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ABSTRACT

Kinetics of ozone destruction due to the recombination of oxygen atoms produced by pulsed 266 nm laser photolysis of O3/M (M = CO,
and/or N») mixtures was studied using the absorption and emission spectroscopy to follow time evolutions of O3 and electronically excited
molecules O,* formed in the recombination process 20(3P) + M — O;* + M. An unexpected high ozone destruction rate was observed
when O," was present in the system. The kinetic model developed for the oxygen nightglow on the terrestrial planets was adapted to
interpret the detected temporal profiles of the ozone number density and the O,* emission intensities. It was deduced that the vibra-
tionally excited singlet delta oxygen molecule O»(a'A, v) formed in the secondary processes reacts efficiently with ozone in the process
Oz(alA, v > 3) + O3 - 20, + O, and the rate constant of this process was estimated to be 3 x 107" cm® s71. Ab initio calculations at the
CASPT2(14, 12)/cc-pVTZ/UwB97XD/cc-pVTZ level of theory were applied to find the reaction pathway from the reactants to products on
the Os potential energy surface. These calculations revealed that the O,(a'A) + Oj reaction is likely to proceed via singlet-triplet intersystem
crossing exhibiting an energy barrier of 9.6 kcal/mol, which lies between two and three quanta of vibrational excitation of O,(a'A), and hence,

0, (alA, v) with v > 3 could rapidly react with ozone.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0064361

I. INTRODUCTION

Atmospheric oxygen is both the basis of life and its protection
from the UV solar radiation. UV light fragments oxygen (O,) and
ozone (O3) molecules to form oxygen atoms, which then recombine
to form excited oxygen molecules. The latter manifest themselves in
the emission of light in a wide range of the spectrum in the glow
of not only the atmosphere of the Earth but also of Mars,' Venus,
and exoplanets such as HD 189733b containing oxygen in their
atmospheres.” In addition, excited molecular oxygen formed via
recombination of atomic oxygen is involved in energy exchange
and chemical processes, thus significantly affecting the atmospheric
kinetics and molecular concentration profiles depending on the alti-
tude. One of the key atmospheric three-body recombination pro-
cesses, process 1 (Table I), produces an oxygen molecule 0," in
one of the seven electronic states®’ —X3Z§, al Ag, bIZ;, CIE;, APA,,

A32,f, or °TI ¢- In the following, these states are designated as X, a, b,
¢, A', A, and 11, respectively. Three of them, c, A’, and A, are usual&l
called Herzberg states. In the following, they are denoted as O,".
These excited oxygen molecules play an important role in the radia-
tive and collisional kinetics of terrestrial atmospheres.”'* O,” is a
prominent emitter in the terrestrial atmospheres, and the strongest
emission lines in the night airglow’ ' !¢ are represented by the fol-
lowing transitions: IR atmospheric system Oz(a — X), atmospheric
system O (b — X), and Herzberg I system O2(A — X).

A large number of studies on spectroscopy and kinetics of oxy-
gen were described in the comprehensive reviews by Slanger and
Copeland® and Huestis.” In particular, the following information
found in these reviews is relevant to the current work. The yields
of O, in the electronic states X, a, b, ¢, A’, A, and IT produced in
process 1 were calculated”>”° to be 0.09, 0.05, 0.02, 0.03, 0.16, 0.06,
and 0.59 at T = 300 K, respectively. Reaction 1 populates mostly the
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TABLE I. Reactions and rate constants used in the analysis of the O3/M photolysis system.

No. Reaction Rate constant, T = 300 K (cm® s7!) References

K2 =3x107P cm®s™! 19

3 3

1 O(CP)+0(’P)+M - 0" + M ! KO g5 .
la O(SP) + O(sP) +M->0 4+ M 0.25 x kM (See text)
1b - 02(a, v) +M 0.75 x kM (See text)

2 0," +0(*P) - 02(a, v) + O(°P) 1.3x 107" 20

3 0,1+ 0,(a) - O3(a, v) + 0, 8§x 1071 20
Ke=2x107" (See text)

H 4
4 0,"+M—-0,+M k502:7><10_13 21
o)
3 3 v x ki 22
5 02(a, v) + O(°P) > O2(a, v—1) + O(’P) KO, =4x 107"

v X kll\io (See text)

6 Oz(a, vV) +M > Oz(a, v-1)+M k¥10:3><10_16 22
K =17 x 107 22 and 23
7 03+ 0z(a, v>3) > 0, + 0, + O(°P) BG+1)x107" This work
8 03+ 0" > 0x(a, v) + 0, + O(°P (2+1)x1071° This work

9 03 +0z(a) » 02+ 0, + O(°P) 5.2 x 107" exp(-2840/T) 24

10 0;+0(°P) > 0, + O, 2 x 107" exp(—2280/T) 24

IT state of nascent O,, although no one had been able to observe this
state for a long time. The resonance-enhanced multiphoton ioniza-
tion (REMPI) technique made it possible not only to detect O,(II)
but to also measure the rate constants of its collisional removal
by CO2, N3, and O,.° The total yield of nascent O, in Herzberg’s
states was about 25%°°° (process 1a). The collisional removal of the
0(A, v) molecule prepared in selected vibrational levels v has been
studied by many authors,”’*" while much less attention was paid
to the other two Herzberg’s states.”***! The quenching rate coeffi-
cients for OZH (v) in collisions with CO,, CO, N3, and O, molecules
were calculated using Landau-Zener and Rosen-Zener approxima-
tions.”> Analysis of 0, (v) kinetics showed that these three states
are collisionally coupled, and therefore, the input energy is dis-
tributed among them quickly.® The REMPI experiments®** showed
that collisions of 02H with CO;, N3, and O, molecules result in
the formation of singlet oxygen molecules O, (b, a). Ox(II) is effec-
tively quenched by N, and CO, with rate coefficients 1.7 x 107!
and 4 x 107" cm?® 571, respectively; however, the final state is not
established. Taking into account the fact that the observed O,(a-X)
emission intensity approximately matches the total integrated rate of
oxygen atom recombination of the Earth and Venus atmospheres,” it
was concluded that the final excited electronic state is predominantly
O3(a, v) (process 1b).

Extensive kinetic data are available on the processes involv-
ing the two lower excited states of oxygen O:(a, b), since they
play key roles in atmospheric chemistry,®”**** in oxygen-containing
plasma,” ¥ and in the kinetics of the active medium of an
oxygen-iodine laser.”” Rate constants for O(b) removal in col-
lisions with O;, N2, CO3, and H,O have been recently measured
over the temperature range from 297 to 800 K.*’ It has been reliably
established that O,(b) is quenched by CO,, N3, O, Hz, C;Hy, N> O,
H,0, and CH4 to O,(a) with a branching ratio close to unity.*'**

Pejakovi¢ and co-workers’>**° reported the rate constants for
collisional removal of vibrationally excited O»(b) and O,(a) by
atmospherically relevant species. Recently,” rate constants for the
vibrational relaxation of O(a, v) by CO, have been measured
for v = 1, 2, and 3. Kirillov?”*® calculated the removal rates of
singlet molecular oxygen O»(b, v = 0-15) in collisions with O,
N, CO, and CO; molecules and O,(a, v = 0-15) in collisions
with O using the analytical expression based on the Rosen-Zener
approximation.

There is little information about chemical reactions with oxy-
gen in Herzberg states. It was suggested that O," reacting with
O, and N; produces ozone* and N,O,” respectively. In contrast,
there are extensive kinetic data on reactions involving the two lower
excited states of oxygen Oz(a, b).>”****=* The most important for
atmospheric ozone chemistry are the reactions 9 from Table T and

02(b) + 05 - 02 + 0, + O(°P).

The rate constant at 300 K for the reaction with O(b)
(1.0 x 107" ¢m® s7') is four orders of magnitude higher than that
for Ox(a) (3.8 x 107 cm® s7%).°! Both O,* appeared in reaction
1 and O3 (b, a) formed in the energy-exchange processes are highly
vibrationally excited. It was shown previously’* that the vibrational
energy stored in the ozone molecule accelerates the rate of reac-
tion 9. In addition, it is reasonable to assume that vibrationally
excited singlet oxygen O-(a, v) will react faster with the O3 molecule
(reaction 7).

Here, we report on the temporal profiles of the O3 number
density and the O, emission intensities detected after photolysis of
O3/M mixtures. The obtained experimental data are analyzed based
on the kinetic model for the oxygen nightglow on terrestrial planets
proposed by Krasnopolsky' to reveal unexpected, rapid mechanisms
of ozone destruction.
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Il. EXPERIMENTAL SECTION

Laser photolysis of ozone at 266 nm occurring in a gas mix-
ture O3/M produces oxygen atoms and vibrationally excited singlet
oxygen molecule O;(a, v),

03 + hV265 d O(ID) + Oz(a, U)
- O(°P) + 0(X),

with the branching fraction for the first product channel of 90%.”*
O3(a, v) molecules have an initial population distribution of
0.57:0.24:0.12:0.07 over vibrational levels v = 0, 1, 2, and 3, respec-
tively.”> The fourth harmonic of a Nd:YAG laser (Solar Systems
LQ829, pulse duration 10 ns, repetition rate 10 Hz) provided photol-
ysis of O3 at 266 nm in the photolysis cell, which have been described
previously.””** Laser radiation passed through the entrance and exit
windows mounted on baffle arms (35 cm long) attached to the pho-
tolysis cell to reduce interference from scattered laser light. The laser
beam was ~8 mm in diameter.

Gas velocity in the photolysis zone was typically 50-100 cm s,
which was fast enough to ensure that each pulse photolyzed a fresh
sample of the gas mixture. Pressure in the photolysis cell was mea-
sured using a METRAN 100-DA sensor. Flow meters (Bronkhorst,
MASS-VIEW MV-302, 304), Mass Flow Controllers (Alicat, MCS-
5SLPM-D), and needle valves controlled gas flow rates. High purity
gases O (Linde, 99.9999%), CO, (Linde, 99.99%), and N, (Linde,
99.9999%) were used in the experiments. The cell was evacuated by
an oil free scroll pump with the pumping rate adjusted by a needle
valve. A laboratory ozonator (A-s-GOKS{-5-02-OZON) produced
ozone from pure oxygen. Ozone was collected in a flask with silica
gel (KSKG GOST 3956-76) immersed in a tank with cooled alcohol
(-50/-100°C). Before the use, the flask was evacuated and purged
with slow N flow to remove the residual O, from the silica gel.
On the course of experiments, a slow flow of N eluted Os. The ini-
tial ozone number density [O3]in, entering the photolysis zone, was
monitored by absorption of 254 nm light from a low-pressure Hg
lamp.

Emissions from the O, Herzberg’s states were observed through
a quartz window along the axis that was perpendicular to the pho-
tolysis laser beam. A 5 cm focal length lens collected the light
and focused it on the entrance slit of a monochromator MDR-12
with a FWHM resolution of 40 nm. Time-resolved absorption
spectroscopy at A = 258 nm was employed to measure the O;
number density in the photolysis zone. The detailed description
of [O3] measurements is given elsewhere.”**? A continuous light-
emitting diode (LED, UVTOP255) was used as a source of UV
light for these measurements. A quartz lens (f = 1.5 cm) collected
light from the LED and focused it into a quartz optical fiber that
delivered it to the photolysis zone. A fraction of this light was
collected by a second fiber that delivered it to a monochroma-
tor MDR-12 with a UV sensitive photomultiplier (PMT). Time
resolved signals from the PMT were averaged and stored with
the help of a digital oscilloscope (Agilent DSO1022A, 200 MHz
bandwidth). The oscilloscope was triggered directly by the laser
pulse.
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I1l. RESULTS AND DISCUSSION

Typical time-resolved ozone number density [O3] profiles in
the gas mixture O3/N>(CO;) photolyzed by E = 40 mI/cm2 laser
pulses at a total gas pressure of Pt = 780 Torr are presented in Fig. 1.

To maintain a constant total pressure, the partial pressures of
CO; (Pco,) and N, (Px,) were varied with the constraint that Py,
+ Pco, = Pt Laser photolysis occurred at t = 0. The initial ozone
number densities [O3];, at t < 0 are also shown in Fig. 1. The negative
time domain in the figures is a consequence of the absorption spec-
troscopy method and the oscilloscope triggering by the laser pulse.
This allows the fraction of photolyzed ozone to be precisely con-
trolled. Electronically excited oxygen atoms O(' D) produced in the
photolysis are rapidly deactivated to the ground state OCP) by col-
lisions with both N, and CO,. Thus, in all further discussions, the
initial amount of O(*P) after photolysis was assumed equal to the
number density of the photolyzed ozone A[Os]y, = [Olo = [Os]in
— [Os]o (designations from Fig. 1). The terms in square brackets are
number densities of the corresponding components.

Two main conclusions follow from the observed profiles in
Fig. 1. First, fast ozone decomposition rate is observed for any mix-
ture composition. The observed ozone removal cannot be inter-
preted using generally accepted models and published rate con-
stants. According to them, the main channels of O3 destruction are
chemical reactions with singlet molecular oxygen Oz(a) (process 9
in Table I) and atomic oxygen o(Cp) (process 10). The dashed line
in Fig. 1 represents the ozone temporal profile calculated with the
help of this kinetic model under the conditions as for the lowest
signal (Pn, = 780 Torr and Pco, = 0 Torr). Second, addition of
CO; inhibits the rate of ozone depletion and reduces the fraction
[03]0_[03]inf

[Os],

of destroyed ozone Z = in the post-photolysis zone. The

observed experimental data point at the need to elucidate other paths
of ozone decomposition. The fast rate of ozone removal cannot be
explained by an increase in the gas temperature, which is estimated
by the formula

—
T

2 o [03]in 7
E ________

<

EE -
1 AIO],,

5

3 2 2
-
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FIG. 1. Temporal profiles of the O3 number densities for three mixtures of No/CO,
buffer gases with constant total pressure Py, + Pco, = 780 Torr, T = 300 K, [O3]o
=1.1 x 10" cm=3, and [O]y = 2.6 x 10" cm~3. Smooth curves—[0s] profiles
calculated using the model proposed in this study. Red dashed curve—[O3] decay
profile resulting from the processes 9 and 10 under the conditions as for the lowest
plot.
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P, =770 Torr
P, =0Torr ‘_

O, number density, 10, em™
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Time, ps

FIG. 2. Temporal profiles of the O3 number densities at Py, = 770 Torr and
T = 300 K for the same values of [03]g = 1.9 x 10'® cm=2 and different [O3];,.
Smooth curves—profiles calculated using the model proposed in this study.

AT = A[O3]ph(Eph — Eq—0.9E,)

>

S

where Epps Egs and E, are the energies of photolysis photon, ozone
dissociation, and O(a) excitation, respectively, and ¢, is the heat
capacity of the gas mixture. For the experimental conditions in
Fig. 1, the temperature jump after photolysis is only about 10 K.
The composition of the gas mixture after the UV ozone pho-
tolysis (t = 0) includes the buffer gas M, remaining ozone O3, oxy-
gen atoms OC’P), and molecules O,(X), as well as singlet oxygen
molecules in several vibrational states O,(a, v = 0-3). At our exper-
imental conditions, the typical initial number densities are [O3]o
~ [O]o ~ [O2(@)]o ~ 10" em™, [M]/[O]o ~ 10%, and [M]/[02(X)]o
~ 10*. Here and in the following, the subscript ¢ denotes number
densities at the moment right after the O3 photolysis at t = 0. We
neglected the processes involving O,(X) because its concentration in
the mixture was insignificant. It was found™ that the energy stored

E

<

=" 6 —

S

Z

g 4 (a) i
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= st s, 1190
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in vibrational modes of the O3 molecule is involved in overcoming
the activation barrier of reaction 9—with temperature dependence
of the rate constant ko = 5.2 x 107! exp(—2840/T) cm’® s7! for the
ground state O3.°! For v > 2, the value of ko no longer depends on
the internal vibrational energy. It is reasonable to assume that the
0:(a, v) molecule will react faster with the ozone molecule (pro-
cess 7) than O,(a) with equilibrium population of vibrational levels
(process 9).

Figure 2 represents typical O3 profiles after laser photolysis with
N, buffer gas at 1 atm pressure when [O3]o was held constant for
three initial O3 number densities. The required [O3]o was achieved
by adjusting the laser energy and [Os]ix. Initial assessment of [O3]in
and laser energy was performed using the formulation of Beer’s law
proposed by Tellinghuisen and Phillips,”* which takes into account
the intensity and Osnumber density gradients along the direction of
the photolysis laser beam,

(03], x exp(0([03],,] - IT))
1+ (exp(0[0s],,]) - 1) x exp(—olt)’

[O]O = A[O3]ph =

where o is the ozone absorption cross section at 266 nm, [ is the
absorption length, Iy is the initial laser intensity, and 7 is the laser
pulse duration. The discrepancy between experimentally obtained
and calculated values of A[Os],, did not exceed 10%.

The fraction of destroyed ozone Z increases with the number
density of photolyzed ozone A[O3]yh. A similar phenomenon was
observed in the N,/CO, mixture (1/3, Pyt = 1 atm), with exception
that the dependence of Z on A[Os],, was weaker. Ozone temporal
profiles for constant number densities [O] and [O3]o for three total
pressures of N; (a) and CO; (b) are displayed in Fig. 3, which shows
that a decrease in the buffer gas pressure leads to an increase in Z.

In this study, the kinetic model developed for the oxygen night-
glow on terrestrial planets' was adapted to interpret the detected
temporal profiles of the ozone number density and the O,* emis-
sion intensities. The reactions included in the model are collected
in Table L. Figure 4 schematically illustrates the proposed reaction
sequence, revealing the mechanism of ozone degradation. The rate

(=2
|

g

2

=

4 (b) 4

=

[ P, =170 Torr |

'; P, Torr

2 2 - 920

5 v Ay AU g5, 570 ]

°© e 170
0F -

0 200 400 600 800 1000
Time, ps

FIG. 3. Temporal profiles of the O3 number densities (a) at different total pressures of N for the same values of [O3]y = 2.9 x 10'® cm=3 and [0]y = 4.2 x 10'® cm~3 and
(b) at different total pressures of CO, for the same values of [03]y = 2.3 x 10"® cm=2 and [0], = 3.8 x 10'® cm=. Smooth curves—oprofiles calculated using the model

proposed in this study.
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O(’P) + OCP)
v
/ﬂ 1 +MEk S -
/ 0, N
\
’02§xk1 07sxk, AN
/ \
\
+ 0 k
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/ +Mk, + O, k,
Z(X) k{, 0(3]))
(o) , -1
\ ~ L0 (- ) 2x0,(X)
-~~~ o¢
OCP) 0z(a)

FIG. 4. Reaction sequence scheme revealing the mechanism of ozone degrada-
tion due to the recombination of oxygen atoms.

constant for the three-body recombination process 1 for M = N,
was measured in several studies,'”!”*> and its value is close to
3 x 107 ecm® s7! at T = 300 K.'” Process 1 with CO, is 2.5 times
faster than with N,." The main product of o(Cp) ternary association
is O(I1). Its deactivation rates by O, N3, and CO, measured using
the REMPI method® are quite high, and considering that the mag-
nitude of the ratio [M]/[O3]o is always close to 3, the hypothetical
course of the reaction Oz (II) + O3 can be neglected in our model.

Unlike Krasnopolsky," we combined the three Herzberg states
into one “effective state” O,". The total calculated yield of 0,% in
process 1 is 0.25 at T' = 300 K,*>® and its production is described
by process la. The product of II state quenching is the subject of
discussions. Krasnopolsky' reported that the IR atmospheric band
at 1.27 ym in Earth’s nightglow and on Venus is excited mostly by
the energy transfer in the O,(II) + O, and Oz (II) + CO; quenching
processes, respectively. The yields of O;(a) in these processes vary
within 0.8-0.9. Taking into account the rapid deactivation rate of the
quintet state, quenching of the b state to a, and neglecting the pro-
duction of O,(X), formation of vibrationally excited O, (a, v) occurs
in our model via process 1b.

Considering the rate constants for processes involving O, the
choice was made in favor of the known values for the triplet A and
A’ states because their yields are almost 90% of the total nascent
0," yield in process 1 and processes involving them should result
in the same products despite the difference in their chemical reac-
tivity.”” In this case, quenching of O," by N; and CO, (process 4) is
spin allowed only to the ground state O,(X)," which did not allow
us to set the effective yield of singlet oxygen equal to 1. The val-
ues of the rate constants for process 4 at M = Ny, available in the
literature, are in a wide range from 3 x 1072 em?® s7! (Ref. 1) to
9 x 107" cm® s7! (Ref. 29). In our model, the rate constant k4NZ
was fixed at 2 x 107" cm® s7'. At the same time, the rate constant
of process 4 at M = CO; coincided with the experimentally mea-
sured value.’! In addition, we introduced process 8 with the rate
constant close to the gas-kinetic limit. Taking into account the above
assumptions, the only adjustable parameters in our model were rate
constants k7 and kg. In our consideration, rate constant kg combines
reactions of all three Herzberg states with ozone. It should be noted,

however, that the Herzberg A A, state was shown theoretically to
exhibit the highest reactivity toward closed shell molecules among

ARTICLE scitation.org/journalljcp

the three states,””*® which, in the present case of ozone, can be

attributed to the fact that the OZ(AI3 Ay) + Os reactants are directly
correlated with the OCP) + 0,(X) products in a triplet electronic
state [see the correlation diagram in Fig. 5(a)].

Since a large amount of energy is released during the quench-
ing process 1b, high vibrational levels of the O(a) molecule become
populated Kinetic data are available for O,(a, v = 1-3) quench-
ing,”»>**° but those are missing for v > 3. Park and Slanger™
reported the O,(X, v) quenching rate constants with N, and CO,
at T = 300 K. They found that the rate constants increase with the
vibrational quantum number in the range of v = 8-20. It is reason-
able to assume that the rate constant for O,(a, v) removal by N, and
CO; grows with v to the same extent as for O, (X, v). The differential
rate equations for populations of O,(a, v) vibrational levels v are as
follows:

W =[M](fok1p[O]" - ko1 [02(a,0)]

+ exp(—Eu/RT)[Oz(a,v -]+ ™,

x [0x(a,0+ 1)] = K1y exp(~Eur /RT)
x [02(a,v)]) = k7[02(a,v)][Os]. (E1)

The differential rate equations for other variable species are

% == 2K [OF’[M] + [05] (ks Y., ,[O2(a v > 3)] + ks [0,

+ ngngz [Oz([l,v < 2)] - klo[O]), (E2)

dt _[03](k7zu>2[02(5"u >3)]+ kS[OzH]
+ko Y, [02(a,v < 2)] + kio[O]), (E3)
d[(;iH] = kia[0)[M] - [0,"] (k2[O] + k3[02(a)]

+ky'[M] + ks[05]), (E4)

where k), ,_, is the rate constant for process 6 and E, is the energy of
O, (a) vibrational level v. The exponential terms in these equations
reflect the rates of the uptake of the vibrational quanta upward. The
first term in brackets in equation (E1) describes the population of
the v-th vibrational level of O (a) with probability f,.

The last term of (E1) describes the loss of O,(a, v) and O3 in
process 7. In order to consider possible mechanisms of this process,
we carried out some preliminary calculations on the Os potential
energy surface (PES) in singlet and triplet electronic states. It should
be noted that according to experimental enthalpies of formation,”
the 02(X) + O3 » OCP) + 20,(X) reaction is endothermic by
24.5 kcal/mol, which makes the ground electronic state molecular
oxygen unreactive with ozone under ambient conditions. Alterna-
tively, reaction 9 is nearly thermoneutral (+1.8 kcal/mol) but is spin-
forbidden since the product consisting of three triplet fragments can
overall constitute either triplet or septet spin state—see Fig. 5(a) for
the correlation diagram between different electronic states of the
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reactants O, + O3 and products O + 20,. Therefore, the reaction
is likely to proceed via singlet-triplet intersystem crossing. We first
looked for local minima on the Os singlet PES using the unrestricted
UwB97XD density functional method®’ with Dunning’s cc-pVTZ
basis set®” using the Gaussian 09 package,” allowing the singlet
wavefunction to have an open shell biradical character. Geometry
optimization converged to a C,-symmetric Os intermediate il
(Fig. 5) in which the central O1 atom is weakly bound (1.491 A)
with two O, molecules with a slightly elongated O-O bond [1.241
vs 1.208 A in O,(X)]. A transition state ts1 for the decomposition
of il back to the O,(a) + O3 reactants was also located [Fig. 5(b)],
and its connection with O(a) + O3 and il was verified by intrinsic
reaction coordinate calculations. In ts1, the O1-O3 distance elon-
gates to 1.559 A, whereas O1-02 shortens to 1.441 A. The rela-
tive energies of il and tsl calculated at the UwB97XD/cc-pVTZ
+ ZPE level with respect to the O2(a) + O3 reactants are 12.6 and
12.9 kcal/mol, respectively, thus showing metastability of the com-
plex il. The UwB97XD/cc-pVTZ energies may not be sufficiently
accurate; while this level of theory reasonably reproduces the exper-
imental reaction energy of O,(a) + O3 — OCP) + 20,(X) (+0.3
kcal/mol), the O(a)-0>(X) energy gap is significantly underesti-
mated (11.6 kcal/mol vs experimental 22.6 kcal/mol). Hence, we
refined the relative energies of il and ts1 [with respect to the O, (a)
+ O3 supermolecule] using the multireference second-order per-
turbation theory®® CASPT2(14, 12)/cc-pVTZ approach with the
active space including 14 electrons distributed on 12 orbitals, utiliz-
ing the MOLPRO 2010 package;*® the corresponding seven highest
occupied and five lowest unoccupied orbitals were chosen for the
active space. The CASPT2(14,12)/cc-pVTZ + ZPE(UwB97XD/cc-
pVTZ) calculations lower the energies of il and tsl to 9.6 and
6.7 kcal/mol, respectively, further emphasizing the metastable char-
acter of i1. To explore the further fate of this complex in the direction
of the OC*P) + 20,(X) products, we scanned both the triplet and sin-
glet PESs at the UwB97XD/cc-pVTZ level beginning from il within
C, symmetry by eventually elongating the R(O1-02/03) distance
from ~1.5 to 3 A. The resulting potential energy profiles are illus-
trated on the right panel of Fig. 5(c). One can see that the energies
of the singlet and triplet states are close in the vicinity of il, with
the difference at il being only 0.9 kcal/mol. This result indicates that
singlet—triplet intersystem crossing is likely to occur in this region
of the PES. While the singlet state energy generally grows when the
central O1 atom moves away from the two O, fragments, the triplet
state energy decreases (overcoming a little bump at ~1.7 A), reach-
ing the energy of the OCP) + 20,(X) products in the asymptote.
Transition state search in the triplet state starting from the structure
corresponding to the maximum on the minimal energy profile curve
was unsuccessful, whereas geometry optimization leads to dissoci-
ation either to the products or to O,(X) + Oz depending on small
alterations in the initial O1-02/03 distance. This shows that triplet
il is unstable and, beginning from the intersystem crossing region
(ISC), the system in the triplet state may spontaneously decompose
to O(3 P) + 20,(X) or go back to O»(X) + Os. Alternatively, the sin-
glet surface converges to the OCP) + 0:(X) + O1(a) products in
the asymptote. Thus, the reaction mechanism can be speculated as
follows: O2(a) + O3 — ts1 — il — singlet-triplet intersystem cross-
ing — OCP) + 20,(X), and the reaction rate constant would be
likely controlled by the energy of the intersystem crossing region
(ISC) in the vicinity of ts1/il and the probability of the intersystem
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crossing. According to the CASPT2 results, the energy in this vicin-
ity is 9.6 kcal/mol, which lies between two and three quanta of vibra-
tional excitation of O,(a) (8.5 and 12.7 kcal/mol, respectively), and
hence, the reactions of O,(a, v) with v > 3 with O3 could indeed be
fast.

Time dependences of the number densities [O2(a, v = 0-20)]
were determined by solving the system of differential equations (E1).
The initial post-photolysis number density of O,(a) was set to be
equal to [O2(a)]o = 0.9 x A[O3],p. Thus, its initial distribution over
vibrational levels v = 0, 1, 2, and 3 was fixed at 0.57 x [O2(a)]o, 0.24
x [02(a)]o, 0.12 x [O2(a)]o, and 0.07 x [O2(a)]o, respectively. The
initial number densities of O,(a, v) with v = 4-20 and OZH were set
to zero [Oz(a, v = 4-20)]¢ = [OZH]O = 0. The initial values for the
oxygen atom and ozone molecule were [O]o = A[Os],n and [Os]o
= [O3]in—A[Os]pn (see Fig. 1). The rate constants for processes 7 and
8 are unknown. In the model, they were treated as variable parame-
ters. The analysis of the experimental data using the proposed kinetic
model is complicated by the lack of any information on the depen-
dence of the rate constant for process 6 on the vibrational quantum
number v and nascent vibrational level distribution of O,(a, v) in
the secondary processes.

To find how the values of ks and f, affect the result, calculations
were carried out with several options:

Case I—ks(v) = v x kllw_,o;fv = 0.1 through v = 6-15;
Case II—ks(v) = v x kjl\io;f,, = 0.0555 through v = 1-18;
Case IlI—kg(v) = v x kiLq; f, is an equilateral triangle with base

v=1-18;

Case IV—kg(v) = 3 x k'lw_,o; fo is an equilateral triangle with base
v=1-18;and

Case V—ks(v) = v x k}Lo; f, is an equilateral triangle with base
v =3-18.

Figure 6 illustrates the distributions of f, over vibrational levels for
cases I-V. The red solid curves in Figs. 1-3 show the calculated
temporal profiles of O3 number densities for case I. The most satis-
factory fit to the entire dataset was obtained using the rate constants
k=GB+1)x10 M em®stand ks =(2+1) x 107% cm® s7*. The
presented errors in the rate constants cover the entire range of values
assumed for k7 and ks during the fitting. Taking into account that the
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FIG. 6. Distributions of f, over vibrational levels for cases I-V.
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FIG. 7. The upper [O3] temporal profile from Fig. 1. Signal in the inset shows the
enlarged section of the profile. Curves illustrate the modeling results for the five
considered cases.

excitation energy of O(a, v > 3) is only sufficient to overcome the
energy barrier of reaction 7, as shown above, loss of ozone in the
reactions with O(a, v = 1 and 2) was neglected.

Figure 7 exhibits the calculated temporal profiles of the ozone
number density for Pco, = 715 Torr and Px, = 65 Torr. Results of
the calculations showed weak dependence on the choice of ks(v) and
fu because of high rates of processes 7 and 8. For experiments with
pure N, the difference between the cases I-V was almost indistin-
guishable due to the fact that the rate of reactive process 7 under
our experimental conditions was always much higher than that for
relaxation process 6 with N;. The rate ratio

k7[ O3]
kg [N2] + kg ©*[CO:]

decreases when replacing CO; by N3, and as a consequence, the cal-
culated [O3] profiles for all cases converge closer and closer with an
increase in the degree of dilution with nitrogen.
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FIG. 8. Sensitivity analysis for the ozone number density in pure N, (black
columns) and CO; (red columns) under the initial conditions from Fig. 1.

In order to clarify the main reactions affecting ozone number
density, sensitivity analysis was carried out in cases of pure N, and
CO;. The results of the analysis are shown in Fig. 8. As shown, the
main reactions responsible for changing the O3 number density are
1, 6,7, and 8. The reaction sensitivity of process 1 is the highest both
in pure N, and CO; by a wide margin with respect to the other
reactions. This is due to that process 1 produces both components
responsible for the rapid destruction of O3 and thus directly limits
the rates of reactions 7 and 8. The sensitivities of processes 7 and 8
for the case of pure nitrogen are approximately the same, and their
values are 8 times lower than that for process 1. However, the sensi-
tivity coefficient of process 7 in pure CO; is four times larger than in
N,. In addition, the sensitivity coefficients of processes 6 and 7 are
practically equal in the magnitude. This means that processes 6 and
7 compete with one another because the rate constant of quenching
of Oz(a, v) by CO; is two orders of magnitude higher than by N».
At the same time, process 6 only slightly suppresses reaction 7 in
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FIG. 9. Emission signals near 567 nm at [O]y = 2.6 x 106 cm=3 and [O3]p = 2.9 x 10'® cm~= for three different pressures of N, (a) and CO; (b). Smooth curves represent

temporal profiles of [OZH] calculated using the model proposed in this study.

J. Chem. Phys. 155, 164307 (2021); doi: 10.1063/5.0064361
Published under an exclusive license by AIP Publishing

155, 164307-8


https://scitation.org/journal/jcp

The Journal

of Chemical Physics

the case of pure nitrogen. Thus, all sensitivity analysis results are in
complete agreement with the experimental observations.

The proposed kinetic mechanism was applied to reproduce the
emission intensities from Herzberg states. The emission spectrum
of the post-photolysis glow in the N,/O3; mixture was obtained at
the total pressure of 1 atm in the range 550-650 nm. Two distinct
peaks were observed near 567 and 615 nm, corresponding to weak
emission transitions Oz(c, v = 0) - Oz(a, v = 5) and O(c, v = 0)
— Oz(a, v = 6), respectively.®® Emission signals in the region of
567 nm obtained at different total pressures of N, and CO, and
initial number densities [O]p = 2.6 x 10'® cm™ and [03] = 2.9
x 10" cm™ are presented in Fig. 9. Evidently, both the production
and decay rates of the ¢ state grow with pressure of the buffer gas
M. Experimental data presented in Figs. 1-3 and 9 indicate that time
scales for [O3] and [OZH] decays are of the same order of magnitude.

Calculated temporal profiles of [OZH] (smooth curves in Fig. 9) are
in excellent agreement with the detected signals.

IV. CONCLUSIONS

Thus, the experimental data presented in this work clearly show
that recombination of oxygen atoms obtained by UV photolysis of
ozone is accompanied by a rapid loss of O3 molecules. The time
scale for ozone removal is of the same order of magnitude as for
0," loss. The kinetic model developed for the oxygen nightglow
on the terrestrial planets' and adopted for the laboratory photoly-
sis experiments adequately describes the detected temporal profiles
of the ozone number density and O,* emission intensities.

According to our model, the main channel of ozone destruction
is the chemical reaction between O3 and vibrationally excited singlet
oxygen Oz(a, v > 3). There are two paths of O»(a, v > 3) production
listed in Table I. The first one is a collisional relaxation of the quintet
state IT described above. The second one is the O3 + O, reaction,
which, according to our assumption, yields O (g, v > 3) (process 8).
This assumption is based on the fact that under certain conditions,
we observed the loss of more than one ozone molecule caused by one
O;* molecule.

Seven electronic states of molecular oxygen are involved in the
kinetics of the post-photolysis mixture O3/M. The situation is com-
plicated by the fact that on the course of secondary energy exchange
processes, a large number of vibrational levels of each of the elec-
tronic states are populated. Kinetic constants are known only for a
small fraction of the whole variety of elementary energy exchange
processes in this system. The simplified kinetics presented in Table I
contains a number of assumptions and cannot claim high accuracy
in reproducing experimental data. Therefore, the deduced values of
the rate constants for processes 7 and 8, k7 = 3 x 107" cm® s7! and
ks =2 x 107" cm’® s7', should be considered as estimates.

Ab initio calculations allowed us to propose a reaction pathway
from the reactants to products on the Os potential energy surface.
The calculations revealed that the O,(a) + O; reaction is likely to
proceed via singlet-triplet intersystem crossing exhibiting an energy
barrier of 9.6 kcal/mol, which lies between two and three quanta
of vibrational excitation of O;(a), and hence, O,(a, v) with v > 3
could rapidly react with ozone. It should be noted that the present
theoretical consideration regarding process 7 is of a qualitative
character, whereas a more quantitative characterization of the Os
PES can be achieved through multireference geometry optimization

ARTICLE scitation.org/journalljcp

(e.g., CASSCF) of tsl, il, and the intersystem crossing and the
energy refinement at the CASPT2 level with carefully selected active
spaces. This could be done in the future but is beyond the scope of
the present work.

The rates of the recombination processes 1 and Oo(P)+0,+M
— O3 + M (reaction 11) are comparable at altitudes of Earth’s atmo-
sphere of about 100 km.** Reactions 7 and 8 may contribute to a loss
of O3 molecules formed in the three-body recombination process 11
but are not included into current photochemical models of the upper
atmosphere. Hence, the results of the present study indicate how the
current models can be improved.
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