
I. PROGRAM SCOPE

In the 20 years over which this grant, with renewals, has supported research in theo-
retical chemical dynammics, we have presented a number of different theoretical advances,
computational methods and applications.

Overall the combustion research program at DOE has made remarkable advances over
this time period in understanding the science underlying combustion processes as well as
understanding the design of and making accurate theoretical predictions of the behavior
of real combustion systems. I believe the DOE program has been seminal in many of the
advances made in other laboratories as well as in improved design and construction of real
engines. We hope our work has contributed to this remarkable achievement.

The aims of the research under this grant were to develop a theoretical understanding
and predictive abiility for a variety of processes occurring in the gas phase. These included
bimolecular chemical exchange reactions, photodissociation, predissociation resonances, uni-
molecular reactions and recombination reactions. In general we assumed a knowledge, from
quantum chemistry, of the interactions of the atoms and molecular fragments involved. Our
focus was primarily on the accurate (quantum) dynamics of small molecular systems. This
has been important for many reactions related to combustion and atmospheric chemistry
involving light atom transfer reactions and, for example, resonances in dissociation and
recombination reactions.

The rates of such reactions, as functions of temperature, internal states, and radiation
(light), are fundamental for generating models of overall combustion processes.

A major impediment to extension of these techniques to large or heavier molecular sys-
tems is the poor scaling of quantum methods with number of atoms treated accurately
quantum mechanically and with the number of vibrational basis functions per degree of
freedom. The scaling for straightforward quantum solutions is between n3d and nd where d
= 3N -6, N is the number of atoms, and ”n” the number of points or basis functions required
to describe the motions in each dimension accurately – perhaps 10 to 100. For heavier atoms
(e.g. O atoms in ozone) as many as 250 per degree of freedom are required.

We have focussed on developing substantially improved approaches and applying them
to larger systems of interest. The techniques developed and used are primarily quantum
mechanical (sometimes combined with classical mechanics) which has permitted us to fo-
cus on the effects of the internal states of reactants on reactions, and the internal state
distributions, isotopic ratios, and branching ratios for products.

II. ACCOMPLISHMENTS

A major goal of the research under this program has been to simplify the theoretical
evaluation of chemical reaction rate information, whether that information is at the level
of state-to-state reaction probabilities, cumulative reaction probabilities, or thermal rate
constants. In the past two decades great progress has been made toward these goals both
by our group and others. With respect to exact quantum methods for calculating dynamical
information, there have been a number of developments including:

• better representations such as the Discrete Variable Representation (DVR)[1, 2] and
energy selected bases (ESB)[3, 31–33]

• sequential diagonalization/truncation methods[2, 7, 8] for eigenvalues and eigenfunc-
tions,

• symmetry adapted iterative methods[9, 31]

• development of square integrable (L2) approaches to quantum scattering[10–13, 15],



• correlation function formulations of the rate constants and cumulative reaction
probabilities[15, 16] and efficient implementation via thermal flux eigenvectors[1], and
transition state wave packets (TSWP)[18–21],

• improved time dependent approaches to quantum scattering[22–24],

• use of optical potentials[25], etc.

We used such methods for the direct quantum evaluation of thermal rate constants for
the hydrogen isotopic exchange reactions[4, 5, 7], and later incorporated optical potentials
into the calculation[8]. Two somewhat different approaches to the reactive scattering S-
matrix were developed; the a generalized Kohn variational method (probably not particularly
useful)[11]; and a simple method of evaluation via pointwise projection using the finite range
scattering wavefunction (FRSW) method[31] and/or the artificial boundary inhomogeneity
(ABI) method[13, 15, 31].

We have also utilized these methods for collaborative projects on photodissociation with
Lester’s group[13, 32] and the Butler group[14]. Since using the FRSW method it is very easy
to evaluate the S-matrix at many energies, it is an excellent method to look at resonance
energies, widths, and partial widths in rotational predissociation as well as at branching
ratios. The ABI method has been applied to the 3-D calculation of resonances (from the
lifetime matrix) for HCO (J=0, 1, and 3)[35].

Initial state selected cumulative reaction probabilities[17] and state-to-state reaction
probabilities have been calculated via time evolution of initial state selected wave pack-
ets (ISSWP)[37] for the H + H2O[19] reaction as well as for the H + HOD reaction[21],

Other very successful projects have been:

• the quantum transition state (TSWP) method[18] for evaluation of the cumulative
reaction probabilities, N(E), or state selected cumulative reaction probabilities, Ni(E),

• a quantum transition state theory (QTST) for larger systems in which only one (or a
few) transition state wavepackets need be propagated[24].

• a mixed quantum/classical calculation of the collision induced dissociation of HCO
(J=0) in collisions with Ar (see below)

A. TSWP Approach:

Since Miller et al.[15, 16] provided convenient exact quantum operator formulations of
the cumulative reaction probability N(E) and thermal rate constants k(T) some years ago,
there have been numerous applications and numerous reformulations primarily with the aim
of determining the ”ideal” algorithm to extract the most kinetic information with the least
work in the most pleasing conceptual fashion. We[18, 19] found a simple but important
reformulation of N(E) which is conceptually pleasing and computationally highly advanta-
geous.

As noted in earlier reports and in publications, the TSWP approach is highly advanta-
geous for the exact quantum calculation of cumulative reaction probabilities (and thus rate
constants) for reactions of small systems with activation energies. The advantages are that
only one time propagation is required for each transition state of interest (i.e. all energies
are included in the single calculation), and the propagation may be carried out in a single
coordinate system, reactant or product Jacobi coordinates, or transition state normal coor-
dinates (with care[20]). Other advantages of this formulation are that one may choose the
first dividing surface, the transition state surface to have the least density of states, thus
minimizing the number of transition state wave packets (TSWP) required. The remaining



flux surface may be the same, minimizing the time evolution requirements, or may be in
the reactant or product region, yielding (after projection) the initial (final) state selected
N(E)’s.

The TSWP approach has been successfully applied to the four atom reactive system H2

+ OH <—> H + HOH in the full six dimensions to determine N(E) and Ni(E)[20] and
mode specificity in the isotopic reaction of H with HOD[21]. Most recently we have used
these methods to determine the rate constants for H2 + CN[22] (from N(E) for J = 0 only)
and for H2 + OH[40] (from all J using the CS approximati on.)

B. Unimolecular Reactions and recombination: Collisions of Ar with HCO

In the Lindemann-Hinschelwood mechanism of unimolecular reactions, the reacting
molecule is collisionally excited to a state above the dissociation energy. Then there is
a competition between the time to dissociation and the time for a collision which de-excites
the molecule. Typically a strong collision approximation is used, in which it is assumed that
all collisions will de-excite the molecule below the dissociation threshold. This assumption
is also built into such modern approaches to unimolecular rate theory as those of Miller
et al.[41] We have now tested this assumption for collisions of Ar with HCO excited to
resonance states above the dissociation limit.[23]

In this system we prepare HCO (theoretically) in each of the vibrational states, includ-
ing the long lived resonance states and allow it to collide with an Ar atom in a quan-
tum/classical TDSCF calculation with the Ar moving classically. The final state of the
3-D HCO wavepacket is analysed at the end of the collision into bound states, resonance
states (either initial or different), and dissociation. Monte Carlo averaging of the Ar col-
lision trajectories yields the matrix of state-to-state vibrational transition rates, including
resonance states. The results demonstrate several interesting facts; the dissociation proceeds
almost entirely via the long lived resonance states since the transition probabilities directly
to scattering states are very small and the vibrational transition probabilities themselves are
relatively small, including resonance states. We also found that the transition probabilities
could be fit very well to the venerable Landau-Teller form of the velocity dependence.

With these results in hand, the master equation was solved for the equilibrium populations
and rate of dissociation for given Ar pressures and temperatures. Good agreement with
experiment was obtained at high temperatures This approach yielded the first a priori
comparison of full collision dynamics with for unimolecular rate theory with experiment.

C. Efficient representations and solutions:

More recently we have attacked larger problems where the direct product DVR repre-
sentations (DPDVR) become too large to be effective and/or where eigenvectors as well as
eigenvalues are desired. In general these focussed on choosing contracted representations
which can represent desired solutions in up to a specified energy. Such representations
must be tailored to the potential energy surfaces. The energy selected bases, determined
by lower dimensional marginal potentials provide one excellent approach[3, 31–33]. A re-
lated approach is the phase space optimization choice of bases[29]. Varients of these are in
widespread use

D. Bound States of Ozone

The very highly excited vibrational levels of ozone are of interest for photodissociation and
recombination particularly in the atmosphere. In addition the highly excited vibrations and



resonance states of ozone for the (16O)3 and (16O2
18O) isotopomers are probably responsible

for the observed ”isotopic anomaly” of atmospheric ozone in which the isotopic ratios are
not in the expected chemical equilibrium.

In the ozone calculation we determined all the bound states, including the long range
van der Waals states, of 48O3 and 50O3[34]. The accurate PES of Babikov[45] was used.
This calculation resolved a discrepancy between the calculations of Grebenshchikov et al.
and Babikov, J. Chem. Phys 119, 6512 and 6564 (2003) respectively. Since the high lying
vdW states are likely to be strongly involved in the anomalous isotope effect in the ozone
recombination process, resolution of the discrepancy was important. Our results agreed
extremely well with a a subset of the results (corresponding to the proper A2 vibrational
symmetry) of Greabenschikov (within about 0.04 cm−1)[33].

III. RECENT WORK: OZONE AND H+
3 + H2

Both the low temperature (stratospheric) recombination of O + )2 to ozone and the low
energy reactions of H+

3 and H2 proceed via complexes which have deep attractive wells.
In such cases quantum effects may be important, via resonances, tunneling, and nuclear
symmetry effects. The understanding of the ortho-para exchange processes and rotational
relaxation in the low energy isotopic H+

5 collision system is important for interstellar chem-
istry. The origin of the anomalous isotope effect in the formation of atmospheric ozone has
stimulated much research. We have done two studies of relevance[34], one of which is not
yet published.

A. H+
3 + H2 reaction:[35]

The low energy H+
3 + H2 ion-molecule reaction is one of the only relaxation mechanisms

for ortho-para exchange in interstellar space, both for the H2 and for the H+
3 .. We have just

completed the statistical theory calculations using both the isotropic average interaction
potential and the anisotropic interaction potentials which depend explicitly on the rotational
quantum state of the H2. At high energy or temperature where many rotational states
are occupied the statistical theory is straightforward and has been done by Quack[47] and
Oka[48]. However, at low temperatures characteristic of some interstellar molecular clouds
the branching ratios for spin exchange reactions may differ substantially from the purely
statistical predictions due to the sparsity of open rotational levels.

We have calculated the cumulative reaction probabilities using a relatively simple (average
isotropic potential) statistical theory approach (Ref [49, 50]. We have also included the long
range effects of the anisotropic interactions dependent on the rotational state of the H2[51].
In each case we considered both the full ”scrambling” of the five nucleii in the complex
and the ”restricted” case in which the H2 bond is retained in the complex. The branching
ratios for specific state-to-state reactions show very strong energy dependence at low collision
energies (below about 300 cm−1.)

This five nucleus system is difficult because of the nuclear symmetry and large quantum
effects but is fascinating for the same reasons. The H+

5 system has been published (see
list of publications), but the work on generalized theory of spin exchange reactions will be
submitted shortly, and the work on the HnD+

5−n sysstems is being completed and written
up.



B. Vibrational resonances in ozone:

Ozone recombination in the atmosphere occurs by O + O2 collisions to form a metastable
resonance state followed by collision with an atmospheric molecule to de-excite the system
to a stable O3 molecule. The apparent kinetic preference (over and above thermodynamic
equilibrium) for 18O enhanced ozone[52, 53] presumably is a result of selective enhancement
by resonances.

We are continuing calculations on the ozone system in two stages, first to determine the
resonance states of the 48-ozone isotopic species and then for the 50-ozone isotopic species
which might participate in the three body association process. These will provide data for
a calculation of the thermal collisional relaxation rates for the isotopic species.

This requires determining not only the eigenvalues of ozone but the wave functions of the
stable states and lifetimes and eigenfunctions of metastable and scattering states. We used
hyperspherical coordinates to permit easy symmetrization and ”stretched” sinc DVR’s for
the hyperspherical radius permitting a dense grid at small ρ and a larger grid at large values
where the asymptotic processes occur. We also use an efficient energy selected basis based
on minimum marginal potentials[3, 33]. We have solved the L2 problem for both bound and
(discrete) unbound states by iterative methods. Scattering wave functions and resonance
lifetimes have been determined using the ”artificial boundary inhomogenity” method[31, 35].
This work on 48-ozone is being readied for publication
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