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Advances in computer technologies have made it possible to extend the numerical investigation of the
detailed structure of reactive properties to several atom-diatom systems. This has allowed a better
understanding of the energy structure of the reaction intermediate and of the role it plays when reaction
occurs.
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1. INTRODUCTION

Both spectroscopy and beam experiments are a means for investigating the proper-
ties of a molecular system by perturbing it. Therefore, several analogies and
complementary information can be singled out from related data. In fact, though
collisions (because of the heaviness of the perturbing means) have interaction times
longer than for spectroscopy and involve a wider range of geometries (including,
quite often, long distance ones) they can still be used as a kind of collisional
spectroscopy to explore the properties of the reaction intermediate. As a matter of
fact, as far as experiments are concerned, examples of investigations of bimolecular
reactions performed using photodissociation techniques1’2 as well as examples of the
exploitation of the structure of reaction intermediates carried out using crossed beam
experiments3’4 can be found in the literature.

Collisional spectroscopy has been an active field of investigation also for theorists.
In fact, though theoretical approaches to the study of collisional spectroscopy are
more complex than those for spectroscopic half reactions, the association of reaction
specificity to reactant and product fragments characteristics as well as the analysis of
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possible fingerprints of the structure of the reaction intermediate on product
properties have been carried out for various systems.
The parameters characterizing collisional spectroscopy may be of scalar or vector

type. Aim of this paper is to discuss some examples of the role that both kinds of
parameters play in revealing the nature of possible reaction intermediates by
discussing some atom-diatom reactions.
The paper is organized as follows. In section (2) basic concepts of the most popular

theoretical approaches to the study of atom-diatom collisions are outlined and the
impact of computer technology evolution on the efficiency of related numerical
procedures is discussed. Examples of links found between scalar and vector collision
parameters and the structure of the reaction intermediate are reported in section (3)
and (4) respectively.

2. CALCULATION OF REACTIVE PROPERTIES ON
NON CONVENTIONAL COMPUTER ARCHITECTURES

Quantum features of reactive collision processes are traditionally investigated using
time independent approaches. These approaches can be divided into two main
families: variational6 and propagative.7 When using propagation techniques a privi-
leged (propagation) coordinate is separated from the others and a close coupling
expansion of the global wavefunction in products of a term depending on the
propagation coordinate and a term depending on all the remaining coordinates is
performed. By averaging over these coordinates one obtains a set of differential
equations in the propagation variable linked by a coupling matrix block-diagonal in
the total angular momentum. The dimension of the coupling matrix depends on the
size of the expansion basis set. For a generic three atom system this is usually so large
to ask for a dimensionality reduction before making feasible extended investigations.
Such a reduction is usually carried out by imposing artificial constraints on the
dynamics of the model. Typical constraints are those leading to the well known
Centrifugal Sudden (CS),8 Energy Sudden (ES)9 and Infinite Order Sudden (IOS)1
approximations all implying the integration of a set of two-dimensional differential
equations. The most drastic approximation, still leading to two dimension differen-
tial equations, is the one assuming the three atoms react along a line.

Variational approaches6 expand the wavefunction using a basis set depending on
all degrees of freedom. This leads to the computational difficulty of evaluating
complicate multidimensional matrix elements and solving even larger systems of
linear algebraic equations. These equations are usually solved by making use of the
Newton,11 Schwinger,12 Kohn13 or Schlessinger14 variational principles.

Sometimes, the quantum nature of the collisional process is sacrificed and a
classical mechanics approach is used for the sake of saving the full dimensionality of
the problem. Classical calculations supply interesting information on the nature of
the reaction intermediate. This is particularly true in the case of periodic orbits15 and
of vector correlation properties. 16
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The evolution of computer architectures has impacted reactive calculations in
different ways. The possibility of addressing large regions of common memory plays
definitely in favour of methods dealing with large matrices as a result of using
extended basis sets. 17 The availability of machines having a clock period of the order
of a few nanoseconds and capable of pipelining vector and matrix manipulations as
well as of chaining different operations has dramatically affected all those
approaches that (such as the variational ones) make use of large expansion basis
sets. This has less affected decoupled approaches that make use of smaller matrices
and are cpu bound.
More recently, the computing speed has been dramatically boosted by the

introduction of parallel architectures. In this case, the architectural advance favours
cpu intensive applications that can be partitioned into computationally independent
segments. As a result, weakly coupled approaches, such as reduced dimensionality
propagative approaches or classical trajectories, are ideal applications to achieve
very high speedups on these machinesTM that can add up several thousand indepen-
dently executing processors.

3. SCALAR PARAMETERS

The familiar scalar parameters of atom-diatom collisions are the internal vibrational
and rotational energy of the target molecule as well as the relative translational
energy of the collision partners. The selectivity of the different kinds of energy in
determining the outcome and the efficiency of a collisional process, has been
investigated in detail using both quantum and quasiclassical calculations.
So far, most of the investigations have been carried out for collinearly dominated

reactions being the influence of translational (E/r) and vibrational (Ev) energy
emphasized in collinear collisions. The most popular prototype of collinearly domin-
ated reactions is the H + H2 system. For this reaction, it has been found that the
behaviour of the reactive probability is characterized by the evolution of the
vibrationally adiabatic curves and their structure in the strong interaction region. 19

A detailed study of the effect of scalar parameters on the reactivity has been
carried out for the light-heavy-heavy H(D,T) + C12 exoergic reactions2 by analy-
zing the shape of the state selected reactive probability (Pv(E)) as well as of the
product vibrational distribution (Pvv,(E)) for a wide range of energies. The state
selected reactive probability increases sharply at threshold to reach a plateau. Then,
it gradually decreases at larger energies. Such a behaviour can be easily reproduced
using small batches of classical trajectories.

Yet, quasiclassical calculations are unable to reproduce the structure of the
product vibrational distribution. In fact, fixed energy P,,,,(E) distributions show a
structure of maxima that depends on the value of the reactant vibrational state v.
Such a v + 1 structure has been modeled by writing the state to state probability as a
product of the state selected reactive probability P(E) and a modulating factor
F,(E). The modulating factor F,,v,(E) can be determined by calculating the
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normalized Franck-Condon factors of reactant-to-product state (v) to state (v’)
transitions occurring at the transition state. By assuming the shape of the reaction
channel to be of a Morse form, the Fvv,(E) factor can be 6xpressed in terms of
integrals involving Laguerre polynomials. The effect of the distortion of the reaction
channel while progressing from reactants to products can be accounted for by a
relative displacement of the reactant and product Morse potentials. The evolution of
Pvv,(E) with both vibrational and translational energy is satisfactorily reproduced by
assuming that the displacement linearly depends on energy.
The validity of this model treatment extends well beyond the ligh-heavy-heavy

exoergic reaction for which it has been first discovered.21 Recently, it has been
successfully applied to the collinearly constrained heavy-heavy-light endoergic
Mg + FH reaction.22 Also for this reaction results of the model calculation agree
with accurate quantum collinear ones once the displacement between reactant and
product Morse potentials is allowed to vary. Obviously, as shown by Figure 1, the
different nature of reactant and product diatomic fragments of the two reactions
leads to a displacement d having an opposite energy dependence.
An extension of these findings to three dimensions is not straightforward. How-

ever, clear relationships between the shape of the reactive probability and the
internal energy structure of the transition state have been found by Truhlar and
coworkers for the H + H2 reaction.23 In this case, the reactivity has been associated
with the cumulative reaction probability that via the density of reactive states can be
determined using adiabatic and variational transition state theories.
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Figure 1 Location of the maxima of the Franck-Condon model distribution for the H + Cla (left hand
side panel) and Mg + FH (right hand side panel) reactions with the reactant molecule in v 3 plotted as
a function of the displacement d. The dotted lines delimit the interval of d leading to an agreement
between accurate and model results.
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4. VECTOR PARAMETERS

In recent years, the investigation of vector parameters in reactive collisions has
become an important tool for the understanding of experimental results obtained
when using polarized light and aligned or oriented molecules. Vector correlation
properties provide interesting information on the influence of the structure of the
reaction intermediate on the reactive dynamics. This is of particular interest for
M + FH (M alkaline earth atoms) reactions24 because the potential energy
has a minimum energy path going through both a saddle to reaction and a deep well
associated with the formation of a stable linear complex originated by an insertion of
the M atom between H and F. Complex reaction paths (C) going through the
formation of an insertion intermediate have product vector properties significantly
differing from those of simple ones (S) as a result of a selective action of the
formation of the reaction intermediate.
As a case study, we have investigated the Mg + HF reaction. The calculations were

carried out by integrating large batches of classical trajectories on a potential energy
surface having a global functional representation given in terms of mixed Bond
Order and internuclear distance variables.25 The fitted surface has a barrier to
reaction located late in the exit channel. The transition state is strongly bent (the
corresponding MgI-I angle is 67 degree) and about 43 kcal/mol higher than the
entrance channel asymptote. Past the saddle, the minimum energy path goes through a
well having a minimum about 26 kcal/mol deeper than the entrance channel asymptote.
The potential energy structure can introduce significant deviations from the

kinematic limiting behaviour associated with the heavy-heavy-light (HHL) mass
combination and alter the relationships between reactant and product vector proper-
ties. This is particularly true when the potential gradient associated with the reaction
path is strong, as is the case of C trajectories.
As a matter of fact, P(k’MgF,H,j’MgF) (for a generic pair of u and v unit vectors, the

quasiclassical estimate of the P(u,v) vector distribution and related Legendre
moments ((Pl(U v)) and (PE(U v) )) can be worked out by boxing vector values
derived from trajectory calculations and updating appropriate statistical indicators)
indicate a clear perpendicular correlation between kgF,i-i and j’MgF vectors.
These distributions appear to be similar to those obtained from the photodissoci-

ation of a stable ABC triatomic molecule26 when the total angular momentum JAnc is
small. Such a similarity implies also that, for the Mg + HF reaction the orientation
and the modulus of the LMgF,H and J’MgF vectors need to be such that the resulting
value of the total angular momentum JAc is small. However, because of the HHL
nature of the mass ratio of this system, the reactive process has built in a propensity to
a quantitative conversion of the reactant orbital angular momentum LMg,FH into the
product rotational angular momentum J’MgF. Therefore, for C collisions (that
preferentially take place at large impact parameters) the total angular momentum of
the reaction intermediate will be small only if the resulting LgF,I-I vector is large and
antiparallel to J’MgF. This is indeed the case of the Mg / HF reaction. In fact, as
shown by the P(i’Mg,FI4, jCMgF) distributions plotted in Figure 2, for C collisions LMgF,H is
largely antiparallel to JgF.
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Figure 2 A typical P(IB,c, jB) distribution for C collisions.

5. CONCLUSIONS

Reactive collisions can be used to exploit the energy structure of reaction intermedi-
ates. To establish relationships between the outcome of a reactive process and the
structure of the potential energy surface in the strong interaction region or the
properties of the intermediate reaction aggregate extended calculations have to be
performed. Fortunately, the recent improvement of computer performances, thanks
to vector and parallel features of the non conventional computer architectures, has
been so dramatic to make possible massive calculations and a detailed computational
analysis of the effect of varying reaction parameters.
As far as scalar properties are concerned, we have examined the effect of varying

the partitioning of reactant energy between translation and vibration. The depend-
ence of the product vibrational distribution from reactant vibrational energy was
found to be satisfactorily modeled in terms of a Franck-Condon transition between
displaced diatomic potentials at an intermediate transition point. As an application
of the model, both light heavy heavy exoergic reactions and heavy heavy light
endoergic reactions have been considered. The dependence of the structure of the
product vibrational distribution from the translational energy is accounted for by a
variation of the relative displacement of the two diatomic potentials. As expected,
the variation of the displacement has opposite directions for the two classes of
reactions considered.
As far as vector properties are concerned, in this paper we have investigated the

case of perpendicular alignment between product velocity and rotational angular
momentum. This correlation is typical of photodissociation processes occurring at
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small values of the total angular momentum. For the Mg + HF reaction, it has been
found that the same kind of alignment occurs for the fraction of reactive events
experiencing the insertion well located just past the transition state: C trajectories
form a slowly rotating intermediate complex. This results from the balancing
between the product rotational angular momentum and the orbital angular
momentum having the same direction and modulus but opposite versus.
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