion. At a certain impact
parameter b, given by (2q%a/E,.;)*/*, a closed orbit with an orbiting distance
equal to R, = bo/2" will occur. For b < b,, the molecule will spiral in
and reaction may occur, while for b > b, the particles never approach any
closer than R.. If a constant fraction P, (independent of initial energy and
angular momentum over the range of interest) of close collisions leads to
reaction, then, assuming no activation energy, the reaction cross section
is given by

20 1/2
Q(Erel) = Po"Q(E )
rel

Thus the reaction cross section decreases with increasing translational
energy. Although the Langevin theory gives a qualitative description
of the upper limit for the reaction cross section, it should be used with
caution. It should only be applied at thermal energies since at higher
energies the asymptotic form of the potential is not valid at the calculated
orbiting distance. The Langevin model does not apply to processes involving
electron transfer at distances beyond the centrifugal barrier. Care must be
taken to use a proper statistical weighting for the cross section according
to the number of asymptotic electronic states that lead to reaction (see
Section 2). A number of modified versions of this theory have been used.
The interaction of an ion with a molecule with a permanent dipole moment
D leads to the long-range potential ¥(r) = —ae?/2R* — gD - R/R>. which is
orientation dependent. Various methods have been proposed®?-37#¥ to
treat such cases but none is completely satisfactory because the dynamic
effects of the dipole motion are hard to include properly. A more clear-
cut case involves the interaction of molecular ions with open-shell atoms
which have quadrupole moments.®® This gives a term in the potential
proportional to R™3. At very low kinetic energies (< 0.10 eV) the cross
section may be smaller than the Langevin cross section because some colli-
sions are being governed by repulsive interactions.

The effect of internal excitation of the reactants may be included in
entrance-channel models by including one or more of the following effects:
(0 The internal excitation energy is available, at least in part, in overcoming
the barrier to reaction, thereby increasing the reaction probability at low
translational energy or high impact parameter or both. (ii) Vibrationally
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excited reactants have extended bond lengths and hence are larger and
more reactive. (i) The increased velocity distributions of the atoms of an
excited molecular reactant may alter the velocity of these atoms relative
to the attacking atom at crucial stages of some collisions. But no quantitative
statements can be made based on such simple considerations. Some workers
have been led to serious errors by assuming all internal excitation energy
is available for overcoming barriers.

4.2. Channel-to-Channel Models and Angular Momentum
Considerations

In this section we consider the additional information which can be
easily gained by considering not only the asymptotic or dominant interaction
of the reactants and their energy and angular momentum, but also the
same quantities for the products.

A number of simple generalizations about reaction product distribu-
tions can be made by investigating the conservation of angular momen-
tum.”” For an atom-molecule collision, the total angular momentum
Fis given by £ =J + L =J + L’, where J is the rotational angular
momentum, L is the orbital angular momentum of relative translational
motion, and unprimed quantities refer to reactants and primed quantities
refer to products. The magnitude of L is given by ugVgb, where puy is the
reduced mass for relative motion, V; the relative speed, and b the impact
parameter. For linear products, rotational energies E,, are given by
J'(J' + 1)/2I', where I’ is the product’s moment of inertia. For the re-
action # + XYL - HH + &, where ) is a heavy particle and &
a light one, under the usual conditions one finds L >> J. Since the products
have a small ug, L will thus be small, and conservation of angular momentum
gives # = L = J'. For this type of reaction J’ is predicted to be strongly
polarized with J’ approximately perpendicular to V. For the reverse case
L+ HH - LH + H, one must consider the rotational population
of #H#. If H# # is supplied by a nozzle b=am so that the rotations of ##
are relaxed, then J will be small and the magnitudes of J and L could be
comparable. The product angular momentum will still be dominated
by L’ giving # = L + J = L’. For beam studies of reactions of the type
M + X, - MX + X, where M is an alkali and X a halogen, # = L since J
is low and the reaction cross section is large. However, in the products a
large value for J’ need not imply a large value for E;,. For example, if
J’ = 150h, then E, = 1.5 kcal/mol for Csl. Since L’ and J’ are vectors
they may be added in a variety of ways with the limits corresponding to
F# =J' + L (parallelyand # = J’ — L (antiparallel). Thus if the magnitude
or direction of L’ is not known, the value of J’ estimated from paraliel
addition may be wrong.

By an extension of this kind of reasoning one can predict the qualitative
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shape of the opacity function, i.e., the probability P(b) of the reaction A +
BC — AB + C as a function of impact parameter b.®%°Y If the initial
reduced mass u, pc is greater than the final reduced mass p,p ¢ and/or the
reaction is quite endoergic, then ability to accommodate orbital angular
momentum L’ in the exit channel may be the limiting constraint. The value
of P(b) computed by a statistical theory may have roughly the behavior
P(b) = Py[1 ~ (b/by,,)], where P, and b,,, are decreasing functions of
initial relative translation energy. In such a case the reaction cross section
may be decreased compared to what is expected solely on the basis of an
entrance-channel model. However, if u, gc < pape OF a large exoergicity
is present, or the reactants have a large internal excitation energy, then
P(bh) may tend to be more roughly constant out to some impact parameter
bmax» Where in this case b,,, is dependent mainly on entrance-channel
factors. Intermediate cases may also arise but the two cases above are
useful limits. They have been called type I and type I, respectively.®"

The simplest model which includes exit-channel effects is the spectator-
stripping model.®2*3 It has been applied to a number of reactions that
exhibit forward scattering, while in the form of the elastic spectator model”™
it has also been applied to rebound reactions. For A + BC —» AB + C,
the spectator-stripping model assumes that B is abstracted so suddeniy
by A that C continues with no momentum transfer. The elastic spectator
model assumes that C undergoes elastic scattering by the AB molecule
(rather than continuing along the initial relative velocity vector) in order to
give rebound behavior. The internal energy of the products in the spectator-
stripping model is calculated from the conservation of momentum and
conservation of energy. The internal energy E;,, is given by

, _MsMand

Eim
MABMBC

where AD equals the bond-strength difference and is the absolute magnitude
of the exoergicity or minus the endoergicity. At a certain high translational
energy, E;,, is predicted to equal D, g and no bound product is expected to be
produced. This energy is given by

M sMpgc
Mg(M \pc)

This upper limit has been discussed elsewhere,’®**) and, for example.
does correlate with the behavior observed in the reaction U* + N, —
UN* + N.

Muckerman‘®® has studied the F + HD reaction using® classical
trajectories at very high rélative collision energies (up to 68 eV) and has
calculated the reaction cross section Q(E,.,). He found that Q(E.) is still
reasonably large at five times E,., (upper), as given by the spectator-stripping

Erel (upper) =

AB
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model. The spectator-stripping model was able to account for the behavior
of the product translational energy reasonably well up to near the limit
E. . (upper). Beyond the limit imposed by spectator stripping, another
model was found to qualitatively explain the behavior. The F impinges on
HD essentially collinearly (but with nonzero impact parameter) and strikes
the molecule with such force that the near atom in the molecule is ejected
and the far atom then combines with the F to form the product. This mecha-
nism also explains why the HF product becomes dominant at high collision
energies in contrast to the results at low collision energies for the ground
rotation—vibration state, where DF is the dominant product (see Section 5.2).
This model is opposite in spirit to the spectator stripping model but is more
akin to the sequential impulse model described next. ,

The sequential impulse model®¢+°” has received considerable attention
and has been applied to a number of reactions. The reaction A + BC—
AB + Cis treated in terms of hard collisions®® where atom A collides with
B impulsively in an elastic potential, and B then collides with C in a similar
fashion. The product AB is formed only if the relative kinetic energy of AB
is less than the dissociation energy of AB. In comparison with classical
trajectories,®® a simple form of the model®” does not correctly predict
the energy dependence or high-energy cutoff in the cross section for the
F + HD reaction. Some refinements of the model have been pre-
sented.(22-98-104 For example, for the reaction Ar* + D,, attractive
ion-induced-dipole forces were included in the entrance channel by an
approximate trajectory.!%®

In principle, the sequential impulse model could be extended to apply
even to collisions involving snarled trajectories. However, the advantages
of a simple theory with a few well-defined parameters could be lost as one
introduced more and more of the attractive forces responsible for successive
impacts. Consider, for example, the “migration™ mechanism for an A + BC
reaction. This consists of an abortive reaction of A with B followed by
eventual reaction with C such that the fragment eventually ejected is at
first attracted to the attacking atom, and only later repelled by it. Kuntz
et al.!° have argued that even this simple complication of the trajectory
is hard to treat analytically in a realistic way. Most such effects are most
easily studied by actually solving the classical equations of motions for
assumed potential energy surfaces for representative sets of collisions, ie.,
by the Monte Carlo trajectory method discussed in Section 3.

Another very simple model of reactions is based on what has been
called the optical potential model of elastic scattering.t*2-77-106-109 ¢
can be considered as the classical analog of the distorted-wave theory,
which is treated in Chapter 15. Consider the reaction of A with BC. Scat-
tering parameters in the entrance channel are the initial relative trans-
lational energy E,., and the impact parameter b. Some fraction P(b, E,)
of collisions leads to reaction, and the products AB + C separate along a
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trajectory with exit impact parameter b’ and asymptotic relative translational
energy E;.,. The differential cross sections for elastic and reactive scattering
are given by

Leasiic () =[1 — P(b,E,,)] d(nb?)/dQ
and
Iieactive (0’) = P(b’ Erel) d(nbz) /dQI

respectively, where dQ =2nsin0df and dQ’ = 2nsin8 d6’, 0 is the
center-of-mass scattering angle for elastic scattering, and 8’ is the center-
of-mass reactive scattering angle; inelastic scattering is neglected. The
scattering angle ¢’ is given approximately by the sum of two half-collisions:

. 0 =10 +16,

where 6, is the scattering angle for a time-reversed elastic trajectory of
the products. Elastic scattering for small b is usually dominated by the
repulsive wall; and so for rebound reactions for which P(b, E,,,) is zero
except at small b, we assume that reaction is also governed by repulsive
forces. If we assume hard-sphere collisions, this leads to the following
expression for 6 :

6 {Zarccos(b/a), b<o

0, b>a

where ¢ is the hard-sphere collision diameter for A + BC. The exit impact
parameter is also assumed to be small, so

6, = 2arccos(b'/o’)

where o’ is the hard-sphere collision diameter for AB + C. For linear
reactive encounters b’ = b'(b), but for bent collision complexes azimuthal
averaging about the axis from A to the center of mass of BC gives a range
of b for a single initial b. However, averaging over this range gives about
the same results as found for linear configurations. If reaction can occur
only for h < 4/2"? and b’ < ¢’/2%2, then scattering is confined entirely
to the backward hemisphere, i.c., the AB final velocity vector deviates by
more than 90° from the initial velocity of A in the center-of-mass system.
This is called rebound behavior. For ¢° = ¢ and P(b, E,,;) roughly constant
for b < o, this hard-sphere model gives approximately isotropic scattering.
For large reaction cross sections or scattering primarily into the forward
hemisphere, as in stripping. P(b, E,.,) must be appreciable at large b. In this
case ¢/ must be estimated on the basis of long-range forces. Even tor small b,
detailed considerations predict a forward-peaking contribution from
scattering at large b that is superimposed on the flatter distribution due to
scattering at small values of b.
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In this section we have discussed some attempts to use simple consider-
ations based on conservation laws, mass ratios, and dominant interactions
in the entrance and exit channel to predict the gross features of chemical
reactions. To go beyond these simple models one must introduce three-
body aspects of reactions more explicitly. For example, one can use the
effective two-body interactions in the entrance and exit channels to define
those entrance-channel states (or regions of phase space) and exit-channel
states (or regions of phase space) which are strongly coupled, and then
use a statistical approximation to compute state-to-state transition
probabilities and cross sections. This yields statistical phase-space
theory.(60:62-64.90.91,110-112) This theory is a logical extension of. the
considerations of this section in the sense that energy and angular-momen-
tum conservation and dominant channel effects are included. However, the
statistical assumption is not generally valid for the three-body dynamics
for direct-mode reactions. Statistical phase-space theory is discussed fur-
ther in Chapter 19 in connection with complex-mode reactions. There
are other approaches, also logical extensions of this section, which are
more appropriate for direct-mode reactions. First one may use a statistical
phase-space calculation or a set of state-to-state reaction probabilities
computed on a statistical thermodynamic model as a prior expectation* !
against which to measure information-theoretic surprisals and entropy
deficiencies. One can then attempt to interpret the deviations of experi-
mental results from prior expectations in terms of dynamic constraints on
the reaction. The information-theoretic approach is discussed more fully
in Chapter 22. Alternatively, one may attempt to incorporate dynamic
effects by a nonstatistical weighting of the channel states or channel phase-
space regions which are strongly coupled through the three-body inter-
actions. This leads to nonstatistical phase-space theory, which has also
been called the intermediate-coupling probability-matrix approach.®® In
this approach one can still account for all requirements of angular momen-
tum and energy conservation and for dominant two-body channel effects,
but also introduce some simple dynamic factors or biases affecting the
transitions between reactant and product configurations. A third approach
is to introduce even more specific dynamic models of the three-body
classical mechanics. Such approaches are discussed in the following section,
3.3. The ultimate refinement of such simple dynamical classical models is the
calculation of exact classical trajectories for full assumed potential energy
surfaces as discussed in Chapter 16 and in Sections 3 and $ of this chapter.

4.3. More Detailed Dynamic Models of Product-State Distributions

We have already discussed the simple way in which the spectator-
stripping model predicts the product internal energy. Several of the other
simple models totally ignore this question. To get a more realistic model
of product vibrational energy, one must consider the nature of the potential
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surface and the characteristics of its energy release in more detail. One
attempt to do this for the class of A + BC —+ AB + C reactions which
are governed by covalent forces and for which collinear reaction is fa-
vored is the FOTO (forced oscillation of a tightening oscillator) model.*!#
This model requires only a single parameter, the bond order n}, of the
product at some formation time. Repuision between B and C is assumed to
occur as the A~B bond is being formed, and this causes oscillation of the
A-B bond. Initially the vibrational energy of the A-B bond is E¥,. This
isincreased to E,;, , the vibration energy of the products, by forced oscillation
for 7 sec, where t is determined by the time required to increase the A-B
bond order from n¥, to unity. The model actually involves solving a simple
set of integral equations for a tightening harmonic oscillator for the time
interval in which the repulsive force is present (0 < ¢ < 7). The parameter
n¥, is chosen to give the correct value of E,;, and thus it is an empirical
parameter in the present form of the theory. There are a number of note-
worthy assumptions of the theory in the FOTO model. The potential surface
underlying the model is provided by a BEBO-type prescriptiont for the re-
lationships between bond order, bond energy, and bond length, and
Badger’s rule is used to relate the force constant to bond length. The BEBO
model does not always predict a qualitatively correct surface, and even when
it does the surface features are quantitatively sensitive to the exact values of
the parameters. Another assumption is that the dependence of A~B bond
order on time is fixed by postulating that the A—B bond strength increases
linearly with time in the interval from O to . Another important limitation
is the restriction to collinear events. The collinear model does not work
well for the mass combination (# + Z#). Finally we note, as discussed
especially in Section 5.3, that overemphasizing a single feature of the poten-
tial surface generally leads to an oversimplication of the actual dynamics.
This model and all the others can, of course, be refined. The list of limitations
just given is not meant to single out one model for criticism, but rather to
illustrate the difficulties in trying to obtain a single simple model with
wide generality. The FOTO model is in substantial qualitative accord with
the dynamical features of three-dimensional trajectories on semiempirical
LEPS potential surfacest for H + X, (X = halogen) reactions, and so it
does provide an insightful “interpretation” of those trajectories.

A simple model that is similar in spirit to FOTO was developed by
Parrish and Herm!!'® to explain internal excitation in product alkyl
groups R produced in the reaction Cs + IR — Csl + R. The reaction is
treated as a four-particle collinear system with harmonic forces, and the
vibrational motion is treated using a normal-coordinate analysis. A re-
pulsion parametrized to experimental results occurs between R and I as in
the pIPR model described next, and this is the driving force for the oscillators.

+ The bond-energy-bond-order method is discussed in detail in Johnston's text.!* ¥
i The LEPS model for atom-~diatom potential surfaces is explained elsewhere.'*¢!
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This model provides reasonable agreement with experiment if a highly
repulsive surface is assumed.

The final simple model which we shall discuss is the DIPR (direct
interaction with product repulsion) model and a version of it called the
DIPR-DIP (distributed as in photodissociation) model. This model is dis-
tinguished by the fact that it can be used to predict not just one or a few
reaction attributes but a whole range of them: angular distributions,
recoil velocity distributions, product rotational energies, and even final,
rotational orientation. The basic physics that underlie the model are that
product distributions in reactions of the kind A + BC — AB + C are
mainly determined by a monotonically decreasing B—C repulsive force
which acts along the axis of the breaking bond. The DIPR model*!7-129)
was originally proposed to provide a simple description of some feature of
three-dimensional classical trajectories for reactions like M + XC — MX +
C (M = alkali, XC = halogen or halide) in which the entrance channel is
governed by an electron jump. Later it was recast in an impulsive, pseudo-
hard-sphere framework.('2? Allowance for a distribution of repulsive
energy release leads to the DIPR-DIP model,!22-124 pnamed after one possible
way of estimating this distribution. We will call the model DIPR except
when we wish to emphasize the distribution of repulsive energy release.
An important advantage of the model is that other theoretical or empirical
methods can also be used to estimate this distribution. Thus the utility
of the model should not be confused with the validity of any one method of
estimating its parameters. When experimental data are available, all the
parameters may be taken as empirical.

Now we discuss the DIPR-DIP model in more detail.22-'24) The
dynamical assumptions.of the model are as follows. (i) BC is initially in the
ground rotation—vibration state. (i) No interaction between A and BC
occurs until the system reaches a prespecified value R, of the distance R
between A and BC (usually R, is the electron jump distance). (iii) A repulsive
force between B and C is turned on at R = R, to force rapid decomposition
of BC, and the product AB is formed as B and C separate. (iv) No interaction
between A and C is included. In this model, the angular distribution and
most probable final relative translational energy are determined by the
dependence of the reaction probability on the initial orientation of BC and
by the distribution of values of the total repulsive energy release #. In
order to calculate various product rotational distributions, the repulsive
force as a function of separation coordinate must also be known.

The appropriate coordinate systems are shown in Figure 3, while
formulas for the center-of-mass scattering angle 8 of AB with respect t0o
the initial direction of A and for the final relative energy E.,, are given in
Table . The differential cross section per steradian is given by

10) o« —— j ""“‘j" PE)P(#) 5[0 — 0(¢, R)] dE dR
sinf Jo, Jo
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X

a ' Y b

Figure 3. Coordinate systems for the DIPR model for the reaction A + BC —+ AB + C. The
space-fixed axes are represented by X, Y, Z while the molecule-fixed axes are given by
X, y. z. (a) Eulerian angle diagram showing relationship of the two coordinate systems.
The XY and xy planes are shown by ellipses. (b) Geometric variables in the piPr model.
R, is the distance between A and the center of mass of BC, and b is the impact parameter.
In part (b) only the positive halves of the x, y, and z axes are shown.

where P({) is the differential cross section per unit Eulerian angle ¢ and
P(Z) is the probability function for total repulsive energy release. Various
forms for P(&) corresponding to one end reactive, both ends reactive,
broadside, and isotropic reactivity patterns are given in Table 2. The
probability function for the final translational energy distribution at a
given scattering angle 6 is given by

F(E,,,0) <

rels
i f #ou P[E(6, )] P(R) 6{U u5 — Uas[£(6.2), 2]} d
U\s[S6.2), 2] Jo [(d8/d&)|;= go.0)

where the expression for U,g(¢, ) is given in Table 1. Note that U,g is
the final velocity of AB in the center-of-mass coordinate system.

Information about the product rotational distributions can be obtained
by modeling the release of the repulsive force as a function of the separation
coordinate. This involves an empirical parameter At. It is assumed that
the equations of motion of atom C for t > 0 in a coordinate system fixed
to the BC subsystem with the z axis chosen as the B-C axis are d*x/dt* =
d?y/dt* =0 and d’z/dt*> = Fye™ %', The components J. Jy. and J} of
product rotational angular momentum J’ in the space-fixed coordinate
system of Figure 3 are given in Table 3, while the final rotational energy
is given by

Ere = |J1?21as
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Table 1. Scattering Angle and Recoil Energy for the DIPR-DIP Model®

Scattering angle:
0, #) = arctan [sin&/(p + cos&)]
p = (E.qM \Mc/AM BMABC)HZ

Product relative transiational energy:
Efy(S, R) = (McM zpc/Map)
x [MyR/McMpc + MAE,o/MagcMpc + (208 £/ Mgc) (ErelQMAMB/MCMABC)l,z;_]_ :

Final velocity of AB in the center of mass:
Upp(é. R) = (Mc/Mu)
x [2Mg®/MpcMc + 2E,q Ma/M agcMpc + (8 €08 E/Mpc) (E M \Mp/McM y5c)'/2]H2

My =M+ M; + M,.

Table 2. Probability Distributions Associated with
Reactivity Patterns

Reactivity pattern P(n) Py

B end reactive cos2(n/2) R2[1 —(2/3)cos ] sin &
Both ends reactive  cos?(y) R3(1 + cos? &) siné
Broadside sin?(n) R3(2 + sin*¢)sin &
Isotropic 1 Risin¢

“ Unnormalized.

Table 3. Formulas for Product Rotational Angular Momenta Components
J in the DIPR-DIP Model

Jy = (sin&sin @M Mc/Myg) { — (Myrac/ Muc) RE .M apc/ MaM o)
+ (1/M) 2AMgM /My V' 2 [QE, M aye/ MaMpc)' 2 AT — b]}
Jy = (M M/ Mag) ((Mab/M aac) QE,aM age/ MAMpc) 2 (I = M agMpe/ M M)
~ $ing cos ¢ [ Myrye/ Mpc) (QE,qMapc/ MaMpc)'?
+ (/M) 2AM M/ M) 2 [(QE, M ape/ MAMyc) 2 8T — b]}
+ (cosCh/ M) (2AM M/ Myc)'?)
Jy = (sin sinpM b/ M g} QAMgM ./ Myc)' 2
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where [, is the moment of inertia of the product AB. The cosine of the
polarization angle of the final rotational angular momentum with respect
to the initial relative velocity is given by

cos y = Jy/|J’|

The distribution function for the product rotational energy E., at a given
value of 6 is given by124

- D max max 2r
F(E7y, 0) f fg J P{n[(6, #), $,b]} P(R) P(b)sin £(6, )
0 o 0

x 5{E;ol - El"ot{é(e, @)s g’ ¢7 b]} d¢ d‘%db

where P(b) is given by P(b) = 2zb for b < by, and P(b) =0 for b > b,
and P(n) is the reaction probability for a collision with a given value of
n at the onset of reaction. P(n) is given in Table 2 for the set of reactivity
patterns which give the set of P (£) mentioned earlier. The value of 5 is given by

2 _ p2\1/2
n, ¢,b) = arccos[ —(cos &) (R‘—RL + (sin &) ;I;_ cos ¢]

The probability function for cos y is given by*24

b (a2, (2% (= )
F(cos y) « J J.d f J‘ P[n(¢&, ¢, b)] sin EP(R) P(b)
o Jo Jo Jo
x 8[cos y — cos (&, ®, ¢, b)] dE d d db

The above four-dimensional integral can be evaluated as a sum over ¢ plus
a numerical integration over the remaining three-dimensional integral.
Product vibrational energy distributions can be obtained by energy con-
servation. ' )

The distribution function P(#) can be obtained from cxperiment
by velocity analysis or from simple theoretical models. Herschbach and
co-workers!!22-12%) have suggested calculating P(%) in a quasidiatomic
“reflection™ approximation that has been used to explain photodissociation
and electron attachment. In their model P(2) is approximated as a Gaussian
function centered at £, , which for systems involving an electron jump
is given by

mp>

gmp = EAB - DBC - EABC

where EAp is the electron affinity of B and Dgc and EAgc are the bond
strength and vertical electron affinity of BC. The other input parameter is
the value of At which can be considered as the time necessary to dissociate
BC™. If BC™ is unbound then At is positive, and it can be considered as
a “speed-up” time due to a repulsive force, but a negative At implies
that attractive forces are present and it can be considered as a delay time.
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In the electron jump model the value of At depends on the potential curve
for BC™.

It is possible to incorporate into DIPR more entrance-channel effects
such as initial rotational energy or forces occurring before R..?® Entrance-
channel attraction or repulsion can be incorporated by varying the velocity
of C at the initiation of energy release.!23 Recrossing effects'!?® could
be incorporated in P(n). However, forces affecting the repulsion between
B and C, nonspherical A-BC forces in the entrance channel, long-range
attraction between AB and C in the exit channel, and the migration mecha-
nism cannot be included.

One interesting aspect of the DIPR model is its prediction of a corre-
lation between E}, and 8. For example, at 8 = 0°, the final speed of C in the
center-of-mass coordinate system is the sum of its speed at the onset of
reaction and the speed increment due to release of #; but at § = 180°
it is the difference.

The DIPR-DIP model has been compared to experimental results for
the M + CH;l reaction, where M is an alkali atom. Good agreement was
found for angular distributions, product velocities, and rotational-energy
distributions (120-122-124) Eor the rotational-energy distributions in K +
Br, and Cs + CCl, the agreement is less satisfactory,'’?* even though the
angular distribution agrees well with trajectory studies for K + Br,.(122:127
The model’s prediction of cos?y for the Cs + CH I reaction isinaccurate.!! 2®
However, neglect of initial rotation in CH,I may be important in these
vector—vector correlations. Further modifications of the model have also
been made to treat internal excitation in the alkyl group R in the reaction
M + RI — MI + R.%22 The original DIPR model also gave good agreement
with trajectory results for the reaction M + XR, where R was a point
particle. ! Postulating an analogy between the product velocity distribu-
tions in the reaction H + X, - HX + X and photodissociation of X,
the DIPR model was also applied to this reaction.®>!25 Although such
models are apparently quite useful in examining the above reactions, further
testing of the parameters and more applications would be useful. It would
also be interesting to employ this type of model for multisurface reactions.

It is interesting to consider two limits of the DIPR model which may be
classified according to the value of the quantity p in Table 1. This quantity
may be understood by writing the final speed of C in the center-of-mass
coordinate system as

Vlc = (V%c -+ V_z"c + 2VBCV.‘#.C CoSs 5)1/2

where Vi is the initial speed of BC in the center-of-mass coordinate system,
and the increment V, ¢ is due to the repulsive energy release; then p =
Vac/Va.c. For p > 1, the pipR model reduces to the stripping limit. For
P << 1, the repulsive energy release is the dominant factor and one should
consider the validity of the impulsive approximation used in treating
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this energy release.’?> The impulsive approximation will be most valid
if At is much less than a vibrational period 7,5 of AB. If At is comparable
to 7,5 then there will be appreciable interaction between AB and C in the
exit channel; for this case dynamical effects such as included in the FoTO
model may be important. »

The models discussed in this section are useful in that they provide
simple pictorial interpretations of some of the observed features of experi-
mental results and trajectory studies of atom-molecule reactions. The
DIPR-DIP model was discussed in great detail because it shows how one
can attempt to put electronic structure concepts into a simple model and
extract the whole range of observable reaction attributes. In favorable
cases one might also predict these various parameters in an a priori fashion.
The inherent simplicity of these models is also a flaw, however. They are
of course not generally trustworthy for a priori quantitative predictive
purposes. Further, by trying to emphasize a single dominant feature of the
reaction, they all oversimplify one or more aspects of reactive collisions
which may in particular cases be crucial. Thus while they often provide
a useful low-order interpretation, they do not provide a final or complete one.

One limitation of all the above models is their assumption of ultradirect
collisions. Not only is the reaction assumed to be direct but the models
involve a monotonically increasing reaction coordinate. In contrast,
trajectory studies have often shown that even direct-mode reactions may
be more complicated. Another serious limitation of the above models is
they have been developed primarily for reactions in which the internal
excitation energy of the reactants does not play an important role. Extensions
are of course possible, but so far the role of reactant internal energy has
been treated theoretically primarily by the use of numerical trajectories.
statistical and nonstatistical phase-space theories, and information-
theoretic methods.

5. Numerical Trajectories

In cases where one potential energy surface or only a few surfaces
with fairly-well-localized interactions are involved. and some method
for generating the full surface or surfaces is available. it is possible to
actually calculate exact classical trajectories. Such trajectories are discussed
in the context of single-surface reactions in this section. There are numerous
reviews which emphasize the results of trajectory studies of chemical
reactions.(¢3:129-145) Wwe will not attempt to summarize everything of
importance in those reviews or the studies reviewed. Instead. in the rest of
this section we attempt to emphasize the reliability or lack thereof of the
computed results based on considerations of the sensitivity to potential
surface and the accuracy of the classical dynamics. Information about the
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latter can be obtained from three sources: (a) known inadequacies of classical
mechanics, (b) comparison to more accurate results (in three dimensions),
either experimental results or theoretical quantum-mechanical ones, and
(c) by comparison of collinear trajectory calculations to accurate collinear
quantum-mechanical results. The comparisons of trajectory calculations
to more accurate quantum-mechanical calculations is particularly instruc-
tive because both dynamical methods can be applied assuming the same
potential energy surface. This provides a direct measure of the error in the
classical dynamics. Comparisons to experiment are more suspect becausc
the differences are due not only to classical dynamics but also to the generally
unknown errors in the potential energy surface. It is also difficult to know
exactly what should be included in the averaging process if the initial state
populations are not known exactly. This is especially important in experi-
ments involving pariially relaxed beams. For highly averaged results on
systems with no light atoms for which excited electronic states play no role,
the differences from experiment are probably due mainly to the potential
surface.

There are some general criteria which can be applied to help determine
whether classical or quasiclassical methods are appropriate in a given case.
In Chapter 16 are listed five criteria, which are not mutually exclusive.
First, the de Broglie wavelength for all degrees of freedom should be small
compared to the distances over which the potential energy changes ap-
preciably. Second, the methods work best for reaction attributes which
result from averaging over most of the details of the behavior. For example,
the predicted average vibrational energy of the products is more likely to
be accurate than is the complete distribution of product vibrational energies.
Third and fourth, the methods fail for classically forbidden regions and in
threshold regions, in the classical S matrix senses of the terms. In this con-
text, threshold regions are regions of parameter space which have at least
one boundary at which the desired outcome does not occur in the trajectory

- calculation. By parameter space we mean initial conditions of the trajectories,
masses, or parameters of the potential energy hypersurface. For example,
it may be that below a certain energy no trajectories lead to products with
vibrational energy larger than the quantized energy of the first excited
vibrational state, but above this energy some trajectories do. Then products
in this vibrational level are said to be classically forbidden or classically
inaccessible below this energy, and nearby energies are in a threshold region
for this level of the products even though the reaction threshold may
be much lower in energy. Fifth, the methods should not be applied to
predict detailed information about resonances or quantum interference
effects. All of these criteria are somewhat ambiguous to apply, but perhaps
the examples which comprise most of this section will give a better “feeling”
for the general applicability of the quasiclassical trajectory technique.

In this section we consider not only trajectory studies but also some of
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the simple explanations which have been advanced for their understanding.
Trajectory studies have been valuable in indicating several important features
of reactive collisions which must be present in any qualitatively correct
treatment. The simplest features, like the models of Section 4, may be
understood by focusing on the ultradirect trajectories. But the trajectory
studies have also shown the importance of secondary encounters in many
cases. Thus even though the reaction may be direct, it need not be as direct
as simple models involving smooth monotonic approach and retreat.
Secondary encounters have been further classified as migration, clutching,
and clouting.!3%-146) Muitiple secondary encounters (snarled trajectories)
are often observed, even for reactions which are basically direct-mode
reactions and which occur on potential surfaces without deep wells. Some
collisions involving secondary encounters have a close relation to quantum-
mechanical resonances involving virtual excitation of vibrational modes
of the complex‘!47-149); these are usually called Feshbach resonances. But
the exact relationship is not clear except in very favorable cases."* 59

Trajectory studies are also helpful in elucidating the dynamics on
surfaces with potential wells.!31-156) Even in the presence of wells, the
long-range forces and the centrifugal barriers and chemical barriers, if
any, in the entrance and exit channels are important in determining both
the tendency of complex formation and the kind of dynamics observed.
However, if the potential well leads primarily to long-lived complexes
instead of direct reactions, many features of the angular and energy dis-
tribution can be predicted on the basis of simpler considerations. and it
may be unnecessary to compute trajectories to understand this.'*" This
subject is further discussed in Chapter 19.

In this section we first consider distributions of scattering angle of
reaction products; then we consider energy utilization and disposal. The
examples and references are not intended to be comprehensive. In fact,
throughout this chapter, whenever possible, we deliberately emphasize
a few particularly clear examples and some more recent reterences from
which earlier work can be traced. Hopefully these illustrate the kinds of
uses to which classical models can profitably be put without providing an
exhaustive list.

5.1. Angular Distributions

The first qualitative results of molecular beam chemistry to whose
understanding the trajectory technique was addressed was the question
of backward vs. forward scattering.®?’ Although trajectory calculations
have been successful in calculating whether the reactive scattering is pre-
dominantly forward or backward in a number of cases, one should not be
too optimistic about predicting even this qualitative trend in cases where
the experimental resuit is not already known. Until quite recently, most
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reactions studied in molecular beams had large cross sections under thermal
conditions, and hence may be assumed to have little or no potential energy
barrier to reaction. Angular distributions for such reactions may be quite
sensitive to the long-range dispersion and induction interactions and also
to the long-range tail of the valence interaction. The latter is very hard
to estimate quantitatively, even with state-of-the-art ab initio methods.
As a consequence the potential surfaces used for trajectory studies are
often quite inaccurate at large and intermediate distances and this may be
reflected in unreliable angular distributions.!2:158) Another problem
occurs for potential surfaces with spurious wells. These may lead to too
many long-lived trajectories with a consequent broadening of the angular
distribution, i.e., extra backward scattering for reactions where the direct
mechanism leads to predominantly forward scattering, and vice-versa,
or can lead to excess long-range attractive character if the wells are located
in the entrance or exit channel.

In many cases the general character of the angular distribution of a
direct-mode reaction may be well correlated by a simple dynamical model
such as spectator stripping, the DIPR-DIP approximation, or a rebound
model. This, however, should not be interpreted as if the angular distribution
is not highly dependent on the range of the forces. On the contrary, the
success of such a simple model for a given reaction tells us something about
the range of the forces for that reaction.

The mass case £ + # A is probably the most favorable one for trying
to understand the relationship of the differential cross section to the short-
range part of the potential surface. Many workers have emphasized that
for this case conservation of linear momentum could cause the angular
distribution to reflect the geometry at the onset of product separation.
For this reason, Blais and one of the coauthors undertook a detailed study
of the effect for this mass combination (in particular for H + Br, - HBr +
Br) on the scattering-angular distributions of variations of the short-range
and intermediate-range potential surface characteristics, including the
bond angle at the col and the narrowness of the bond-angular width of the
pass around the col. 3 A good correlation between the bond angle at the
onset of reaction and the scattering angle for individual collisions was
found. Some of the results for mcan molecular (HBr) center-of-mass
scattering angle 0 as a function of surface type under molecular beam collision
conditions are shown in Table 4. This correlation of @ with surface is not
strong enough to suggest that one should have confidence in the assignments
of probable transition state bond angles that have been made for & + # %
reactions as interpretations of observed differential cross sections. This
illustrates the general rule that inversion of experimental reactive differential
cross sections for some unique feature of the short-range potential surface
is very difficult.

A key concept which has been elucidated by trajectory studies is




Direct-Mode Chemical Reactions: Classical Theories ‘ 625

Table 4. Correlation of Mean Molecular Scattering
Angle 8 with Surface Type for a Trajectory Study on
H + Br, = HBr + Br*

Reactive entrance valley

Bond angular Most favorable
Surface width bond angle® g
1 Wide all 94
2 Wide 160° 110
3 Wide 140° 104
4 Wide 120° 100
5 Wide 100° 98
6 Medium 140° 116
7 Medium 120° 106
8 Medium 100° 95
9-13 Narrow 140° 110-117

? Reference 159.
*Rounded.

the trend of increasingly forward scattering of the product which contains
the new bond as the incident kinetic energy is increased.!®3-117:136:160-164)
This is in accord with the predictions of simple models, for example, the
DIPR model. Trajectory studies have also shown that angular distributions
which are backwards peaked at low energies often becomes increasingly
more forward and broader as reactant vibrational energy is
increased (156.160-162,164,165)

As discussed above, the dependence of the differential cross section
on the potential surface is still very poorly understood in general. And
potential energy surfaces are not known well enough that the classical
error in trajectory treatments of differential cross sections can be studied
by comparing trajectory calculations to experiment. One measure of the
classical error in reactive differential cross sections is obtained by comparing
the quasiclassical trajectory calculations'’®® and accurate quantum-
mechanical calculations'*®”’ of the differential cross section for the H + H,
reaction where both sets of calculations employed the same assumed
potential energy surface. Such a comparison has been made by Schatz
and Kuppermann'!” for a relative translational energy of 10 kcal/mol.
The potential surface employed had a symmetrical col with classical barrier
height 9.1 kcal/mol, but because some of the initial zero point energy is
available for overcoming the barrier, the collision conditions are actually
about 4 kcal/mol above the phenomenological threshold. The agreement
of the exact quantum and the quasiclassical reactive differential cross
sections is excellent.




626 Donald G. Truhlar and David A. Dixon

5.2. Rotational Energy

The effect of initial rotational energy on reaction dynamics has not
been studied as systematically as the effect of initial vibrational energy.
This is due not only to the usually small size of the rotational quanta and
the lack of extensive experimental data, but also to the fact that the usefulness
of rotational energy in promoting reaction is not easily related to specific
features of the potential energy surface. ’

The reaction of F with various isotopes of the hydrogen molecule
(H,, D,, HD) is a good test case since different values of the rotational
quantum number J correspond to relatively large energy differences which
could appreciably affect the reaction. At an initial relative kinetic energy
of 2 kcal/mol, Muckerman‘*¢® found for J = 0 to J = 4 that the reaction
cross section Q decreases monotonically with J for F + D; and F + HD,
while for F + H, it increases from J = 0 to J =1 and then decreases with
increasing J. Schreibert!¢? and Jaffe and Anderson‘'®® observed the same
trends in Q(J) in a study of the F + H, reaction. The increase in Q(J)
in going from J =0 to J = 1 has been attributed*42-16® to a favorable
probability for collinear reaction. Since the surfaces employed favor collinear
reactions, the cross section would be increased. The decrease of Q(J) at
higher J has been interpreted similarly. In a study of the F + D, reaction,
Blais and one of the authors'!®"’ found a decrease in Q in going from J =0
toJ =1 and an increase in Q from J = 1 to J = 5. They noted that their
surface contains a long-range attractive well of depth 4 kcal/mol in the
entrance channel and suggested that this could be among the reasons for
the differences in Q(J). Schreiber!¢? examined this effect by artificially
placing an entrance-channel well in one of his surfaces and found Q(J)
varying, as found by Blais and one of the authors.!®" Thus long-range
attractive forces play a role in determining the effect of reagent rotation
on the cross section.

The F + H, reactions also provide information about the effect
of the initial J state on the center-of-mass angular distribution /(f) and
on product ratios. Blais and one of the authors!®? found a slight forward
shift in 1(0) with increasing J, while Jaffe and Anderson‘*¢® found a slight
backwards shift in I(0) with increasing J. Whether this is due to variations
in isotopes or variations in surfaces has not been determined. The reaction
of F with HD can yield two products. and the variation of the two cross
sections with J is quite interesting. For J = 0 the DF product dominates.
while HF dominates for J = 1, and at higher J (J = 3.4). HF is formed
almost exclusively. This phenomenon was first noted by Muckerman‘! "
and was confirmed by Schreiber.®¢? The decrease in DF formation has
been attributed'!®2:179 to a shielding effect. Since D is closer to the center
of mass of HD than is H, the H cuts out a larger path. and as J is increased.
collision of F with H is more likely than collision of F with D.
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Further studies of the effect of initial rotation on reaction probability
have been presented for F + HCl and H + C1,.*7" For both reactions
thermal averages of J were employed, and for the latter reaction little
variation in reaction probability with reactant rotation was noted. Although
the effects were small, it was concluded for the former reaction that the
rate constant k(J) decreases with increasing J if the value of J is small,
while k(J) increases with increasing J for high values of J.

Another interesting question concerns the effect of orientation of
the rotational angular momentum J. One aspect of this was studied by
Hijazi and Polanyi!’? For the case A + BC — AB + C with three
equal masses and a repulsive potential surface (see Section 5.3 for an ex-
planation of attractive and repulsive surfaces), it was found that the parallel
or antiparallel orientation of J and L, where the latter is the initial orbital
angular momentum of the relative motion, is the best orientation for
reaction; thus coplanar collisions are the most reactive. On an attractive
surface there was less dependence of reaction probability on relative
orientation of J and L.

The effect of excess initial rotational energy on product energy dis-
tributions has not been extensively studied. Consider one study!!®® of
F + H, as an example. For a thermal distribution of relative translational
energies corresponding to a temperature of 300°K it was found that in-
creasing the reactant rotational energy by 3.4 kcal/mol led to increases
in the initial relative translational energy for reacting systems, the mean
product translationa! energy, and the mean product rotational energy by
1.7, 1.8, and 4.2 kcal/mol, respectively, but that product vibrational energy
decreased, and mean molecular scattering angle was approximately in-
variant. But there are not enough systematic studies to be able to generalize.

A comparison of quantum-mechanical scattering in three dimensions
with quasiclassical trajectories'*®® has been made for H + H, on a potential
surface with no well in the entrance or exit channel."®” Both methods
find Q(J) decreasing in going from J =0 to J =2 at a given relative
translational energy E, in the energy range 0.50-0.80 eV. Excellent
agreement for the variation of Q(J, E,,;) with increasing E,,, is found for
both J = 0 and J = 1. However, a significant discrepancy is found for
J =2 in the threshold region E,, <042 eV, where the quasiclassical
cross sections are too small. Of course, it is in the region of small cross sections
that the quasiclassical results are least accurate with the poorest statistics.
It should also be noted that tunneling effects should be considered for this
reaction at Jow energies. These results provide a warning that quasiclassical
predictions of Q(J. E,.,) are not always quantitatively reliable.

Product rotational distributions are often dominated by angular-
momentum constraints, especially for the mass combination & + ## —
&LH + H where &L is a light atom and X is a heavy atom or group.
Other mass combinations are sometimes more favorable for gaining in-
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formation about the dynamical effects governing rotational distributions.
The trajectory studies of F + H,, D, have provided some information about
the correlation of final rotational quantum number J’ with final vibrational
quantum number v’ and with initial J and E,,, but it is not well under-
stood.(161:162.164.168.169.171) For H 4+ Cl, and F + HCI both experiment
and theory®’? agree that initial translational energy enhances product
translational energy more than enhancing product rotational energy. Even
though such trends have not been studied as systematically as one would
like, wells in the exit channel and attractive forces between separating
products may play roles in final rotational populations similar to the role
played by attractive wells in the entrance channel in determining the effect
of initial rotationin F + D,.

It is now possible to measure experimentally the alignment of the
rotational angular momentum J’ of a dipolar product using molecular
beam electric deflection techniques.!28:173 The interpretation of these
results has involved statistical methods'! 74! 7%) and the DIPR-DIP model.!!?®
Three sets of trajectory studies are presently available; one discusses
the H + Br, reaction,!’® one discusses the mass combinations ¥ + #.%,
% + #H, and especially ¥ + L¥ on attractive and repulsive sur-
faces, "’ and one discusses the F + H, reaction.!®® The study of the
H + Br, reaction*’® showed that the results were not consistent with
statistical models, and also showed, for example, that the square (J)?
of the projection of J' on V/, was strongly dependent on center-of-mass
scattering angle. For the #* + #B.%°C reaction on a repulsive surface.* 7%
it was found that J' is predominantly antiparallel to L’ ; this was attributed to
the release of the repulsion between #® and #C in the exit channel. A
similar result was found for F + H, — FH + H and was again attributed
to repulsive energy release.*®¥ Although these studies are suggestive.
further trajectory work is required to explore the effects of variations of
the potential surface and reagent energy on vector—vector correlations.
and more comparison with simpler models needs to be done.

5.3. Vibrational Energy

Vibrational energy release and utilization probably correlates with
the short-range part of the potential surface better than any other reaction
attribute. As early as the 1930s it was appreciated by some workers that
energy released as the reactants approach was more likely to be channeled
into product vibration than energy released as the products recede. For
example, an attempt to interpret the chemiluminescence in the diffusion
flame reactions of sodium dimers with halogen atoms led Goodeve'!"™™
to postulate that a chlorine atom, on approaching Na,,

.. .attracts the nearer Na atom and repels the other. but the repulsive torce is very weak
compared with the attractive force. The result is that the first Na atom is drawn violently to
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the Cl atom. leaving the other atom at a standstill. Most of the heat of reaction appears as
vibrational energy in the NaCl molecule. ... The same will be true to a greater or lesser extent
in alf highly exothermic reactions. .. .

This prediction has been generally confirmed and the explanation is qualita-
tively correct. Our present level of understanding allows for greater nuances
and a more detailed discussion. Goodeve’s argument was reformulated
by Evans and Polanyi,"!’® who, interpreting the same experiment, proposed
an early downhill potential surface on which the representative Na atom
entering the valley from transition state to products is subject to no repulsion
forces along the axis of the valley. In this case they proposed that virtually
all the exothermicity would be converted to vibrational energy of the nascent
NaX. This condition—the weakness or absence of repulsion of the newly
formed products—has been widely applied. It leads to a division of potential
cnergy release into early downhill or attractive (/) and late downhill or
repulsive (#) with the former being preferentially channeled into product
vibration and the latter into product rotation. This &/~ correlation was
resurrected in the 1950s*7% and is often still invoked in this simple form
today. However, J. Polanyi and co-workers have shown that this simple
/-7 correlation is inadequate. In particular, the classic work by Kuntz.
Nemeth, Polanyi, Rosner, and Young !89showed by trajectory calculations
involving eight different extended LEPS potential energy surfaces that
even late downhill potential energy surfaces, e.g., their surface 2. often
lead to high vibrational excitation of the products. They showed. however.
that the results of all their trajectory calculations could be explained by
dividing the energy release into attractive (=), mixed (.#), and repulsive
(#). They defined mixed energy release as “that portion of the energy of
reaction which is released while the products are separating but the reagents
are still attracting one another.” Thus mixed energy release is associated
with simultaneous (as opposed to consecutive) bond making #nd bond
breaking. Kuntz et al. explained the cases of late downhill surfuces leading
to high vibrational excitation of the products in terms of mixed energy
rclease. They found that both o7 and .# energy release tended to be channeled
into product vibration. Mixed energy release is favored by smaii values of
the skewing angle '

M IWB Iu % 112
B

- P> —_— JE—— +
p =arctan ( M, " M. MAMC>

(where My, is the mass of D) and small values of the exit-valley lengthening

factor
p - (Mt )"
M, Mpgc




630 Donald G. Truhlar and David A. Dixon

- and unfavored by large B and large F.* Thus, in particular, mixed energy
release is unfavored for the mass combination . + 3¢ (called the light-
atom anomaly) where .Z is a light atom and J# is a heavy one. For this mass
combination then the &/~Z correlation (without .#) is sufficient. In ad-
dition to elucidating these important dynamic correlations Kuntz et al.
showed how the amount of &/, .#, and & energy release could be predicted
from the potential energy surface itself or from representative collinear
trajectories. This classic paper is well worth detailed study by everyone
interested in product vibrational energies. Unfortunately the conclusions
are often misstated by experimentalists who, ignoring the role of mixed -
energy release, cite the paper and interpret any evidence of high product
vibrational excitation, even for a case with small F, as evidence for an
early downhill potential surface. Although the paper by Kuntz et al. involved
coplanar trajectories the results are supported by later three-dimensional
trajectories of the Polanyi group, which they have reviewed else-
where,(134.136.137.144.164) and of others.!6*!7® We will discuss below,
however, the fact that the correlations they observed do not always hold
when one examines a broader range of potential energy surface topologies.

Another point of view on the question of product vibrational excitation
is provided by the use of natural collision coordinates.*8" In these co-
ordinates the reactant vibrational degree of freedom transforms during the
reaction into the product vibrational degree of freedom and is represented
by a natural collision coordinate ¢t which is measured transverse to the
reaction coordinate s. If the motion associated with the transverse vibrational
coordinate were adiabatic with respect to the reaction coordinate, then
the initially unexcited vibrational degree of freedom would remain un-
excited. In this respect, product vibrational excitation may be viewed as a
manifestation of vibrational nonadiabaticity."*82-18% This argument may
be quantified by considering the Hamiltonian for a collmear collision in
natural collision coordinates!182-1835-188) .

H=T + V(=0 +H,

where T is the kinetic energy associated with motion along the reaction
coordmate, V(t =0) is the potential energy on the minimum-energy
reaction path, and H,;, is the kinetic and potential energy associated with
transverse motion. T, may be expanded in a Taylor series

oT
=Tt=0+— t+ -
0t |,=0
=T(t=0)+2(s) Tt =0t +
* The skew angle and factor F are the ones that occur in the scaled and skewed coordinate

system for which the kinetic energy has no cross terms and has the same reduced mass in
every direction.
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where x(s) is the curvature of the reaction path. The transverse motion
would be adiabatic if H were separable in s and t. There are two kinds of
coupling: one, in H, . results from the fact that the vibrational force constant
is a function of s, and the other results from terms such as 2x(s) T;(t = 0) ¢.
The latter term has received the most attention. It is a centrifugal force in
the (s, ) space and is equivalent to local displacement of the minimum of
the vibrational potential. It predicts that vibrational excitation should
correlate with curvature of the reaction path and explains(!82.186.187.189)
those dynamical studies! #°-1°1) on model potential surfaces which show that
it does. Closer examination of the centrifugal coupling term shows that
nonadiabaticity is expected to be greatest when the curvature and the local
kinetic energy along the reaction coordinate are simultaneously high.
This is analogous to the conditions which favor high transverse excitation
of a bobsled, and vibrational nonadiabaticity has sometimes been called the
bobsled effect. From another point of view the centrifugal contribution
leads to bigger corrections for lower internal energies (at a fixed total
energy) and thus to vibrationally nonadiabatic effective potential curves
which approach closely and interact strongly, causing state changes. For
the H + H, reaction x(s) is nonnegligible only within about 0.84, of the
saddle point (s =0). But for this system T,(s = 0.8a,) = T;(s = 0) +
1.0 kcal/mol, which is small, so we conclude that the reaction is vibrationally
adiabatic. This appears to be a good approximation in the classical threshold
region.""4? The next paragraph discusses a more interesting example, in
which the bond energy changes.

Duff and one of the authors'*®” have attempted to compare the
/- ~A and curvature models by running collinear trajectories for eight
mass combinations on a pair of endoergic surfaces which had essentially
identical asymptotic diatomic properties and saddle point properties.
According to the &/~ partition of energy release, both surfaces are 100°;
repulsive. Thus they put 109 or less of the available energy in product
vibration for the ¥ + ## mass combination. Further the percentage
of energy in product vibration is less than 309 for both surfaces for the
¥ + # % mass combination. However, it is as large as 929 for the other
mass combinations. This is explained qualitatively by the </-.#-#
correlation. One surface, that of Raff et al., has about 559 attractive and
mixed energy release, where the sum of these quantities is defined as all
energy released as the system progresses along the minimum-energy path
until the distance between the two newly bonded atoms has decreased to
the outer-classical-turning-point distance of the final diatomic molecule.
The other surface, a rotated Morse curve (RMC), has about 97°, </ + .4/
energy release. Further study shows, however, that mixed energy release
is not always preferentially channeled into product vibration. The biggest
differences between the surfaces are for the ¥ + ¥, £ + L #. and
J# + ## mass combinations. In these cases the Raff et al. surface puts
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an average of 579 of the available energy into vibration but the RMC
surface puts only 24 into vibration. The difference is opposite in direction
to that expected from the &/ -.# -2 correlation of reaction attributes with
surface features. But a better correlation of product vibrational energy
for these two surfaces and three others was obtained by considering the
maximum of —x(s) T,(t = 0), where the negative sign is chosen because it
corresponds to the reaction path turning toward products. The Raff et al.
surface maximizes this quantity at s = 0.5 A (i.e., 0.5 A past the saddle point)
where 15 out of 36 kcal/mol have already been released. But the RMC
surface maximizes it at s = 0.2 A, where only 5 kcal/mol have been released.
In other words, the results are explained by the fact that the position of
maximum curvature is more uphill on the RMC surface, and when the
turns come too soon the “bobsled run” does not lead to significant transverse
oscillation. Three more general conclusions are also illustrated by this work :
(i) Surface shapes yielding very similar results for some mass combinations
may yield very different results for others. (ii) Generalizations made on
the basis of only extended LEPS surfaces or other too restricted ranges of
surface topologies may break down when applied to other surface topologies.
In a given family of model surfaces, it is possible that when one noticeable
feature of the surface is changed, many other ones also change in a correlated
way. Thus even if some other features are responsible for a dynamic effect,
the dynamic results may also correlate well with a more noticeable feature.
(iii) No one of the following list of surface features (all of which have been
singled out at one time or another) can explain all the results for product
vibrational energies: skew angle f; reagent, product, and saddle point
properties, including saddle point position: positions of certain special
energy contours, e.g., as used to compute % o/ + .# from the surface;
attractive and mixed energy release in representative trajectories; curvature
of reaction path: or even the two properties must successful in explaining
the above example,*8? viz,, how uphill is the position of maximum curvature
of the reaction path and the curvature of the repulsive energy contours
when all three atoms are close. i.e., the inner repulsive wall.

Sathyamurthy er al.'®? have studied trajectories for two different
potential surfaces for the endoergic reaction He + Hi — HeH* + H.
They found again that important dynamical differences in the role of
vibrational energy can be attributed to differences in the inner repulsive
wall. It should be emphasized that there is little hard data about what
real potential surfaces look like in this crucial corner-turning region. And
one should be especially cautious about believing the “predictions™ of
semiempirical potential surfaces about this region.

Of course the final-state vibrational distribution is also influenced by
all the complications mentioned earlier in this chapter, for example, muitiple
impacts in a given collision. We have tried to focus on the simplest cases.
Reaction of atoms with polyatomic molecules also involve more compli-
cating features not discussed here. (! 35:193-196)
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Utilization of vibrational energy in endoergic reactions and vibrational
energy disposal in exoergic reactions are of course just two different ways
of looking at the same process. Another aspect of the problem, which is
somewhat different, concerns the disposal of excess energy over and above
that required to cause a reaction. These questions have also been explored
by trajectory StUdiCS.(l55-156'159464'168-171'193'194’197-199) A fu” set Of
references would be out of place here. To explain some of their results
obtained using extended LEPS potential surfaces, Polanyi’s group has
developed the concepts of “induced” attractive and repulsive energy
release (146:198)

An interesting example of how much still needs to be learned is provided
by the reaction Ba + FH — BaF + H, which is experimentally observed
to release only 12%; of the available energy into product vibration.20%-201)
Yet, from the trajectory results available, the mass combination ¥ + # %
seems to be especially favorable for mixed energy release into product
vibration, even for surfaces which are repulsive in the &/~2 classification.
It seems that a greater variety of possible surface topographies needs to be
systematically explored by the trajectory method. For example, it has been
suggested that the unexpected results for Ba + FH might be due to an
exceptionally narrow entrance valley combined with a highly repulsive
surface so that both mixed and attractive energy release are minimized
even for this mass combination.(202) ‘

As mentioned already, the accuracy of the trajectory method can
be assessed by comparing trajectory calculations to accurate quantum-
mechanical calculations. Some of the best tests are for inelastic nonreactive
collisions. These tests show that the quasiclassical trajectory method is
often accurate when the transition probabilities are large enough. There
are also some tests for vibrational state distributions in reactive col-
lisions.!142:203-210) We will consider first the exothermic reaction H +
Cly(v = 0,1,2) - HCl + Cl. This was studied on a LEPS potential surface
with a 2.5 kcal/mol classical barrier height and 379; attractive energy
release according to the .«7~% scheme.2°6-2°7 The quasiclassical trajectory
and quantum-mechanical calculations of the first moment of the product
vibrational energy are given in Table 5. The product-state distributions
for thermal reactants are given in Table 6. The results show that for ground-
state reactants the quasiclassical final-state distribution is only qualitatively
correct at 300°K but is quantitatively accurate at 1000 K. However. the
first moment is quite accurate even at 300°K. For excited-state reactants
the errors in the first moments are a little larger. Tables 5 and 6 illustrate the
fact that trajectories are more accurate for highly averaged results like
the mean vibrational energy of the products than they are for the detailed
results such as the full vibrational distribution. The better accuracy at
higher temperature is a result both of averaging over a broader distribution
of initial translational energies and of obtaining relatively less contributions
from threshold regions. The individual state-to-state reaction probabilities
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Table 5. Percentage of Available Energy That
Appears as Product Vibrational Energy for the
Thermal Collinear Reaction
H + Cl,(v) - HCl + CI*

. Quantum- Quasiclassical ~ Classical
Method: mechanical trajectory S matrix?
T =300°K
v=0 58¢ 58 58

1 64 65 67
2 66 73 63
T = 1000°K
v=0 57 58 58
1 64 63 65
2 65 68 64
“ Reference 206.

® Without analytic continuation.

€ This quantity is ((Eyp Y/{Ewy) % 100 where {E,,> is the
average final vibrational energy and { £,,,) is the average total
energy. { E,,,> is aiso called the first moment of the final vibra-
tional energy.

Table 6. Thermal Rate Coefficients (in cm
molecule ™! sec™!) for Production of Specific
Vibrational States in the Thermal Collinear
Reaction H + Cl, - HCI + Cl(v'y

. Quantum- Quqsiclassical Classical
Method: mechanical trajectory S matrix®
T = 300K
v=2 74 31 _2

3 575 459 371
4 705 650 444
5 84 56 38
6 2 ‘ 4 1
T = 1000 K
=2 2080 2.260 675
3 9.460 8.820 8.620
4 11,300 - 11.800 10.200
5 6.590 6.190 4,650
6 1980 2,180 1.520

“ Reference 206.
* Without analytic continuation.
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at fixed energy are much less accurate than the averaged results in the two
tables.?%® Attempts to improve on the quasiclassical quantization in
threshold regions by using reverse trajectories quantized in the HCI + CI
channel or by using classical § matrix theory without analytic continuation
do not lead to significant overall improvement in this case. The reaction
probability in the threshold region can, in favorable cases, probably be
calculated much more accurately using complex time paths, analytically
continued classical mechanics, and classical S matrix theory.‘*-3 However,
the computations for real three-dimensional systems are generally imprac-
tically difficult to carry out.

Another good example is the endoergic reaction I + H, - IH + H.
A generalization of the results of many trajectory studies of this and other
reactions is that vibrational excitation energy is more effective than trans-
lational excitation energy in causing endothermic reactions, so much so
in fact that vibrationally excited species may dominate thermal rate
cocfficients.(189:197.198.210-213) Examples are shown in Table 7. Further,
Table 7 shows that quantum-mechanical rate constants for I + H, confirm
this domination by excited states for the surface of Raff et al. But the predic-
tion of which state does dominate the rate constant depends on the dynamical
method.used and on the surface. :

The last example is unfortunately quite typical of many cases where
we wish to use theory to understand the dynamics of atom-molecule

Table 7. Fractional Contribution of Each Initial Vibrational State ¢ to the
Thermal Reaction Rate for the Collinear Reaction I + H,(v) - IH + H*

Potential surface of Raff ez al. Potential surface from rotated Morse curve

Quasiclassical

Quantum- Quasiclassical Quantum-  Quasiclassical trajectory-
mechanical trajectory mechanical trajectory reverse
T = 300
r=0 0.00 0.00 0.31 0.57 0.33
1 0.29 0.78 0.52 0.41 0.63
2 0.71 . 0.22 0.16 0.02 0.04
3 0.00 0.00 0.00 0.00 0.00
T = 1000°K
r=0 0.00 1 0.00 0.39 0.46 0.32
I 0.29 0.55 - 045 0.37 0.62°
2 0.69 0.42 0.14 0.14 0.03
3 0.02 0.02 0.01 003 : 0.02

“Reference 210.
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reactions. There are important uncertainties in the potential surface and
often there is the likely possiblity of quantitative errors in the dynamical

treatment. Thus the methods discussed in this chapter do not at this time

provide a priori predictions of detailed dynamical behavior. The possibility

for a priori prediction will depend greatly on the ability of chemists to
develop methods for constructing potential surfaces of chemical accuracy.

However, lest this appear too pessimistic, we note that much of our qualitative,
understanding of the dynamics of atom-molecule reactions has come from.

classical trajectory studies or from simple models. Without these studies,

experimental results such as angle-velocity distributions and product

vibrational distributions would simply be a collection of empirical data.

Classical models of the dynamics have been very important in interpreting
experimental results and in providing details about the results of a single

collision between an atom and a molecule. Even molecular beam studies -
average over some of this information, and without trajectory studies the

details of the dynamics could not be fully examined. As we have discussed,

these methods are progressing beyond single-surface studies into the com-

plicated realm of multisurface reactions and electronic nonadiabaticity.

Here, too, trajectory studies are becoming significant in elucidating the

details of the dynamics. In the future, trajectory studies will help to guide the

calculation of potential surfaces by showing which surface features most

strongly influence the observable dynamics. Already our qualitative under-

standing of single-surface atom-molecule reactions is growing rapidly

and the classical methods discussed in this chapter are another tool in the

chemical dynamicist's tool box for studying reactions.
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