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The present Letter shows that the formation of ozone in ternary collisions O + O, + M—the primary
mechanism of ozone formation in the stratosphere—at temperatures below 200 K (for M = Ar) proceeds
through a formation of a temporary complex MO,, while at temperatures above ~700 K, the reaction
proceeds mainly through a formation of long-lived vibrational resonances of Oj. At intermediate
temperatures 200-700 K, the process cannot be viewed as a two-step mechanism, often used to simplify
and approximate collisions of three atoms or molecules. The developed theoretical approach is applied to
the reaction O + O, + Ar because of extensive experimental data available. The rate coefficients for the
formation of O3 in ternary collisions O + O, + Ar without using two-step approximations were computed
for the first time as a function of collision energy. Thermally averaged coefficients were derived for
temperatures 5-900 K. It is found that the majority of O3 molecules formed initially are weakly bound.
Accounting for the process of vibrational quenching of the nascent population, a good agreement with
available experimental data for temperatures 100-900 K is obtained.
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Introduction.—Being the major absorber of the UV light
in the upper atmosphere [1], the ozone molecule is crucial
for the well being of humanity. However, the tropospheric
ozone, the concentration of which near the Earth’s surface
was doubled or tripled in the troposphere during the 20th
century [2] is harmful to the human respiratory system and,
therefore, is considered as an air pollutant. Therefore, from
an ecological point of view, ozone should be protected from
destruction in the upper atmosphere, but its production in
living or working spaces must be minimized. Furthermore,
the O3/0, photochemical cycle has a significant impact on
the chemistry in the Earth’s atmosphere and climate change
[3]. However, despite its importance and decades of
research, the reaction leading to ozone formation is not
fully understood due to its complexity.

In Earth’s ionosphere, formation of ozone occurs
through the reaction of ternary recombination: O, + O +
M — Oz + M, where M is typically N, or O,. Knowledge
of the “nascent population” of ozone is essential for reliable
modeling of the satellite measurements in nonlocal
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thermodynamic conditions of the upper atmosphere [4-6].
In many laboratory experiments [7—10] it was shown that the
ternary rate coefficient k3 for M = N, have a very similar
behavior as those of M = Ar. A complete database is
available [9] for the argon colliding partner, which is thus
often used to study ozone formation.

In the existing literature, two simplified mechanisms
were proposed to analyze the process. Both mechanisms
proceed in two steps forming an intermediate complex:
stabilization and Chaperon mechanisms. In the stabilization
mechanism (also known as energy transfer mechanism), the
complex is a long-lived rovibrational resonance O3 of
ozone, whereas, in the Chaperon mechanism, the complex
is a resonance of O,M*. Consequently, at given conditions,
ozone formation would be dominated by one of these
mechanisms depending on the partial pressures of the
colliding species. However, using the results from a direct
ternary recombination approach, i.e., without invoking the
formation of an intermediate complex, may help to clear up
the dilemma revealing the role of each of the mechanisms at
a given density.

In this Letter, we present a direct three-body recombi-
nation approach to studying the formation of ozone with-
out invoking the formation of an intermediate complex.
The present theoretical approach combines an ab initio
potential energy surface (PES) of the ArO; system,
obtained in this Letter, and the classical-trajectory method
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FIG. 1. Relevant interaction potentials for the reaction

0, + O+ Ar - O3 + Ar. The 0,-O curve shows the mini-
mum energy path for dissociation of ozone [14]. Dissociation
energies are DY~ %2 = 9164 cm™! (~1.5 x 10* K) and DA™0 =
90.7967 cm™! (2131 K). The angle a describes the orientation of
the O, axis with respect to direction towards to Ar. For for a = 0,
D% =93.13 em™! (%134 K) and for a =nx/2, D270 =
143.6462 cm™! (2207 K). The black dashed line in the inset
indicates the energy of the shoulder structure of O — O, at ~
340 cm™! (= 489 K).

in hyperspherical coordinates developed previously by two
of us [11-13].

ArO; potential.—The potential energy surface (PES)
used in this Letter is constructed as the sum V = Vq_q,+
Var—0, T Var—o0- Vo-o, is the intramolecular ab initio PES
of ozone [14]. The high accuracy of the PES was confirmed
by the study of rovibrational levels near the dissociation
threshold [15] and accounting for the complete permutation
symmetry of identical nuclei [16,17], as well as by quantum
calculations of isotopic exchange reactions both in sta-
tionary [18] and time dependent [19] approaches. V s,
and V5, are the intermolecular ab initio PESs built in this
Letter. The Ar-O, and Ar-O intermolecular PESs were
constructed using the unrestricted version of the explicitly
correlated single- and double-excitation coupled cluster
method with a perturbative treatment of triple excita-
tions [UCCSD(T)-F12a] with the augmented correlation-
consistent triple-zeta aug-cc-pVTZ basis set. The final root
mean square error of the fit of the ab initio data was within
1 cm™! at all energies in the PES potential wells. The
constructed PESs have the following configurations of
the global minima: R2™© = 6.326 a, (where a, ~ 5.29 x
10-"" m is the Bohr radius) and R2™* =6.787 a
(a = n/2) with the depth of D" = 143.6462 cm™!
(r207 K) and D2© =90.7967 cm~! (x131 K), respec-
tively. Potentials are shown in Fig. 1. For more details see
Supplemental Material [20].

Dynamics.—Rigorous full quantum scattering calcula-
tions for the system are considered as practically unfeasible
[25,26]. Various classical calculations [27,28],—statistical
[29] or ad hoc simplified quantum models and essentially
focused on one of the two-step mechanisms,—have been
reported [30-33], but a qualitative agreement is still
lacking, as reviewed in Refs. [25,26].

The present approach is based on a classical trajectory
(CT) method in hyperspherical coordinates, which has
shown efficiency for reactive collisions of three neutral
atoms [11-13,34] as well as for ion-neutral-neutral ternary
recombination processes [35-38]. The method has been
adapted to the present problem representing the O, mol-
ecule as a superatom, thus, reducing the degrees of freedom
of the O + O, + Ar system. In calculations, it results in a
fixed angle between O, and the direction to O, correspond-
ing to the bond angle in O3 (117°). The interaction of Ar
with O3 does not depend significantly on the angle between
the plane of O 4 O, and the direction to Ar, so to simplify
the numerical part of the approach, the angle is fixed to 0.
Finally, the angle a between O, and Ar is considered a
parameter of the problem; Calculations are made for several
(8) values of a, and the result is averaged over that
parameter. Notice that the average performed in this way
does not correspond to when the angular momentum of O, is
zero because the angular momentum is completely undefined
for each given well-defined orientation angle a. Therefore,
the averaging procedure corresponds to a wide distribution
over angular momenta of O-O, relative motion and is
appropriate for temperatures significantly larger than the
O, rotational constant (~2.1 K).

The application of this method to the formation of ozone
via ternary recombination reaction O, + O 4+ Ar — O3 +
Ar is based on the assumption that the internal degrees of
freedom of the oxygen molecule do not play an essential
role since the excitation of the O, vibrational mode requires
high collision energy over 1000 cm~! (~1439 K). The
assumption can be verified calculating rate coefficients for
different bond angles of the ArO, molecule, a. As a result, we
are able to estimate the uncertainty of the present calculations
due to the approximation of the frozen internal degrees of
freedom of the oxygen molecule. We have employed 1.3 x 10°
trajectories with an appropriate Monte Carlo sampling of
the initial conditions for the results reported in this Letter.

Finally, the thermal average of the three-body recombi-
nation rate coefficient is obtained by integrating the energy-
dependent three-body recombination rate coefficient k3(E,.)
over the appropriate three-body Maxwell-Boltzmann distri-
bution of collision energies E,, yielding

1 o
ky(T) = ———= [ k3(E.)E2e B/ DgE,, (1
) = 57 || k(e - )

where kp is the Boltzmann constant and 7 the temperature of
the system.
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FIG. 2. Energy-dependent recombination rates for O3 mole-
cules of all binding energies (circles) and those with binding
energies > 200 cm~! (squares) for different values of a. The
energy (abscissa) is given in temperature units.

Theoretical rate coefficients.—Figure 2 shows the rate
coefficient k3(E.,a) as function of collision energy
obtained for different values of angle a between O, and
the direction to Ar. Comparing the upper set of data
(indicated by circles), which are associated with the ozone
molecules of all binding energies, and the lower set
(squares), i.e., the formation rates of “deeply bound” levels
of O; with binding energies larger than 200 cm™'
(=288 K), one can conclude that the majority of molecules
formed through ternary recombination are highly excited.
Such molecules can be destroyed or stabilized in collisions
with other species present in the gas. The cross sections for
the two processes are comparable. However, the radiative
stabilization is negligible because of the very long radiative
lifetimes of these states. Therefore, comparing with an
experiment at 300 K, in which only deeply bound or
stabilized O; molecules are accounted for, one should
consider the lower set of data.

Figure 3 gives thermally averaged rate coefficients k3 (7)
for molecules with all binding energies and for those with
binding energies larger than 50 cm™! (x~72 K) and
200 cm™! (*288 K) and compares them with available
experimental data. Clearly, the theoretical coefficients have
different 7" dependence due to the fact that in an experiment
at a given temperature 7, only the molecules with binding
energies larger than 7 are collisionally stabilized and
accounted for. Indeed, the theoretical data for molecules
with binding energies > 50 and > 200 cm~! agree with the
experimental data at 70 and 288 K within about 50%.

The role of collisions after formation of highly excited
vibrational states of ozone.—To compare the obtained
theoretical results with the experimental data more
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FIG. 3. Thermally averaged recombination rate coefficients for

formation of molecules with all binding energies (blue data), with
binding energies > 50 cm™! (green data), and with > 200 cm™!
(red data). The dark shaded area indicates the statistical error due
the stochastic nature of the Monte Carlo technique used in the
calculations. The light shaded area shows the confidence interval
due to both statistical error and the effect of neglecting explicitly
a. Experimental data for k3(T): magenta circles, Ref. [8]; black
circles [7]; cornflower blue circles [39] (scaled to the value at
300 K from Ref. [40]); black triangles [41]; cornflower blue
triangles [42]; magenta squares [43] (as cited in Ref. [9]);
cornflower blue squares [44]; black squares [45]; cornflower
blue diamond [46] (as cited in Ref. [9]); black cross [47]; black
diamond [40]; magenta diamond [48]; magenta triangles [49].

accurately, one would have to account for processes taking
place in the experiment once the ternary recombination
forms an initial distribution over vibrational levels of Os,
the nascent population. The leading process is the vibra-
tional deexcitation or dissociation of highly excited O}
molecules in collisions with other species. A detailed study
of process is underway but beyond the scope of this Letter.
Here, we will account for the process using a statistical
factor AE/T, which can be viewed as a survival probability
for highly excited O3. It is obtained by integrating cross
sections for the stabilization and dissociation processes
over the thermal distribution of collisional energies
at a given temperature 7 and computing the ratio of
stabilization events to the total number of events
(stabilization + dissociation) in such collisions.

The value AE is of the order of the energy of Ar-O;
interaction averaged over involved vibrational states of O3,
which is about 50 cm™! (see the Ar-O and Ar-O, curves in
Fig. 1). Therefore, we use AE = 50 cm™! (70 K). The
AE/T dependence is valid only for T > AE: For lower
temperatures, the survival factor is about 1. (Notice that the
same dependence for the stabilization factor was suggested
by Troe et al. [9,50] using a physical kinetics approach).
The resulting rate coefficient, accounting for the vibrational
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FIG. 4. Thermally averaged recombination rate coefficients for
formation of molecules with all binding energies scaled by the
factor of 50 cm™!/T accounting for the process of vibrational
quenching (solid line). The shaded area (light blue) represents the
uncertainty of the theoretical model. The circles with error bars
are the same experimental data as in Fig. 3. Previous theoretical
results are shown with a thick dash-dotted (magenta) line [30],
thin dash-dotted (brown) line [9], and dashed (green) line [28].
The inset shows the data in the log-log scale.

quenching, is shown in Fig. 4, as well as some previous
theoretical approaches for comparison. As one can see, the
agreement with experimental data is remarkable for temper-
atures above 100 K. The good agreement indicates that the
main physics of the process is accounted for correctly in
the current approach. We would like to point out here that
the agreement is sensitive to the value of the parameter AE,
which—although the same in this study as the one derived
by [9]—can have an non-negligible uncertainty, especially
at low temperatures, probably, 20%-30%. This adds an
additional uncertainty to the theoretical curve in Fig. 4.

Two-step  models:  Stabilization and  Chaperon
mechanisms.—The present results allow us to analyze
which of the two-step models (stabilization or Chaperon)
is dominant. Figure 5 gives the rate coefficients for the
formation of all three possible products of the reaction,
O3, ArO,, and ArO. The figure demonstrates two
distinct characteristics: First, at low collision energies
(E, <130 K) [13,34] ArO, is formed more quickly than
ArO, which is formed quicker than O3 (assuming equal
densities of Ar, O, and O,). The result is explained by the
fact that the attractive potential of the Ar-O, system decays
slower than that of Ar-O, so that it has a larger density of
available vibrational states to be formed (a larger phase-
space volume in the classical formulation of the problem).
The same argument applies to the comparison between the
0-0, and Ar-O potentials.

The second distinct feature in Fig. 5 is the change in the
power-law behavior of recombination rates at 200-300 K.
The first sudden drop appears in k3 of ArO around its
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FIG. 5. Ternary recombination rate coefficient k;(E.) for
formation of the three possible products in the O 4 O, + Ar
collisions: O3, ArO,, and ArO. Red and green dashed lines
indicate the dissociation energies of ArO and ArO,, respectively.
The black dashed line shows the energy related to the shoulder
structure of O-0O,.

dissociation energy: At collision energies larger than the
dissociation energy, fewer ArO molecules are formed due
to higher initial velocities. The rates of formation of ozone
and ArO, are also affected in a similar way, although in
these cases, slopes of the coefficients vary much less than
that for ArO. There is another drop in the recombination
rates of all products when the collision energy surpasses the
dissociation energy of ArO,. Interestingly, there is another
smoother change in the slope of the rate coefficient for O
formation that may be due to the shoulder structure on O;
[14,51], visible in Fig. 1. The overall effect is that for
collision energies 2150 K, the probability of forming
bound levels of ArO decreases significantly (compared
with other products), and the probability of ozone for-
mation overcomes it.

The more significant rate coefficients for the formation
of ArO, and ArO compared to O3 at low collision energies
mean that the Chaperon mechanism is more important than
the stabilization at temperatures <100 K. At higher temper-
atures, the probability of forming weakly bound ozone
molecules is more prominent than for ArO, and hence the
stabilization mechanism starts to play a role. Similarly, at
even higher temperatures, typical collision energies are
larger than binding energies of ArO, and ArO, so that
formation of the corresponding bound molecules is less
likely, and the stabilization mechanism becomes dominant.

Figure 5 shows also previous theoretical results
[9,28,30]. Because of a limited space, a detailed discus-
sion—including the models—of the comparison with the
present results will be reported in a separate article. Here,
we would like only to stress that the previous studies used
the two-step approximation to treat the recombination.

Summary.—We would like to stress the following find-
ings of the present study. (1) The rate coefficients for the
formation of O5 in ternary collisions O + O, + Ar, without
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using any two-step approximations, were computed for
the first time as a function of collision energies. Thermally
averaged coefficients were derived for temperatures
5-900 K. (2) Because of a relatively long observation time
in experiments that were performed so far, a direct
measurement of the ternary rate coefficient was not
possible since the majority of O; molecules formed
initially, the nascent population, are weakly bound and,
therefore, destroyed or stabilized in collisions with other
species present in the gas (Ar, O,, etc.) that affected the
observation results. (3) Accounting for the process of
vibrational quenching of the nascent population using
the survival probability for highly excited O3 molecules
when colliding with other species leads to a good agree-
ment with available experimental data for temperatures
100-900 K. At temperatures, 50-100 K theory gives
smaller rate coefficients. Likely, the classical-trajectory
approach is not applicable for these temperatures because,
at the corresponding collision energies, details of the
resonant structure of Os and, possibly, ArO, metastable
rovibrational states could be important, which cannot be
treated accurately using classical-trajectory methods.
(4) The rate coefficients obtained in an explicitly three-
body approach, without assuming any two-step mecha-
nism, allowed us to conclude that the Chaperon mechanism
in ozone formalism is dominant at temperatures below
100 K, while the energy-transfer stabilization mechanism
appears to be dominant at 7' 2 700 K.
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