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Abstract The detailed quantum probabilities of the
O + O, reactive system have been computed at zero total
angular momentum using the time-independent quantum
program ABC thanks to the restructuring of the code and
its implementation on the EGEE production Grid. Their
main features are discussed and out of them J-shifting
thermal rate coefficients have been computed to compare
with the experiment and quasiclassical trajectory results
over a wide range of temperatures.
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1 Introduction

The calculation of reactive properties of the O + O, system
is important on the theoretical side to understand the role
played by insertion and abstraction processes in enhancing
and/or suppressing reactivity and on the experimental side
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to control the reaction chains involved in combustion.
As to the theoretical aspects, a large amount of literature
has been recently devoted to the analysis of the distinctive
features of different reactive mechanisms [1-3]. As to
combustion applications, quasiclassical trajectories have
been run to evaluate vibrational deexcitation and thermal
rate coefficients for the exchange reaction and dissociation
rates [4-8].

However, due to the complexity of the electronic
structure of the oxygen atom oxygen molecule system and
to its heaviness, very little work has been reported in the
literature on the calculation of the thermal rate coefficient,
that is, instead, the experimental data to compare with [9].
For this purpose, we ran (as we did also in the past for a
comparison with approximate quantum methods [6]), the
quasiclassical trajectory (QCT) ABCTraj program [10].
For the same reason, we ran also the quantum time inde-
pendent ABC program [11]. This allowed us to calculate
the zero total angular momentum reactive probabilities and
work out the value of the thermal rate coefficient using a
J-shifting model. The calculations were performed on the
production computing Grid segment of EGEE [12] made
available to the Virtual Organization (VO) COMPCHEM
[13], using the potential energy surface of [5].

Accordingly, the paper is organized as follows: in
Sect. 2 the potential energy surface is described, with
particular attention to its relaxed representation on proper
sets of coordinates. In Sect. 3, the quasiclassical and
quantum treatments are outlined with specific reference to
their implementation on the production European Grid
infrastructure. In Sect. 4, computed quantum detailed
probabilities are discussed and the thermally averaged rate
coefficients evaluated out of them are compared with val-
ues obtained from the experiment and QCT calculations.
Conclusions are drawn in Sect. 5.
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2 The potential energy surface
2.1 The DMBE potential

The single valued potential energy V used for the calcu-
lations is formulated as a semiempirical double many body
expansion (DMBE) [14, 15] having the general form

3 3
2 3 2

In the DMBE formulation, both the two—(V(z)) and the three-
(V) body components of the interaction are partitioned into
an extended Hartree—Fock (V,(i'l'{)F7 including the non-
dynamical correlation of the valence electrons in open shells
or nearly degenerate orbitals) and a dynamical correlation
(V") term (arising from the dynamical correlation of the
electrons). Ab initio SCF potential energy values (or a
function parametrized to available spectroscopic data) are
used to represent VSQF while vc(;}r)r is obtained semiempiri-
cally, by an interpolation from dispersion energy coefficients
of the various asymptotic channels of the potential surface. A
complete description of the DMBE functional form used for
the Oz PES is given in [5].

The key features of an atom diatom reactive PES can be
illustrated using the so called “relaxed” isoenergetic con-
tour plots [16]. In the relaxed plots of V for three atom (A,
B and C) systems two coordinates are taken as the inde-
pendent variables of the graph and the third one is varied
(relaxed) to reach a minimum of the potential. In [5] for the
A =B =C = O system use was made of the reduced
symmetry (RS) coordinates 05 and Q; defined as

% §2/83 « 2S1 — 85 — 53
Qz = L Q3 ==

V2 V6
where s; = ri/ 23:1 rj (With ry = rap, 12 = rgc, 3 = rac)
and the relaxed variable is the perimeter p of the molecular
triangle [17].

(2)

2.2 The perimeter relaxed plots

The resulting perimeter relaxed plot (hereinafter called
p-relaxed RS plot) of the isoenergetic contours of the O
+ O, DMBE PES shown in Fig. la is constructed by
varying the perimeter from 1 to 30 bohr. The associated
values of the relaxed perimeter are plotted in Fig. 1b. As
shown by Fig. 1b, the relaxed geometry is associated
with large perimeters at the three corners of the triangle
(implying that the more asymptotic arrangements are
preferred as confirmed by the associated V values plotted
in Fig. la). By moving inwards or along the sides,
arrangements with smaller perimeter values are preferred
(implying that the more tightly bound arrangements are
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Fig. 1 a p-relaxed RS plot of the isoenergetic contours of the O3
DMBE PES. Energy contour values are given in eV. Zero energy is

taken as the O 4+ O, asymptote. b contours of the values of the
relaxed perimeter (bohr)

preferred). From an inspection of Fig. la one can figure
out possible minimum energy paths (MEPs) connecting
reactants to products in going from collinear (sides of
the triangle) to perpendicular (center of the triangle)
atom-diatom approaches. Particularly well illustrated are
the MEPs connecting the three equivalent minima
associated with the C,, equilibrium Oj structures (sep-
arated from each other by a rotation of 120°) and the
ones connecting them to the minimum at 0,=05,=0
associated with an equilateral Ds;, Oz geometry. The
exchange reaction path going through a C,, minimum,
though not well resolved in the plot, shows to require no
activation energy while the C,, to Dj;, isomerization
requires dissociation. The associated perimeter contours
tell us that the triangle formed by the three oxygen
atoms becomes increasingly more compact when
approaching geometries typical of half the reaction and
that its size becomes minimum at geometries away from
collinearity.



Theor Chem Acc (2009) 123:249-256

251

2.3 The HYBO relaxed plots

As seen above, a close inspection of the p-relaxed RS plots
singles out their little suitability to describe reactive events.
This is due to the fact that they do not render in a simple
intuitive way most of the features of the various paths
leading from the reactant to the product asymptote. On the
contrary, a reaction oriented picture of the PES is the one
making use of the hyperspherical bond order (HYBO)
coordinates [18, 19]. The bond order (BO) variables are
defined as n; = exp[f(rieq — ;)] With i = AB, BC, CA. For
the A + BC (v,j) — AB (V') + C process (vj is the
reactant vibrotational state, v/j’ is the product vibrotational
state), the HYBO coordinates obtainable out of the BO
variables are defined as

n
p=\/ngc+nipg o= arctan% (3)

and the approaching angle ® is ABC. The HYBO coordi-
nates are better suited for a description of the reactive
process. p has in fact a clear stretching nature (one has to
bear in mind here that the BO space is inverted with respect
to the physical one because n = 0 corresponds to an infi-
nite internuclear distance and n = exp[fireq| corresponds to
a zero internuclear distance) and « has the clear nature of a
reaction coordinate smoothly connecting the reactant
arrangement (o = 90°) to the product one (x = 0°).

These features make the HYBO coordinates appealing
for use in dynamics calculations. In fact, despite the higher
complexity of the Hamiltonians written using non-orthog-
onal coordinates [20], bond length coordinates have been
succesfully used for scattering calculations for the proto-
type collinear system H + H, [21].

A relaxed representation based on HYBO coordinates is
discussed in detail in the forth-coming paper “Microscopic
branching processes: the O + O, reaction and its relaxed
variable representations” submitted for publication to the
International Journal of Quantum Chemistry. This repre-
sentation makes use of ® and 5 (with n = n/4—a) as
independent variables while relaxing v = 1—p (v can be
considered as a generalized reduced symmetry variable
gradually evolving from the reactant to the product vibra-
tional coordinate). This type of representation (hereinafter
called v-relaxed HYBO plot) is clearly tailored to suit a
single process (the A + BC — AB + C one in our case) for
which ® varies from 180° (collinear attack of A to B on the
side of B) to 360° or 0° (collinear attack of A to B on the
side of C).

2.4 The analysis of the O + O, reactive paths

The v-relaxed HYBO plots for the O 4 O, system obtained
using the values of the BO variables (f = 1.7407a, l Teq =

2.2818ayp) of [18], are shown in Fig. 2 (upper panel for
isoenergetic contours, lower panel for relaxed v values
contours). In the plot, one can easily see that the most
favoured angle for reactive attacks is about 135°, in which,
however, at half the way to products O; tends to form a
stable isosceles (®~~120°) triangle (see also the lower
panel of Fig. 2 by bearing in mind that v = 0 corresponds
to diatomic distances (at least one) near equilibrium and
that as v goes to 1 the internuclear distances tend to
infinity). Along this path as the O atom approaches the
target molecule, O, stretches (the relaxed value of v does
not become enough negative) without giving rise to a
potential energy barrier. As apparent from the figure, apart
from a mild distortion of the triangular shape (a slight
decrease of ®), this path represents the most straightfor-
ward way of getting reaction. The figure shows also a
second reactive path that leads to a slightly more energetic
intermediate. This intermediate is equilateral and about
0.5 eV less stable than the isosceles one. A feature of this
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Fig. 2 Upper panel v-relaxed HYBO plot of the isoenergetic
contours of the O; DMBE PES. Energy contour values are given in
eV. Zero energy is taken as the O + O, asymptote. Lower panel
contours of the values of the relaxed v
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path is the double barrier structure sandwiching the well.
The collinear MEP is instead highly repulsive at both
® = 180° and ® = 0° or 360°. The v-relaxed HYBO plot
singles out also two wells at both the top and the bottom
corners. These wells are associated with the forming of a
stable isosceles complex when A attacks an atom of BC
diatom from the opposite extreme (®~30°). The contour
plot of the relaxed v values shows also that the attacking A
atom can easily move around (relaxed v values gradually
become lower than () to allow isomerization to the
®~120°C,, complex.

3 The computational machinery
3.1 The Grid parameter study

There are different ways of carrying out the dynamical
evaluation of a thermal rate coefficient. In the following,
we shall consider only the classical and the quantum
methods by focusing on their features relevant to the code
gridification.

As already mentioned, in fact, the present study was
made possible by an intensive exploitation of the Grid, that
is the modern paradigm of high throughput computing. A
general scheme for the concurrent reorganization of the
related computer programs on the Grid is the following: a
distribution procedure iterates over different “events”
(which are in our case made of a recursive integration of
some differential equations starting from a set of given
initial conditions like initial quantum states or energies).
Accordingly, the computation is articulated as a coarse
grained uncoupled loop that is usually called “parameter
sweep”. To this end, a procedure able to handle large sets
of jobs was developed. Each job execution requires the
sending to the Grid of an execution script, of a specific
input file and of the scattering programs. The execution
script is the same for all jobs while the input file is different
for each job. In order to better cope with the heterogeneous
nature of both the computing hardware and software
(compilers, libraries, submission systems, etc.) of the Grid,
executable programs rather than source ones were dis-
tributed over the net. In fact, despite the fact that the time
required for sending the source code is considerably
shorter than that required for sending its executable ver-
sion (this procedure is more selective in terms of the type
of machine to adopt) this approach exploits the fact that
there is no need for identifying the compiler of each
machine, selecting the optimal options for compilation,
compiling the code and verifying that all runs give exactly
the same results as the ones obtained on the original
machine.

@ Springer

3.2 The quasiclassical dynamics distributed tasks

In QCT studies the distributed computational tasks are
those integrating blocks of fixed translational energy (E)
trajectories starting from a fixed vj value characterizing
the vibrotational state of the reactants (all the other initial
conditions are selected pseudo randomly). The state (vj)
to state (V/j) reactive probability P,;,(Ey) is then cal-
culated as the fraction Ny;y(Ey)/Nyj(Ey) of trajectories
ending with a final product vibrotational energy associa-
ble (even if approximately) to the V/j’ state of the products
out of the ensemble ij(Etr) of all the trajectories starting
from the chosen vj initial state. In our study, use was
made of the already mentioned ABCTraj library program
[10].

3.3 The quantum dynamics distributed tasks

In the quantum study, as already mentioned, use was made
of the program ABC [11]. ABC is based on a time inde-
pendent hyperspherical coordinate method that integrates
the atom-diatom Schrodinger equation for a reaction
occurring on a single PES within a Born—Oppenheimer
scheme for all the reactant states of a given total energy
E. In the quantum distibuted computational tasks, the
total energy is the parametric variable employed for
gridification.

In the approach adopted by ABC (based on the for-
malism illustrated in [22]), at each E value the nuclei
wavefunction i is expanded in terms of the hyperspherical
arrangement channel (7) basis functions BJY, ;. The
number of basis functions has to be sufficiently large to
include all the channels open at the maximum internal
energy (emax). These functions are labeled after J (the
total angular momentum quantum number, called jtot), M
and K, (the space- and body-fixed projections of the total
angular momentum J), v, and j, (the T asymptotic vibra-
tional and rotational quantum numbers, with jmax being
the maximum value of j considered in any channel), and
depend on both the three Euler angles and the internal
Delves hyperspherical angles. In order to carry out the
fixed E propagation of the solution from small to asymp-
totic values of hyperradius p (not to be confused with the p
of the HYBO coordinates since p is now defined as
p = (R?* + )2, with R, and R, being the Jacobi vectors
forming the angle ®, and R, and r, being the related
moduli) we need to integrate the equations

d’g(p)
dp?

=0 'Ug(p). (4)

In Eq. 4 g (p) is the matrix of the coefficients of the
expansion of {, O is the overlap matrix defined as
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Table 1 Input parameters of ABC

jtot 0 Total angular momentum

jpar -1 Diatomic parity

emax 2.5eV Maximum internal energy in any channel
jmax 125 Maximum rot. quantum number in any channel
rmax 12.0 ao Maximum hyperradius

mtr 150 Number of propagation sectors

dnrg  0.0005 eV Energy step

OLE = (B, 1B, )

and U is the coupling matrix defined as

'K 2# — 1
ULt = <B’M (H—E) Bk ) (6)

wej Kz [12927.€ ?

_ 17

with p being the reduced mass of the system and H the set
of terms of the Hamiltonian operator not containing
derivatives with respect to p. In ABC, the integration of
Eq. 4 is performed by segmenting the p interval into mtr p
sectors inside each and through which the solution matrix
is propagated from the p origin to its asymptotic value
where the S matrix is determined [23]. The quantum P
scattering probability matrix (whose elements are the
square moduli of the state to state S matrix elements
according to the relationship P,y (E) = |S,;. (E)|) are
then calculated for an arbitrarily fine grid of total energy
values (Table 1).

3.4 The spin symmetrised probabilities

Strictly speaking, if A, B and C are indistinguishable
atoms, the above mentioned scattering probability matrix P
does not satisfy the Pauli principle since the wavefunction
is not appropriately symmetrised. For the case
A =B =C = "0 (I = 0) the nuclear spin symmetry is
A; in the S5 permutation group (A; has to be the overall
symmetry as well because nuclei are bosons). Therefore,
all the six permutations of the original wavefunction have
to be added and normalised in order to obtain the A,
symmetry of related properties including the state to state
dynamical information. In doing so, one has

Pi = Pel +4Pex + 4Re( :lsex)7 (7)

rather than
Pd:Pel"l‘zPex, (8)

where the subindices i and d mean, respectively, indistin-
guishable and distinguishable atoms and the subindices el
and ex mean elastic and exchange. This means that the
exchange contribution is double weighed (i.e. there is a
probability transfer from even product rotational states to
odd ones, because the former are not considered in an

indistinguishable atoms calculation) and an extra term
taking care of the interference between elastic and
exchange processes needs to be included.

4 Probabilities and rate coefficients
4.1 The effect of spin symmetrization

Fully symmetrised probabilities calculated for the rovi-
brational ground v = 0, j = 1 reactant state to the v/ = 0,
J' =1 product state using Eq. 7 are given in the upper
panel of Fig. 3 plotted as a solid line where they are also
compared with the values obtained for distinguishable
atoms (Eq. 8) and plotted as a dashed line. Figure 3
confirms that there is a strong interference effect.
However, when considering the v=0,j=1—-v=0
state-to-rotationally averaged state (summed over all ;')
probabilities (see the central panel of Fig. 3) the inter-
ference effect is hardly appreciable. A more quantitative
comparison of the importance of this effect in the i and d
cases is given in the lower panel of Fig. 3, where the plot
of the ratio |P; — Pq|/(P; + Pq) is given. The figure shows
that while for the state to state case (solid line) the ratio is
large at all values of energy this is not true for the product
rotation averaged case (dashed line), where it rarely
exceeds 0.1. For this reason, when performing extended
calculations, the spin statistics correction was not
considered.

4.2 The effect of collision energy

To put on a more quantitative foot the qualitative argu-
ments brought forward in Sect. 2 when inspecting relaxed
representations of the potential energy surface, we inves-
tigated the effect on the reaction probability of both
vibrationally and rotationally exciting the reactant mole-
cule. State specific probabilities (excitation functions) for
v=0,j=1 (solid line), v =1, j = 1 (dashed line), and
v = 0,j = 29 (dashed dotted line) are plotted in Fig. 4 as a
function of the translational energy (rather than total
energy in order to better single out threshold effects). As
apparent from the figure, at v = 0, = 1 the excitation
function rises sharply already at zero translational energy
as typical of processes with no barrier to reaction. Figure 4
shows also that this high reactivity effect dies off fairly
rapidly when collision energy increases (along a no-barrier
MEP the process becomes too fast already at fairly low
collision energy to allow a significant energy transfer from
reactants to products). At higher translational energies,
instead, another more slowly rising with energy contribu-
tion to the excitation function typical of reaction paths
having a barrier comes into play.

@ Springer
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Fig.3 J =0 state (v =0,j=1) to state (V. =0, j/ =1, upper
panel) and to rotationally averaged state (V' = 0, all j, central panel)
reaction probability plotted as a function of total energy (energy
spacing 0.0005 eV) calculated using basis functions with asymptotic
maximum internal energy 2.5 eV. In the lower panel the interference
effect—formulated as |P; — Pq|/(P; + P4) with i and d labeling the
indistinguishable and distinguishable particles case, respectively—is
shown
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Fig. 4 State specific reaction probability plotted as a function of
translational energy (energy spacing 0.0125 eV) calculated using
basis functions with an asymptotic maximum internal energy of
3.5eV. Solid line v=0, j=1 (E,; = 0.09786 eV); dashed line
v=1,j=1(E,;=0.29026 eV); dashed dotted line v =0, j = 29
(E,; = 0.25219 eV)

4.3 The effect of internal energy

When increasing the vibrational excitation of the reactant
molecule from v = 0 to v = 1 (while keeping the rotational
state unchanged) the sharp rise to a maximum at zero
translational energy followed by a substantial decrease to a
minimum of the excitation function remains substantially
unaltered. On the contrary, the slowly increasing tail
becomes about 0.1 larger. At the same time, a rotational
excitation of the reactant O, to j = 29 (that is comparable in
energy with the vibrational excitation to v = 1) alters sig-
nificantly the shape of the excitation function. In the state
(v = 0, j = 29) specific probability plot, in fact, the sharp
increase at zero translational energy disappears (a kind of
residual footprint of this structure survives as a broad bump
around 0.4 eV) while the overall shape becomes more
typical of reactive processes occurring through the over-
taking of a barrier. This supports the already made
association of the missing threshold effect for the low j
value excitation functions with a barrierless MEP and the
interpretation of the high energy increase of the probability
in terms of the opening of a different reaction channel going
through the surmounting of a barrier as indicated by the
inspection of the relaxed HYBO plots in Sect. 2.

4.4 The thermal rate coefficients

The thermal rate coefficient can be calculated from the
cumulative reaction probabilities [CRPs or N(E)]. N(E) is
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obtained from a summation of the detailed state to state
reaction probabilities N(E) =375 >, > Pyjvy(E)
that applies to both quantum and quasiclassical (once a
conversion from E;. to E is made) probabilities. Then the
thermal rate coefficient can be evaluated using the
expression

oo

/ e E/RTN(E)dE, (9)
0

1
0= hor
where & is the Planck’s constant, kg is the Boltzmann
constant, and Qg is the reactant (atom diatom) partition
function (translational, rotational, and vibrational) at
temperature 7 per unit volume. However, while converged
QCT calculations are nowadays easily doable, the exact
quantum evaluation of the CRPs is still computationally very
expensive and difficult to carry out even on the computing
Grid, due to the increasingly larger number of states to be
included in the expansion of the wavefunction as J increases.
To overcome this limitation, usually the quantum N(E)
is expressed in terms of the J = 0 one (szo(E)) using a
J-shifting approximation [24]

N(E) = i(zj + 1)N=%E — AE’X), (10)
J=0

where

AE"™® = BJ(J + 1) + (A — B)K? (11)

and B = (B+ C)/2, with A, B and C being the rotational
constants of the transition state (for the sake of simplicity
the geometry of the system at the transition state is
assumed to be a symmetric top one).

Since the MEP of the O + O, DMBE PES has no bar-
rier to reaction, the point associated with the top of the
J-dependent centrifugal barrier was taken as the transition
state of the reactive process [25]. To the end of determining
this point, we first calculated the minimum energy path
along the atom diatom Jacobi coordinate R,. Then we
added the centrifugal term 7%/ (J + 1)/(2uR?) and located
the first maximum of the curve when moving inwards from
the asymptote. At this point for each value of J a triple of
A, B and C rotational constants was then calculated for use
in Eq. 11.

4.5 A comparison with the experiment

Calculated quantum values of the thermal O + O, rate
coefficient are plotted in Fig. 5 as a function of temperature
in the interval ranging from 7 = 300 to T = 2000 K. The
results show a nice single exponential behaviour in the
range of temperature considered which corresponds to a
linear dependence of logk(T) on 1/T. In the same figure
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Fig. 5 Quantum J-shifting thermal rate coefficients for the O + O,
exchange reaction compared to QCT [5, 6] and experimental values
[9]

experimental values [9] and QCT results of [5] and [6] are
also shown. All theoretical predictions fall within the error
bars of the experiment for which a measure taken at about
300 K [9] is also shown. Quantum results confirm that the
low temperature minimum found by Varandas and Pais [5]
when calculating k(7) is not realistic and might have been
caused by an insufficient statistics of the trajectory
ensemble used for the calculations. They also confirm that
QCT results (whose error bar is +0.2 x 10712 cm?® s7!
molecule™ ') are in substantial agreement with the J-shift-
ing quantum ones, which are however still model
dependent. In fact while the larger QCT reactivity at low
temperature can be attributed to a zero point energy effect
(the absence of a barrier makes all the available energy
disposable for reaction), the larger quantum J-shifting
reactivity at higher temperature can be attributed (as it has
been found elsewhere [26, 27]) to the missing gradual
distortion of the reactivity (as energy increases) in the
J-shifting model.

5 Conclusions

The possibility of carrying out extended calculations on the
segment of the EGEE Grid available to the COMPCHEM
VO has allowed us to base the evaluation of the reactive
rate coefficients of the fairly heavy O + O, system on the
exact integration of the J = 0 quantum reactive scattering
equations. In this way, it was possible to compare calcu-
lated thermal rate coefficients with the experiment. It was
also possible to carry out tests for investigating the effect of
enforcing spin symmetrization on the estimated values of
the probabilities. A rationalization of the results obtained
has also been attempted. In particular, excitation functions
calculated at different partitioning of the internal energy
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were analyzed in terms of different reaction paths singled
out in plots of the interaction drawn using unconventional
contour maps. The key result of the investigation was the
evidence for a competition between two alternative reac-
tion paths leading to opposite behaviours at low and high
collision energy.
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