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Abstract: A theoretical approach is developed for the description of all possible recombination

pathways in the ozone forming reaction, without neglecting any process a priori, and without

decoupling the individual pathways one from another. These pathways become physically distinct

when a rare isotope of oxygen is introduced, such as 18O, which represents a sensitive probe of

the ozone forming reaction. Each isotopologue of O3 contains two types of physically distinct

entrance channels and two types of physically distinct product wells, creating four recombination

pathways. Calculations are done for singly and doubly substituted isotopologues of ozone, eight

rate coefficients total. Two pathways for the formation of asymmetric ozone isotopomer exhibit

rather different rate coefficients, indicating large isotope effect driven by ∆ZPE-difference. Rate

coefficient for the formation of symmetric isotopomer of ozone (third pathway) is found to be in

between of those two, while the rate of insertion pathway is smaller by two orders of magnitude.

These trends are in good agreement with experiments, for both singly and doubly substituted ozone.

The total formation rates for asymmetric isotopomers are found to be somewhat larger than those for

symmetric isotopomers, but not as much as in the experiment. Overall, the distribution of lifetimes is

found to be very similar for the metastable states in symmetric and asymmetric ozone isotopomers.

Keywords: ozone; isotope effect; scattering resonances; hyperspherical coordinates

1. Introduction

The recombination reaction that produces the usual (isotopically unsubstituted) ozone
molecule may look relatively simple, O + O2 → O3, but this is because in this case only
one, the most abundant isotope of oxygen (16O) is involved. When a rare isotope is intro-
duced, say 18O, several physically distinct reaction pathways (1)–(4) can be identified [1–8]:

A: 16O + 16O18O →16O16O18O (1)

B: 18O + 16O16O →18O16O16O (2)

S: 16O + 18O16O →16O18O16O (3)

I: 18O + 16O16O →16O18O16O (4)

Two of these pathways, A and B, produce an asymmetric ozone molecule 16O16O18O,
while the other two pathways, S and I, produce symmetric ozone molecules 16O18O16O.
Three of them: A, B and S, correspond to the addition of an atom to a diatomic moiety
(a direct end-on processes), whereas the last one, I, represents the insertion of a rare isotope
in-between the two atoms of the reagent molecule (and thus is expected to follow a more
complicated indirect reaction path, see below). If two 18O isotopes are involved, then four
more recombination pathways need to be considered:

A: 18O + 18O16O →18O18O16O (5)

B: 16O + 18O18O →16O18O18O (6)

S: 18O + 16O18O →18O16O18O (7)

I: 16O + 18O18O →18O16O18O (8)
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nation rate coefficients for these four pathways: κA, κB, κS and κI in both singly and doubly
substituted cases. Their results, summarized in Table 1 here, indicate a broad variation
of recombination rate coefficients through isotopomers and isotopologues of ozone (the
factor of 2 is introduced for κA and κS to account for the usual symmetry effect associated
with the number of states in the homonuclear and heteronuclear diatomic reagents). In
the first row we collected the values of 2κS that can be used as a convenient reference for
each column (Indeed, note that the values of 2κS are very close to each other and to the
experimental value for κ666 = 60 × 10−35 cm6/s for the usual unsubstituted ozone) [9].
The values of rate coefficients 2κA and κB collected in the second and third rows deviate
significantly from 2κS, and, importantly, these deviations occur in the opposite directions
in the cases of single and double isotopic substitutions (compare even columns with odd
columns of Table 1). Finally, the values of κI for the insertion pathway, listed in the fourth
row, are much smaller than the other three, by up to two orders of magnitude.

Table 1. Experimental and theoretical rate coefficients (in the units of 10−35 cm6/s) for four pathways

of ozone formation at 296 K in the cases of single and double isotopic substitution, and the corre-

sponding three isotope effects as defined by Equations (61), (64)–(67) in Sections 3.1 and 3.2 below.

Rate Coefficients
Experiment [1–8] Theory, This Work

Single Double Single Double

2κS 60 62 60 61
2κA 86 55 73 57
κB 55 90 55 73
κI 0.36 1.74 0.18 1.39

Isotope Effects

ζ 1.68 1.77 1.45 1.38
η 1.13 1.19 1.02 1.08
ξ 4.8 7.9

These experimentally measured rate coefficients suggest the presence of three definite
isotope related phenomena, namely (see Table 1):

(1) Quantum ∆ZPE-effect, responsible for large difference, about 60%, between 2κA and
κB of the pathways A and B that are just slightly endo/exothermic (one with respect
to another). This phenomenon will be named ζ-effect.

(2) Symmetry-driven η-effect [1,10–12], that favors formation of asymmetric molecules,
16O16O18O and 16O18O18O, compared to the symmetric ones, 16O18O16O and 18O16O18O,
by about 16%;

(3) Very large difference, by a factor of ~5, between the insertion rate coefficients κI in the
singly and doubly substituted cases [1]. Here we will call it ξ-effect.

The first two effects received a lot of attention from the theory community [13–24].
First, the large ∆ZPE-effect was shown to originate from quantum mechanics [14–16] and
thus is fundamentally important for our understanding of the chemical reaction rate laws
in general. Nowadays this phenomenon is understood relatively well [17,20–22] and will
naturally emerge as a part of the theory developed below. The symmetry-driven η-effect,
practically important for atmospheric chemistry [6,12], remains mysterious, despite of
significant efforts dedicated to finding its origin [18–24]. One of the goals of this work
is to develop theoretical grounds for the description of this effect (although at present
time we cannot say that we entirely understand it). In sharp contrast with the first two
phenomena, the third and the largest isotope effect, related to the insertion pathway in
singly and doubly substituted isotopologues, has never been discussed in the literature.

Indeed, the rate coefficient κI of insertion has never been computed theoretically by
anyone. One reason for this is that in the experiment the values of κI are smaller than those
of κA, κB and κS, roughly, by two orders of magnitude [1], and therefore for theorists it is
very tempting to neglect κI. But then the relevant isotope effect is also lost. In this work
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we develop a theory that includes all pathways of ozone formation, without neglecting
anything a priori.

Another reason for the absence of any theoretical work on the insertion pathway is
that this process is not a simple direct reaction. In the Figure 1 above, for simplicity, this
process is shown by a straight arrow but, in reality, the reaction path cannot cross the center
of this figure (at any relevant temperature) since the PES is extremely repulsive in that
part of the configuration space. The insertion path must be indirect, akin to the roaming
mechanism [25], when the reagents enter through one channel, form an excited complex in
the adjacent well, then roam through the other channel, isomerizing into the other well,
where the second complex is formed and finally stabilized by bath gas collisions. For
example, in the case of singly substituted isotopologue this process can be represented as:

18O + 16O16O →
18O · · ·

16O16O
dec
→

18O16O · · ·
16O

roam
→

16O · · ·
18O16O

stab
→

16O18O16O (11)

In the doubly substituted case:
16O + 18O18O

form
→

16O · · ·
18O18O

dec
→

16O18O · · ·
18O

roam
→

18O · · ·
16O18O

stab
→

18O16O18O (12)

How to describe these processes theoretically? Classical trajectories are used for the
description of roaming [25], but the classical approach is efficient and accurate only if
roaming is the dominant mechanism of the reaction, or the only one possible. In the
case of ozone, the insertion by roaming is a minor pathway, with a small probability.
Prediction of rare events using classical trajectories is problematic on its own, and therefore
is not expected to be helpful in the case of ozone. The quantum dynamics treatment,
such as the wave packet method [26], is usually employed for the description of direct
reactions, that proceed through the transition state relatively fast, without formation of
a long-lived complex. The propagation of wave packets through the extended parts of
the potential energy landscape, in particular over the deep wells where the long-lived
complexes (scattering resonances) are formed, is numerically challenging [26]. Therefore,
the quantum dynamical description of roaming is not routinely done [27]. It appears that
all previously developed theoretical models of ozone formation either used an approximate
treatment for scattering resonances or did not include the lifetimes at all, appealing to the
low-pressure regime [28–31].

In this work, for theoretical description of the insertion process, we employed a general
time-independent quantum mechanical approach, in which the metastable ozone states
above dissociation threshold are described by scattering resonances. Complex absorbing
potential is introduced in the asymptotic part of the PES, and the widths of individual
scattering resonances Γi are obtained from the complex parts of the total energy, that are
used to compute rate coefficients of decay (spontaneous, first order) of the individual
scattering resonances as:

kdec
i =

Γi

ℏ
(13)

Importantly, within this approach, we can setup the complex potential in the individ-
ual channels on the PES, in order to split the resonance width and the corresponding decay
rate coefficient onto two channel-specific contributions:

Γtot
i = Γch1

i + Γch2
i (14)

kdec
i = kdec,ch1

i + kdec,ch2
i (15)

Here kdec,ch1
i = Γch1

i /ℏ, whereas kdec,ch2
i = Γch2

i /ℏ. For example, in the singly sub-

stituted case kdec,ch1
i corresponds to the decay of metastable ozone onto 18O + 16O16O

through one channel at the bottom of Figure 1a, while kdec,ch2
i corresponds to the decay of

a metastable ozone onto 16O + 16O18O through two indistinguishable channels at the top

of Figure 1a. Similar, in the doubly substituted case kdec,ch1
i corresponds to the decay of

ozone onto 16O + 18O18O through one channel at the bottom of Figure 1b, while kdec,ch2
i

corresponds to the decay of a resonance onto 18O + 18O16O through two indistinguishable
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channels at the top of Figure 1b. Using the equilibrium constant (computed statistically),
the rate coefficients of decay can be converted into the rate coefficients for formation of the
metastable ozone states. Note that this part of the method is based on rigorous quantum
mechanical calculations.

The second feature of our theory is the splitting of the rate coefficient for stabilization
of scattering resonances (second order, by collisions with bath gas) onto two components
- those that produce symmetric and asymmetric ozone molecules. This is done semi-
empirically, by assuming that stabilization rate coefficient for a scattering resonance is
proportional to the probability amplitude over certain area of the PES. Namely, integrat-
ing the moduli squared of wavefunctions of the individual scattering resonances over
the parts of the PES associated with symmetric and asymmetric ozone molecules (see
Figure 1), we can determine the product-specific probabilities p

sym
i and p

asym
i , and the total

probability [21–24]:
ptot

i = p
sym
i + p

asym
i (16)

The two product-specific stabilization rate coefficients, are then computed as:

k
stab, sym
i = kstab p

sym
i (17)

k
stab, asym
i = kstab p

asym
i (18)

The values of probabilities p
sym
i and p

asym
i are rigorously determined for individual

scattering resonances, by integrating their wave functions. In the singly substituted case
p

sym
i and p

asym
i are associated with 16O18O16O and 16O16O18O, while in the doubly substi-

tuted case they correspond to 18O16O18O and 16O18O18O, respectively. Their sum defines
the total stabilization rate coefficient, naturally, as kstab

i = kstab ptot
i . One single value of

kstab = vσstab , where v =
√

8kT/(πµ), µ is reduced mass and σstab = 154.03 a2
0 is used

for all resonances, as was recommended earlier in the mixed quantum/classical study of
collisional energy transfer [32].

Combination of the two channel-specific rate coefficients for decay of resonances, with
two product-specific stabilization rate coefficients, permits to express four pathway-specific
recombination rate coefficients κA, κB, κS and κI through Γch1

i , Γch2
i , p

sym
i and p

asym
i (for

each resonance). In addition, we will obtain, analyze and employ the expressions for
recombination rate coefficients κsym and κasym for production of symmetric and asymmetric
ozone molecules.

2. Theory

2.1. The Four Pathways of the Recombination Reaction

According to the Lindemann mechanism [33], the rate R of a recombination process is
a product of the concentration of metastable species [O∗

3 ] represented here by scattering
resonances, the concentration of bath gas particles [M], and the stabilization rate coefficient
kstab, see Equation (19). If we assume that different resonances are populated and stabilized
independently, the total rate is given by the sum over scattering resonances (labelled by
index i):

R = ∑
i

kstab
i [M][O∗

3 ]i (19)

Using Equation (16) this formula splits onto two contributions that correspond to the
rates of production of symmetric and asymmetric ozone molecules, as follows:

R = ∑
i

kstab
(

p
sym
i + p

asym
i

)
[M] [O∗

3 ]i

= kstab[M]∑
i
[O∗

3 ]i p
sym
i + kstab[M]∑

i
[O∗

3 ]i p
asym
i

(20)
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Putting together Equations (13), (21), (22), (29) and (31), we obtain:

Rsym = [M][68][6] kstab

Qch2
∑
i
(2J + 1)p

sym
i

Γch2
i
ℏ

Γtot
i
ℏ

+kstab
i [M]

e−
Ei
kT

+ [M][66][8] kstab

Qch1
∑
i
(2J + 1)p

sym
i

Γch1
i
ℏ

Γtot
i
ℏ

+kstab
i [M]

e−
Ei−∆ZPE

kT

(32)

Rasym = [M][68][6] kstab

Qch2
∑
i
(2J + 1)p

asym
i

Γch2
i
ℏ

Γtot
i
ℏ

+kstab
i [M]

e−
Ei
kT

+ [M][66][8] kstab

Qch1
∑
i
(2J + 1)p

asym
i

Γch1
i
ℏ

Γtot
i
ℏ

+kstab
i [M]

e−
Ei−∆ZPE

kT

(33)

Note that the term e−∆ZPE/kT was moved to the numerator, to appear together with
Γch1

i /ℏ. The reason behind this move is that the decay of resonances through Channel 1,

given by Γch1
i /ℏ, is efficient only at energies above threshold for this channel, which is

∆ZPE (see Figure 2). Therefore, it makes sense to measure energies of such resonances
relative to the threshold of this channel, writing the Boltzmann factor as e−(Ei−∆ZPE)/kT .

At this point it becomes clear that the two terms in Equation (32) for Rsym correspond
to RS and RI whereas the two terms in Equation (33) for Rasym correspond to RA and RB:

Rsym = RS + RI (34)

Rasym = RA + RB (35)

This is because RS and RA correspond to the reagents in Channel 2, whereas RI and
RB correspond to the reagents in Channel 1. Therefore, the rates of recombination through
four pathways are introduced as:

RA ≡ κA[M][68][6] (36)

RB ≡ κB[M][66][8] (37)

RS ≡ κS[M][68][6] (38)

RI ≡ κI[M][66][8] (39)

However, based on Equations (32) and (33), the expressions for κA, κB, κS and κI would
come out bulky. In order to make them more intuitive, we will introduce into the formalism
several handy moieties.

2.2. Kinetic Weight of a Resonance and the Dynamical Partition Function

The values of ratios in Equations (32) and (33) depend on the relative efficiencies of
resonance formation, decay and stabilization. It is convenient to name this moiety the
kinetic weight of a resonance, or simply the weight. If there would be only one channel of
resonance formation/decay, the expression for the weight would be:

wi =
Γi
ℏ

Γi
ℏ
+ kstab

i [M]
(40)

In the low-pressure limit, kstab
i [M] ≪ Γi/ℏ, the weight reaches its maximum value,

wi → 1 , and the role of a resonance in the recombination process is maximized. In contrast,
in the high-pressure limit, kstab

i [M] ≫ Γi/ℏ, the weight is wi → 0 , and the contribution
of a resonance may be small. At given finite pressure, different resonances have different
weights, determined by their widths Γi. Broader resonances have larger weights, while
narrower resonances have lower weights. One can consider a limiting case of a bound state
with zero width, Γi = 0. Such states would have wi = 0 at any pressure. This makes sense,



Molecules 2021, 26, 1289 9 of 21

since the bound states do not decay spontaneously and are not formed directly from the
reagents, making no contribution to the recombination process.

When multiple (in our case two) decay channels are present, one can still use Equa-
tion (40) to define the weight, with the total width Γtot

i instead of Γi. This can be introduced

into Equations (32) and (33) by factoring out the channel specific ratios Γch1
i /Γtot

i and

Γch2
i /Γtot

i as we will demonstrate further below.
Note that summation in Equations (32) and (33) goes over the metastable states of

ozone, multiplied by Boltzmann factors and degeneracy factors, and thus very much resem-
bles a partition function at the transition state, Q‡, used in the RRKM theory [34], except
that our formulae take into account the processes of formation, decay and stabilization of
scattering resonances, and therefore are more general. Inspired by this similarity, we found
it instructive to introduce the dynamical partition function, Q̃, for four pathways of ozone
formation, defined as follows:

Q̃A ≡ ∑
i

(2J + 1) wi
Γch2

i

Γtot
i

p
asym
i e−

Ei
kT (41)

Q̃B ≡ ∑
i

(2J + 1) wi
Γch1

i

Γtot
i

p
asym
i e−

Ei−∆ZPE
kT (42)

Q̃S ≡ ∑
i

(2J + 1) wi
Γch2

i

Γtot
i

p
sym
i e−

Ei
kT (43)

Q̃I ≡ ∑
i

(2J + 1) wi
Γch1

i

Γtot
i

p
sym
i e−

Ei−∆ZPE
kT (44)

Note that each factor in the definition of the dynamical partition function Q̃ is unitless:
the degeneracy, the weight of a resonance (determined by the pressure of bath gas and
by the total resonance width, see Equation (40) above), stabilization probability, and the
Boltzmann factor (including the ∆ZPE shift for pathways B and I that originate in the
upper Channel 1, see Figure 2). The values of Q̃ for four pathways are obtained from
four combinations of the relative decay rates through one of two reagent channels (either
Γch1

i /Γtot
i or Γch2

i /Γtot
i ) with two stabilization probabilities (either p

sym
i or p

asym
i ).

It is also important to note that our definition of Q̃ takes into account the probabilities
of wave function in the inner region of the PES (either p

sym
i or p

asym
i ), where the resonance

can be quenched into a stable ozone molecule by collisions with bath gas. This factor plays
important role in obtaining both physically meaningful and numerically converged value
of Q̃. As we will discuss in Section 3.3 below, the spectrum of states above dissociation
threshold contains, unavoidably, the free-particle states with large widths (short lifetimes).
Since they possess large weights ( wi ∼ 1) one may think that they would make large
contributions to the recombination process, which would be unphysical. This is where the
probabilities p

sym
i and p

asym
i come into play. The free-particle states, hosted by the asymp-

totic part of the PES, have p
sym
i and p

asym
i close to zero, which makes their contributions to

Q̃ vanishingly small, as it should be. So, in order to contribute to the dynamical partition
function Q̃ and the recombination reaction, a resonance should possess non-vanishing
weight wi and probability (either p

sym
i or p

asym
i ), both. A very narrow resonance has p

sym
i

or p
asym
i close to one, but small weight wi. A very broad resonance has large weight

wi but small probabilities p
sym
i and p

asym
i . Neither makes large contribution to Q̃. Only

the resonances with optimal combination of the weight and probability play role in the
recombination process.

With these definitions, the four pathway-specific rate coefficients are concisely written
as follows:

κA ≡ kstab Q̃A

Qch2
(45)
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κB ≡ kstab Q̃B

Qch1
(46)

κS ≡ kstab Q̃S

Qch2
(47)

κI ≡ kstab Q̃I

Qch1
(48)

Note that each of these formulae has a simple intuitive form: recombination rate coef-
ficient is a product of stabilization rate coefficient with the ratio of the partition functions
(products over reagents). All complexity is absorbed by the dynamical partition functions
of four recombination pathways, computed quantum mechanically: Q̃A, Q̃B, Q̃S, Q̃I.

2.3. Formation of Symmetric and Asymmetric Molecules

One has to realize that both Rsym and Rasym include contributions from two reaction
channels with different reagents [66][8], in Channel 1 and [68][6], in Channel 2, see Equa-
tions (49) and (50). Therefore, rate coefficient κsym is not a simple sum of κS and κI, and
likewise κasym is not a simple sum of κA and κB. The following manipulations, however,
permit to derive all necessary formulae:

Rsym = RS + RI = κS[M][68][6] + κI[M][66][8]

=
(

κS + κI
[66][8]
[68][6]

)
[68][6][M] = κsym[68][6][M]

(49)

Rasym = RA + RB = κA[M][68][6] + κB[M][66][8]

=
(

κA + κB
[66][8]
[68][6]

)
[68][6][M] = κasym[68][6][M]

(50)

In this approach the contributions of two reaction channels are added together, by
re-expressing the two rates through the concentrations of reagents in the lowest energy
channel (Channel 2 in the singly substituted case).

Note that the ratio of four concentrations in these expressions represents the equi-
librium constant for isotope exchange between the two channels, with forward direction
defined to be from Channel 2 to Channel 1:

68 + 6 ⇋ 66 + 8 (51)

Kex =
[66][8]

[68][6]
=

Qch1e−∆ZPE/kT

Qch2
. (52)

The value of this equilibrium constant is expected to be on the order of 1/2 due to
symmetry of the homonuclear diatomic reagent in the Channel 1, in which every other
rotational state is forbidden by quantum mechanical selection rules.

With this definition, the expressions for product-specific recombination rate coeffi-
cients are:

κsym ≡ κS + κIK
ex (53)

κasym ≡ κA + κBKex (54)

Indeed, neither of these expressions is a simple sum. The isotope exchange constant
Kex enters these expressions, multiplying the rate constant for the upper channel.

Substitution of Equations (45)–(48) for four rate constants into Equations (53) and (54)
permits to obtain the following expressions:

κsym ≡ kstab Q̃sym

Qch2
(55)

κasym ≡ kstab Q̃asym

Qch2
(56)
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where we introduced the dynamical partition functions for the formation of symmetric and
asymmetric ozone molecules as:

Q̃sym ≡ Q̃S + Q̃Ie
−

∆ZPE
kT (57)

Q̃asym ≡ Q̃A + Q̃Be−
∆ZPE

kT (58)

Note that κsym and κasym use the same reference channel, namely, the lower energy
Channel 2, so the partition function of this channel, Qch2, shows up in the denominator
of both expressions. Also note, that in Q̃sym or Q̃asym the two contributions come not as a

simple sum; the contribution of the upper channel is multiplied by e−∆ZPE/kT .
It is instructive to express Q̃sym and Q̃asym through the properties of individual

resonances. Substitution of Equations (41)–(44) into (57) and (58) gives us:

Q̃sym = ∑
i
(2J + 1) wi

Γch2
i

Γtot
i

p
sym
i e−

Ei
kT

+ e−
∆ZPE

kT ∑
i
(2J + 1) wi

Γch1
i

Γtot
i

p
sym
i e−

Ei − ∆ZPE
kT

= ∑
i
(2J + 1) wi p

sym
i e−

Ei
kT ;

(59)

Q̃asym = ∑
i
(2J + 1) wi

Γch2
i

Γtot
i

p
asym
i e−

Ei
kT

+ e−
∆ZPE

kT ∑
i
(2J + 1) wi

Γch1
i

Γtot
i

p
asym
i e−

Ei − ∆ZPE
kT

= ∑
i
(2J + 1) wi p

asym
i e−

Ei
kT .

(60)

This result is very interesting, since several moieties disappeared in the final expres-
sions for Q̃sym and Q̃asym. First, all ∆ZPE factors canceled analytically, which means that
quantum zero-point energies are unlikely to cause any isotope effect related to symmetric
vs. asymmetric ozone molecules (at least not directly). Then, two contributions to the total
resonance width, Γch1

i and Γch2
i , added up and cancelled with Γtot

i . This means that, for
the description of symmetry driven isotope effects, the widths of scattering resonances,
or lifetimes of the metastable states, may not be important either (again, not directly).
They still enter the weights wi, but the same weights enter Q̃sym and Q̃asym. The only

difference between Q̃sym and Q̃asym comes from the stabilization probabilities, p
sym
i vs.

p
asym
i . Importantly, in the case of double isotopic substitution the formulae identical to

Equations (59) and (60) are obtained, as we show in the Supplementary Materials.

3. Results and Discussion

3.1. Pathway-Specific Rate Coefficients

Our database of the rovibrational states of ozone [22] includes 380,434 states of singly
substituted isotopologue and 400,183 states of doubly substituted isotopologue, at energies
up to 800 cm−1 above dissociation threshold, computed for the values of total angular
momentum of the molecule from J = 4 to J = 56 with a step of 4, within the symmetric-top
rotor approximation for the values of K from zero to K = J, with a step of 2. Out of these
states, about 520,000 states are the bound states below dissociation threshold of singly
and doubly substituted isotopologues, whereas the remaining 260,000 states are scattering
resonances above threshold. The approach developed above uses properties of all these
scattering resonances as input parameters (Ei, Γch1

i , Γch2
i , p

sym
i , p

asym
i for each state), to

compute the relevant dynamical partition functions (Q̃A, Q̃B, Q̃S, Q̃I) by summation over
these states, see Equations (41)–(44), and to predict the corresponding recombination rate
coefficients (κA, κB, κS, κI) using Equations (45)–(48).

Theoretically predicted rate coefficients for the four pathways in singly and doubly
substituted ozone molecules are added to the Table 1. The most significant new addition to
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the previous work is theoretical prediction of rate coefficients for the insertion pathways,
κI, never computed before by anyone else. Experimental information for the insertion
pathway in ozone is also rather limited and consists of only two values of rate coefficient
κI cited in Table 1, both at room temperature, one for the insertion of 6 into 88, and the
other for the insertion of 8 into 66. In agreement with experiment, our theory predicts very
small rate coefficients for the insertion pathway, in the range of two orders of magnitude
smaller than rate coefficients for the other three pathways (compare to κA, κB and κS in
Table 1). This is consistent with an indirect reaction path, that must circle the origin in
Figure 1, going from the reagent channel at the bottom of the figure (Channel 1 with a
homonuclear diatomic) into the product well at the top of the figure (to form a symmetric
ozone molecule). A schematic of this process is provided in the Supplementary Materials,
Figure S2. Absolute value of theoretically predicted κI is quite close to the experimental
value in the case of double isotopic substitution (see Table 1), whereas it deviates more in
the case of single isotopic substitution. One must remember, however, that dealing with
the insertion pathway we look at the relatively small rate coefficients influenced by both
theoretical assumptions and experimental limitations.

Also, in agreement with experiment, our results indicate that insertion is much slower
in the singly substituted case, Equation (11), compared to the doubly substituted case,
Equation (12). In order to quantify this phenomenon, we propose to introduce the ratio of
corresponding rate coefficients, namely:

ξ =
κ
(d)
I

κ
(s)
I

(61)

where indexes (s) and (d) stand for single and double isotopic substitutions, respectively. In
the experiment this ratio is larger than one, close to the factor of five, ξ = 4.8. Importantly,
our theory shows the same effect (ξ > 1) with even larger magnitude, ξ = 7.9 (see Table 1).

The difference of experimental and theoretical absolute values of ξ-effect may originate
in the approximate theoretical treatment of stabilization step (since we assume the same
value of stabilization cross section for single and double isotopic substitutions, while they
may be different in reality), or in the details of potential energy surface (since this indirect
reaction path crosses several transition states, and thus is expected to be sensitive to the
reaction landscape), or in the difficulties of experimental measurements (since this is a
minor pathway with very small rate coefficient). Despite of these multiple uncertainties,
a semiquantitative agreement of theory with experiment is obtained, which is already a
successful first step.

An important qualitative question is why the insertion is much faster in the doubly

substituted case, 6 + 88
κI
→ 868, compared to the singly substituted case, 8 + 66

κI
→ 686.

For this, let’s consider the effective mass of reagents in these two processes. It may be
counterintuitive at first, but it appears that the reduced mass of reagents in the doubly
substituted case:

µ(d) =
16 × 36

16 + 36
≈ 11.07 (amu) (62)

is appreciably smaller than in the singly substituted case:

µ(s) =
18 × 32

18 + 32
≈ 11.52 (amu) (63)

Smaller effective mass is associated with faster motion and thus larger rate coefficients
at the same temperature, but also with more efficient tunneling. Since the rate coefficients
are small for the insertion, the effect of tunneling becomes comparable [22]. The “shape-
type” resonances are populated by tunneling, which is exponentially sensitive to the
masses of isotopes. It should also be stressed that, in the case of single substitution,
Channel 1 (where the insertion process starts) is the upper channel, but in the case of
double substitution Channel 1 is the lower channel. All experimental data indicate that
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lower channels exhibit higher recombination rates than upper channels (see discussion of
the ∆ZPE effect below), and it looks like the insertion pathway follows the same rule.

As for other three recombination pathways included in Table 1, the values of rate
coefficients κA and κS obtained here are very similar to those reported in the earlier work by
Teplukhin et al. [22], while the value of κB is different. This is because a bug was discovered
in the original version of the code, due to which the reduced mass of 16O16O (instead of
18O18O) was used erroneously for the calculations of the reagent partition function for
Channel 1 in the doubly substituted case. This problem was corrected in the updated
version of the code, and resulted in a significant change of κB and Kex for the doubly
substituted case (but no significant change in the isotope effects, where these two moieties
enter together and the effect of diatomic mass cancels, see below).

Overall, the trends we see for the values of κA, κB, κS and κI computed theoretically
for single and double substitutions of 18O in ozone follow experimental results reasonably
well. Namely, the values of 2κS are very similar in the singly and doubly substituted cases,
and their magnitudes are always in between of those for 2κA and κB, whereas the order of
2κA and κB is opposite in the singly and doubly substituted cases. Namely, in the singly
substituted case 2κA > κB whereas in the doubly substituted case 2κA < κB. This is explained
by the fact that in the singly substituted case the lower energy pathway is A (since ZPE of
16O18O is smaller than that of 16O16O, see Figure 2 above), but in the doubly substituted
case the lower energy pathway is B (since ZPE of 16O18O is larger than that of 18O18O, see
Figure S1 in the Supplementary Materials). The mechanism of this ∆ZPE phenomenon was
discussed in detail in the literature [14–17,20–22], and will not be reiterated here.

3.2. Isotope Effects

The most convenient and reliable characteristic of ozone formation process is the value
of isotope effect computed as a ratio of pathway-specific rate coefficients, since in the ratio
some of uncertain parameters cancel. This was the case in the experimental studies of
ozone [1,3,4,6], and is also true for our theory. Namely, the theory developed above relies
on a simple empirical stabilization model with one value of stabilization cross section σstab

determined approximately in a simplified semiclassical study [30]. But, if one considers the
ratio of rate coefficients, then the values of stabilization rate coefficients cancel, enabling
more reliable predictions and more straightforward comparison with experiment.

Thus, the symmetry-driven η-effect in the singly substituted case can be characterized
by the ratio:

η(s) =
κasym

2κsym
=

κA + κBKex

2(κS + κIKex)
=

Q̃A + Q̃Be−
∆ZPE

kT

2
(

Q̃S + Q̃Ie
−

∆ZPE
kT

) =
Q̃asym

2Q̃sym

(64)

We see that the final expression for η includes only the dynamical partition functions Q̃,
computed rigorously using quantum mechanics. Similar, in the case of double substitution
(see Supplementary Materials) we obtain:

η(d) =
κasym

2κsym
=

κAKex + κB

2(κSKex + κI)
=

Q̃Ae−
∆ZPE

kT + Q̃B

2
(

Q̃Se−
∆ZPE

kT + Q̃I

) =
Q̃asym

2Q̃sym

(65)

i.e., the same final result.
Next, two terms in the numerator of Equations (64) and (65) can be used to set up

the ratio for characterization of the ∆ZPE-driven ζ-effect. For single substitution, from
Equation (64):

ζ(s) =
κA

κBKex
=

Q̃A

Q̃Be−
∆ZPE

kT

(66)
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and similar for double substitution, from Equation (65):

ζ(d) =
κB

κAKex
=

Q̃B

Q̃Ae−
∆ZPE

kT

(67)

Note that all definitions are set such that no anomalous isotope effect would corre-
spond to ζ = 1 and η = 1 in all cases, and all experimentally observed isotope effects would
correspond to ζ > 1 and η > 1.

Equations (64)–(67) were used to populate Table 1 with experimental and theoretical
values of parameters ζ and η for singly and doubly substituted cases. Theoretically pre-
dicted ζ-effect is large and goes in the same direction as in the experiment (ζ > 1) in both
singly and doubly substituted cases, although in our calculations its magnitude, about ζ =
1.42 ± 0.03 (in the singly and doubly substituted cases, respectively), is somewhat smaller
compared to the experiment, which is ζ = 1.73 ± 0.04 (in the singly and doubly substituted
cases). Concerning the mysterious η-effect driven by symmetry, our calculations give η =
1.02 and 1.08 (in the singly and doubly substituted cases), which is significantly smaller
than the experimental values of η = 1.16 ± 0.03. The deviation is largest in the case of single
substitution, which is particularly sad since this case is relevant to the processes in Earth’s
atmosphere, with low abundance of 18O. The direction of all isotope effects in Table 1 is,
nevertheless, consistent with experiment (η > 1 in all cases).

It was proposed in the literature [10–13] that η-effect is exclusively driven by symmetry
(somehow), whereas the ∆ZPE difference of two formation channels manifests only in
ζ-effect. The logic for this statement can be seen in Equations (64) and (65), where the ∆ZPE-
factor cancels out, in contrast to Equations (66) and (67), where it survives. While here
we came to the same analytic result, our interpretation of the origin of η-effect is different.
Energies and widths of scattering resonances near the process threshold are strongly
affected by the presence of ∆ZPE “step” on the potential energy landscape of the process,
and even if the Boltzmann factor e−∆ZPE/kT cancels out analytically in the Equations (66)
and (67), the values of Q̃sym and Q̃asym in these formulae still carry information about the
spectra of scattering resonances, influenced by the ∆ZPE. To this extent, the small η-effect
seen in our results is also related to the ∆ZPE.

3.3. Distribution of Resonance Widths

Although all scattering resonances are included in the dynamical partition functions Q̃
introduced above, different resonances exhibit different properties and those vary dramati-
cally through the database. Therefore, different resonances make different contributions to
the rate of the reaction, and to the resultant isotope effects. Here we will take closer look at
the distribution of resonance widths Γi that determine decay rates (inversely proportional
to their lifetimes). For this purpose, it is convenient to consider zero-pressure limit, when:

Q̃◦
sym = ∑

i

(2J + 1) p
sym
i e−

Ei
kT (68)

Q̃◦
asym = ∑

i

(2J + 1) p
asym
i e−

Ei
kT (69)

and therefore:

Q̃◦
tot = ∑

i

(2J + 1) ptot
i e−

Ei
kT (70)

The point is that in the zero-pressure limit all resonances are equally weighted, with
wi = 1 regardless of the width Γi, and therefore all resonances are made “visible” in the
distribution. Moreover, if we set ptot

i = 1 (see below) then the expression for the dynamical

partition function Q̃◦
tot gives just the Boltzmann average over scattering resonances includ-

ing rotational degeneracies, equivalent to the statistical partition function at the transition
state, Q‡.
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Using Q̃cov, Q̃vdw and Q̃free it is straightforward to compute the average resonance
width Γ ~ in each group of states (see Supplementary Materials), and the corresponding
average lifetime, τ̃ = ℏ/ Γ ~. These data are presented in Table 2. They indicate that in
ozone the resonances localized in the covalent well are much narrower (more stable) than
those distributed over the van der Waals plateau. Indeed, the covalent states are trapped
behind the transition state point and therefore they must decay slower (and are populated
slower too). In contrast, the wave functions of the van der Waals states are located outside
of the transition state, very close to the dissociation channel (see Figure 4). Therefore, they
are less stable, they decay (and are populated) much faster.

Table 2. Average resonance widths and their corresponding lifetimes for the states of three types in

the singly and doubly substituted ozone molecules.

Resonance Type
Γ̃
(
cm−1

)
τ̃(ps)

Single Double Single Double

Covalent well 1.00 1.01 33.4 33.0

Van der Waals plateau 27.9 26.9 1.20 1.24

Asymptotic states (free) 68.9 67.3 0.484 0.496

3.4. Resonance Widths in Symmetric and Asymmetric Ozone Molecules

It was argued by several authors [10,11,38,39] that the lifetimes of metastable states in
symmetric and asymmetric ozone molecules may be quite different, and this may explain
the symmetry-driven η-effect. Lifetimes are inversely proportional to resonance widths,
so, here, in order to check this hypothesis, will obtain the distributions of resonance
widths in symmetric and asymmetric ozone molecules. For this, we can readily split the
overall covalent probabilities between the wells that hold symmetric and asymmetric
ozone molecules, using pcov

i = p
sym
i + p

asym
i , and plotting the distributions for Q̃◦

sym and

Q̃◦
asym, individually. This is done in two frames of Figure 6, for the cases of single and

double isotopic substitutions. For convenience of comparison, the data for symmetric
ozone molecules were multiplied by 2, in order to offset the effect of symmetry (see above).
We checked that without this symmetry factor, the sum of two curves in each frame of
Figure 6 gives the corresponding red curve in Figure 5. From Figure 6 we can see that
the distributions of resonance width are very similar in symmetric and asymmetric ozone
molecules in both singly and doubly substituted cases.

Based on these distributions, the average values of resonance width in symmetric
and asymmetric ozone molecules were computed and reported in Table 3. We see that the
average values of widths and lifetimes are also very similar in symmetric and asymmetric
ozone isotopomers, for both single and double isotopic substitutions. Based on these
data, we cannot claim that there is a significant difference in the lifetimes of resonances in
symmetric and asymmetric ozone molecules, that could be used to explain the symmetry
driven η-effect.

Table 3. Average resonance widths and their corresponding lifetimes for the resonances localized in

the covalent well of symmetric and asymmetric ozone molecules for the cases of single and double

isotopic substitutions.

Isotopomer of Ozone
Γ̃(cm−1) τ̃(ps)

Single Double Single Double

Symmetric 1.22 0.91 27.3 36.7
Asymmetric 1.17 0.94 28.5 35.5
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16O16O, and the insertion of 16O in between the atoms in 18O18O, are found to be two orders
of magnitude slower compared to the other six recombination rates, in agreement with
experimental data of the Mauersberger group. Two possible pathways for the formation of
each asymmetric ozone molecule (singly substituted 16O16O18O and doubly substituted
16O18O18O) indicate a pronounced, large isotope effect driven by ∆ZPE-difference, which
is also in good agreement with available experimental data. The rate coefficient for the
formation of each symmetric ozone molecule (singly substituted 16O18O16O and doubly
substituted 18O16O18O) is found to be in between of those two for the asymmetric ozone
molecule, again, in good agreement with experiment. The total formation rates of asym-
metric ozone molecules are found to be somewhat larger than those of symmetric ozone
molecules but unfortunately, not nearly as much as in the experiment (η-effect).

We also took closer look at the distribution of resonance widths that determine life-
times of the metastable ozone states. The distribution is several orders of magnitude broad.
We found that the metastable states of ozone can be characterized based on localization
of the wavefunction in different parts of the PES. Namely, the states with wavefunction
localized in the covalent ozone well (those that are expected to participate actively in the
ozone formation process) are typically narrow (width ~ 1 cm−1) and long lived (~33 ps on
average). In addition, there are many metastable states with wavefunctions delocalized
over the van der Waals plateau of the PES. Such states are found to be less stable, ~ 1.2 ps
on average, and are unlikely to participate in the ozone formation process (since their
stabilization into the covalent ozone well is expected to be inefficient). Still, the distribution
of widths of such resonances is mapped out here, and it is found to be quite different from
the distribution of the localized ozone states. However, very similar distributions of reso-
nance properties are found for symmetric and asymmetric ozone molecules, which seems to
disproof a popular hypothesis that the symmetry driven η-effect is caused by the difference
of lifetimes of the metastable states in symmetric and asymmetric ozone molecules.

The least rigorous component of present theory is a simplified description of stabi-
lization step, which is the second step of the overall recombination process. Here it was
assumed that all resonances are stabilized at the same rate. This was done on purpose in
some sense, in order to focus on the properties of all resonances, regardless of their position
in the spectrum, to determine what isotope effect may come from the properties of the
metastable states alone, rather than from the collisions of the metastable ozone with bath
gas. Obviously, a more rigorous description of the stabilization step is desirable and will
be pursued in the future work.

Supplementary Materials: The following are available online. Section A, Section B and Section C of

the Supplementary Material contain all formula for the case of doubly substituted ozone and some

other useful equations, such as low- and high-pressure limits of the dynamical partition functions.

Section D provides some technical details of our calculations.
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