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Abstract 
Theoretical treatment of ozone forming reaction is developed within the framework of mixed quantum/classical 
dynamics. Formation and stabilization steps of the energy transfer mechanism are both studied, which allows 
simultaneous capture of the delta zero-point energy effect and η-effect and identification of the molecular level 
origin of mass-independent isotope fractionation. The central role belongs to scattering resonances; 
dependence of their lifetimes on rotational excitation, asymmetry; and connection of their vibrational wave 
functions to two different reaction channels. Calculations, performed within the dimensionally reduced model of 
ozone, are in semiquantitative agreement with experiment. 
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Introduction 
The recombination reaction that forms ozone, 
 

O2 + O + M → O3 + M,  (1) 
 
is one of the most important processes in Earth’s atmosphere, and is one of the most difficult puzzles 
atmospheric chemists have to solve. At the fundamental physics level, almost every aspect of this seemingly 
simple reaction appears to be quite complicated. Of paramount importance for the geosciences community is 
the mass-independent fractionation (MIF) effect that leads to enrichment of stratospheric ozone in the heavy 
isotopes of oxygen. The anomalous enrichments in stratosphere (1) and the MIF in laboratory experiments (2) 
were discovered more than 30 y ago. These phenomena attracted the attention of some of the best 
geoscientists and physical chemists in experimental (3⇓⇓⇓⇓–8) and theoretical (9⇓⇓⇓⇓⇓⇓⇓⇓⇓⇓–20) 
communities but, despite the significant recent progress made (21⇓⇓–24), remained a gray area for those who 
used MIF as an analytical tool, and a longstanding problem for those who tried to explain it (25⇓–27). 
 
It has been recognized that quantum mechanics plays a crucial role in dynamics of ozone formation. The overall 
reaction 1 proceeds in two steps: through formation of quantum scattering resonances––metastable O3* states 
excited rotationally and vibrationally above the dissociation threshold: 
 

O2 + O → O3
∘  (2) 

 
O3
∘ + M → O3 + M∗ (3) 

 
The quantum delta zero-point energy (ΔZPE) effect (8), observed in experiments on formation of asymmetric 
isotopomers of ozone such as 16O16O18O, has been attributed to lifetimes and energies of O3

∘  states (14⇓–16) 
and by now has been reproduced by statistical (9⇓–11), quantum-mechanical (15, 16, 21, 23), and even classical 
trajectory (17, 18) models of the process 2. It has also been recognized that to explain why the symmetric ozone 
isotopomers such as 16O18O16O are produced at a lower rate (compared with the trend of asymmetric 
isotopomers), one needs another kind of isotope effect in addition to the ΔZPE effect. It was hypothesized that 
quantum symmetry plays role during the process 3––stabilization of O3

∘ by collisions with bath gas M. Indeed, in 
symmetric molecules some state-to-state transitions are forbidden by symmetry (28), which could lead to 
reduced stabilization cross-section and lowered recombination rate (29). Marcus called this the “η-effect” (9⇓–
11) and, among other possible causes of it, discussed the dynamic density of states, chaotic behavior of 
resonances, spin–orbit coupling, and, more recently (22), the Coriolis coupling effect, different in symmetric and 
asymmetric isotopomers. By 2010, three attempts were made to treat the dynamics of process 3 quantum-
mechanically (12, 19, 24) but all of them encountered significant computational difficulties and were forced to 
follow crude approximations (besides neglecting rotation and looking at J = 0 only). Notably, no isotope effects 
due to symmetry were found (24). The origin of the mysterious η-effect (9⇓–11) remained unidentified. 
 
In this paper we present results of sophisticated mixed quantum/classical theory for collisional energy transfer 
and rovibrational energy flow (30⇓–32). Our theory involves no adjustable parameters or empirical 
dependencies. All our results are obtained from first principles, giving insight into the molecular level origin of 
mass-independent isotope fractionation effect. The focus is on the following three reactions: 
 

https://www.pnas.org/content/110/44/17708#ref-1
https://www.pnas.org/content/110/44/17708#ref-2
https://www.pnas.org/content/110/44/17708#ref-3
https://www.pnas.org/content/110/44/17708#ref-4
https://www.pnas.org/content/110/44/17708#ref-5
https://www.pnas.org/content/110/44/17708#ref-6
https://www.pnas.org/content/110/44/17708#ref-7
https://www.pnas.org/content/110/44/17708#ref-8
https://www.pnas.org/content/110/44/17708#ref-9
https://www.pnas.org/content/110/44/17708#ref-10
https://www.pnas.org/content/110/44/17708#ref-11
https://www.pnas.org/content/110/44/17708#ref-12
https://www.pnas.org/content/110/44/17708#ref-13
https://www.pnas.org/content/110/44/17708#ref-14
https://www.pnas.org/content/110/44/17708#ref-15
https://www.pnas.org/content/110/44/17708#ref-16
https://www.pnas.org/content/110/44/17708#ref-17
https://www.pnas.org/content/110/44/17708#ref-18
https://www.pnas.org/content/110/44/17708#ref-19
https://www.pnas.org/content/110/44/17708#ref-20
https://www.pnas.org/content/110/44/17708#ref-21
https://www.pnas.org/content/110/44/17708#ref-22
https://www.pnas.org/content/110/44/17708#ref-23
https://www.pnas.org/content/110/44/17708#ref-24
https://www.pnas.org/content/110/44/17708#ref-25
https://www.pnas.org/content/110/44/17708#ref-26
https://www.pnas.org/content/110/44/17708#ref-27
https://www.pnas.org/content/110/44/17708#ref-8
https://www.pnas.org/content/110/44/17708#ref-14
https://www.pnas.org/content/110/44/17708#ref-15
https://www.pnas.org/content/110/44/17708#ref-16
https://www.pnas.org/content/110/44/17708#ref-9
https://www.pnas.org/content/110/44/17708#ref-10
https://www.pnas.org/content/110/44/17708#ref-11
https://www.pnas.org/content/110/44/17708#ref-15
https://www.pnas.org/content/110/44/17708#ref-16
https://www.pnas.org/content/110/44/17708#ref-21
https://www.pnas.org/content/110/44/17708#ref-23
https://www.pnas.org/content/110/44/17708#ref-17
https://www.pnas.org/content/110/44/17708#ref-18
https://www.pnas.org/content/110/44/17708#ref-28
https://www.pnas.org/content/110/44/17708#ref-29
https://www.pnas.org/content/110/44/17708#ref-9
https://www.pnas.org/content/110/44/17708#ref-10
https://www.pnas.org/content/110/44/17708#ref-11
https://www.pnas.org/content/110/44/17708#ref-22
https://www.pnas.org/content/110/44/17708#ref-12
https://www.pnas.org/content/110/44/17708#ref-19
https://www.pnas.org/content/110/44/17708#ref-24
https://www.pnas.org/content/110/44/17708#ref-24
https://www.pnas.org/content/110/44/17708#ref-9
https://www.pnas.org/content/110/44/17708#ref-10
https://www.pnas.org/content/110/44/17708#ref-11
https://www.pnas.org/content/110/44/17708#ref-30
https://www.pnas.org/content/110/44/17708#ref-31
https://www.pnas.org/content/110/44/17708#ref-32


O 16 O 16 + O 18 → O 16 O 16 O 18   (4) 
O 16 + O 16 O 18 → O 16 O 16 O 18 ,  (5) 
O 16 + O O 16

 
18 → O 16 O O 16

 
18   (6) 

 
in the bath of . These three reactions are representative because the processes 4 and 5 form an asymmetric 
isotopomer from two different channels and allow the ΔZPE effect to be seen, whereas the process 6 forms a 
symmetric isotopomer and allows the η-effect to be seen. Indeed, experimental rates for all studied symmetric 
isotopomers (five, including O 16 O 16 O 16 ; see table 1 in ref. 8) are very close to the rate of process 6, whereas the 
channel-specific rates for all asymmetric isotopomers (eight, including four with isotope O 16 ) follow the linear 
trend set up by processes 4 and 5. So, three processes studied here represent the minimal but most important 
subset of relevant reactions. Conclusions obtained in this work should help to understand other isotopic 
combinations. 

Recombination Kinetics 

The kinetics of reactions 2 and 3 is treated within the microcanonical framework, where different 
metastable states of O3

∘ (different scattering resonances) are treated as different chemical species (13, 
16, 29, 32). For each metastable state O3

(𝑖𝑖)at energy 𝐸𝐸𝑖𝑖 the processes affecting its population �O3
(𝑖𝑖)�are 

considered and the corresponding rate constants are introduced. Those are 

i) formation of O3
(𝑖𝑖)characterized by the second-order rate coefficient 𝑘𝑘iform: 

 

O2 + O → O3
(𝑖𝑖)

  (7) 

 
ii) spontaneous unimolecular decay of O3

(𝑖𝑖)characterized by the first-order rate coefficient 𝑘𝑘idec: 

 

O3
(𝑖𝑖) → O2 + O;  (8) 

 
iii) stabilization of O3

(𝑖𝑖)by collision with bath gas particle M characterized by the second-order rate 
coefficient 𝑘𝑘istab 

 

O3
(𝑖𝑖) + M → O3 + M∗ (9) 

 

iv) collision-induced dissociation O3
(𝑖𝑖)characterized by the second-order rate coefficient 𝑘𝑘idiss: 

 

O3
(𝑖𝑖) + M∗ → O2 + O + M (10) 

 
The coefficients 𝑘𝑘iformand 𝑘𝑘idecfor each metastable state are related through the microcanonical equilibrium 
constant (16, 32): 𝑘𝑘iform = 𝑘𝑘idec𝐾𝐾eq(𝐸𝐸𝐸𝐸), computed statistically. All other moieties are obtained from quantum 
mechanics. Namely, the width Γ𝑖𝑖  of quantum scattering resonance O3

(𝑖𝑖)gives us directly the value of 𝑘𝑘idec = Γ𝑖𝑖. 
The values of 𝑘𝑘istaband 𝑘𝑘idiss are computed from corresponding cross-sections in the O3

(𝑖𝑖) + M collision dynamics 
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simulations. We do not use the low-pressure assumption here, but assume steady-state conditions for 
concentration of each state O3

(𝑖𝑖), which allows derivation of the analytic expression for the third-order 
recombination rate coefficient of the overall reaction (16, 23, 32): 
 

𝜅𝜅rec ∑ Γ𝑖𝑖𝐾𝐾eq(𝐸𝐸𝑖𝑖)

Γ𝑖𝑖+�𝑘𝑘𝑖𝑖
stab+𝑘𝑘𝑖𝑖

diss�[M]𝑖𝑖 𝑘𝑘𝑖𝑖stab,  (11) 

 
where the sum is over all metastable states O3

(𝑖𝑖). Several processes less important than 7–10 are neglected in 
this treatment of kinetics. Namely, we do not include the possibility of back excitations O3 + M∗ → O3

(𝑖𝑖) + M, 
assuming that concentration of formed ozone [O3] is small. We also neglect the collision-induced transitions 
between different metastable states O3

(𝑖𝑖) + M → O3
(𝑗𝑗) + M, assuming that their populations are entirely 

determined by equilibrium with reagents and products. These assumptions are reasonable at low and moderate 
pressures of the bath gas [M]. 
 
It is instructive to rewrite Eq. 11 in the following transparent form: 
 

𝜅𝜅rec = 𝐶𝐶 ∑ 𝑤𝑤𝑖𝑖𝜎𝜎𝑖𝑖stab𝑖𝑖 , (12) 
 
to emphasize that the recombination rate coefficient is computed as a weighted sum of stabilization cross-
sections 𝜎𝜎𝑖𝑖stab for all metastable states. The temperature- and pressure-dependent unitless weight 𝑤𝑤𝑖𝑖for each 
state is given by 
 

𝑤𝑤𝑖𝑖 = Γ𝑖𝑖(2𝐽𝐽+1)𝑒𝑒−𝐸𝐸𝑖𝑖 𝑘𝑘𝑘𝑘⁄

Γ𝑖𝑖+�𝑘𝑘𝑖𝑖
stab+𝑘𝑘𝑖𝑖

diss�[M]
.  (13) 

 
Factor C, common for all of the metastable states and introduced for convenience, is 
 

𝐶𝐶 = �8𝑘𝑘𝑘𝑘
𝜋𝜋𝜋𝜋
�
1 2⁄ 𝑄𝑄bend

𝑄𝑄el𝑄𝑄tr𝑄𝑄rot
.  (14) 

 
In Eq. 14 the equilibrium constant 𝐾𝐾eq(𝐸𝐸𝑖𝑖) was replaced by a ratio of relevant partition functions, whereas the 
rate coefficient 𝑘𝑘𝑖𝑖stabwas expressed through cross-section 𝜎𝜎𝑖𝑖stab(32). 

Isotope Effects 
Eqs. 12 and 13 demonstrate that some metastable states may be more important for the recombination process 
than others due to higher weights 𝑤𝑤𝑖𝑖. Energies and widths of scattering resonances, entering the numerator of 
Eq. 13, are the most important factors to consider. According to Eq. 13, very narrow resonances (long-lived 
metastable states) contribute little to recombination. This property may seem somewhat counterintuitive, but it 
makes sense if one realizes that such O3

°  states not only decay slowly, but also receive their population from 
O2 + O slowly. So, they remain weakly populated and contribute little to recombination. An example is a 
scattering resonance with low vibrational energy trapped deep and behind the centrifugal barrier of the 
molecule highly excited rotationally. Such a resonance would be very narrow and long-lived but, in terms of 
dynamics, it would be hard to populate in a typical O2 + O collision because this would require depositing most 
of the system’s energy into rotation and little into vibration (32). Mathematically, this dynamical information is 
contained in the small value of quantum width Γ𝑖𝑖  for such a resonance. In contrast, a broader resonance at 
energy near the top of the centrifugal barrier or slightly above it would be easy to populate in a typical O2 + O 
collision. Such resonances are characterized by larger values of Γ𝑖𝑖and contribute more to recombination, 
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according to Eq. 13. The maximum value of weight 𝑤𝑤𝑖𝑖 → (2𝐽𝐽 + 1)𝑒𝑒−𝐸𝐸𝑖𝑖 𝑘𝑘𝑘𝑘⁄  is achieved for broad resonances 
when Γ𝑖𝑖 ≫ �𝑘𝑘𝑖𝑖stab + 𝑘𝑘𝑖𝑖diss�[M], or in the low-pressure regime (32). 
 
To see the η-effect in calculations, it is sufficient to compute and compare the third-order rate coefficients 𝜅𝜅rec 
for formation of symmetric 16O18O16O and asymmetric 16O16O18O isotopomers. This involves two 
formation/decay channels (say A and B) in each case: 
 

O 16 O 18 + O 16 𝐾𝐾A�� O 16 O 18 O 16 𝐾𝐾B↔ O + 
16 O 18 O 16 ,   (15) 

O + O 16 O 18
 

16 𝐾𝐾A�� O 16 O O 18
 

16 𝐾𝐾B↔ O 16 O + O 18
 

16 ,   (16) 
 
and requires introducing the channel-specific reaction rates  𝜅𝜅Aand  𝜅𝜅B. In the symmetric case  𝜅𝜅A =  𝜅𝜅B =
1
2

 𝜅𝜅rec because two channels in Eq. 15 are identical. In the asymmetric case of Eq. 16, two channels are different 
and the total recombination rate should be computed as a sum  𝜅𝜅rec = 𝜅𝜅A + 𝜅𝜅B, where 𝜅𝜅A =  𝐶𝐶A ∑𝑤𝑤𝑖𝑖A𝜎𝜎𝑖𝑖stab 
and 𝜅𝜅B =  𝐶𝐶B ∑𝑤𝑤𝑖𝑖B𝜎𝜎𝑖𝑖stab. The channel-specific weights 𝑤𝑤𝑖𝑖A and 𝑤𝑤𝑖𝑖B are (16, 23) 
 

𝑤𝑤𝑖𝑖A = Γ𝑖𝑖
A(2𝐽𝐽+1)𝑒𝑒−𝐸𝐸𝑖𝑖 𝑘𝑘𝑘𝑘⁄

Γ𝑖𝑖+�𝑘𝑘𝑖𝑖
stab+𝑘𝑘𝑖𝑖

diss�[M]
,𝑤𝑤𝑖𝑖B = Γ𝑖𝑖

B(2𝐽𝐽+1)𝑒𝑒−𝐸𝐸𝑖𝑖 𝑘𝑘𝑘𝑘⁄

Γ𝑖𝑖+�𝑘𝑘𝑖𝑖
stab+𝑘𝑘𝑖𝑖

diss�[M]
. (17) 

 
Here, Γ𝑖𝑖Aand Γ𝑖𝑖Bare rates of decay into channels A and B, respectively. The total decay rate is Γ𝑖𝑖 = Γ𝑖𝑖A + Γ𝑖𝑖B. The 
values of 𝐶𝐶A = 2.64 × 10−24cm4 s⁄  and 𝐶𝐶B = 2.57 × 10−24cm4 s⁄  are only slightly different (within ∼3%), so 
the difference between 𝜅𝜅Aand 𝜅𝜅Bis mostly due to uneven splitting of Γ𝑖𝑖onto Γ𝑖𝑖Aand Γ𝑖𝑖B, which gives rise to the 
ΔZPE isotope effect (8, 10, 16, 23). 

Collision Dynamics 
To make theoretical treatment of the ozone forming reaction computationally affordable and physically sound, 
we developed a mixed quantum/classical theory for the collisional energy transfer and rovibrational energy flow 
(30⇓–32). In our method, the vibrational motion of O3

°  is treated quantum-mechanically using the time-
dependent Schrödinger equation and the wave-packet technique. This allows incorporation of all quantum 
effects associated with molecular vibration (such as ZPE, quantization of states, tunneling, resonances, and 
symmetry) and captures most of the important physics in the process. At the same time, the collisional O3

° + M 
motion responsible for scattering is described by quasi-classical trajectories. The rotation of O3

°  is also treated 
classically within the fluid rotor model (30). These classical approximations are well justified in the 
atmospherically relevant temperature range for a heavy molecule, such as ozone. 
 
In such mixed quantum/classical approach the evolution of classically treated degrees of freedom (scattering 
and rotation) affects the dynamics of the quantum part of the system (vibrational modes), and vice versa. The 
energy is exchanged between translational, rotational, and vibrational degrees of freedom, but the total energy 
is conserved. The sudden collision approximation (12, 19, 24) is avoided, whereas rotation of O3

°  (including 
rotational deexcitation by collisions with M) is treated explicitly in a broad range of J values up to J ∼ 90. 
The present calculations were carried out within the dimensionally reduced model of O3, in which only two most 
relevant vibrational degrees of freedom (the O–O bond distances) were treated explicitly, whereas the bending 
motion of O–O–O was treated adiabatically (30). To compensate for the reduced density of states, we 
introduced the bending partition function 𝑄𝑄bend into the expression for the equilibrium constant, Eq. 14. This 
model allows the study of state-to-state transitions between quantized vibrational states of symmetric and 
asymmetric stretch normal-mode progressions (Fig. 1 A and B) but also involves the local-mode progression of 
states, found closer to dissociation threshold (Fig. 2 A and B). Within the dimensionally reduced model the 
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calculations for O3
° + M dynamics are computationally affordable and offer a unique mechanistic time-

dependent insight into the energy-transfer process (30). 
 

 

Fig. 1.  

(A and B) Wave functions, (C and D) resonance widths, and (E and F) weights for the normal-mode vibrational 
state 51 of symmetric (Left) and asymmetric (Right) isotopomers of ozone in the dimensionally reduced model. 
One low-amplitude contour of wave function illustrates weaker (A) and stronger (B) connection to channel A. 
Black arrow indicates region where resonance widths in 16O16O18O are larger than in 16O18O16O. Wave functions 
are shown for typical values J = 15, K = 9. 
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Fig. 2.  
Same as Fig. 1, but for the local-mode vibrational state 50. Wave functions are shown for typical J = 20, K = 11. 

Energies and Widths 
The spectra of vibrational states were computed for one symmetric and one asymmetric ozone isotopomer, 
16O18O16O and 16O16O18O, within the dimensionally reduced model discussed above. The values of energies for J = 
0 are given in Table 1, together with state assignments in terms of the normal or local vibration mode quantum 
numbers. Each isotopomer has 51 vibrational states, but only 14 upper states most relevant to the 
recombination process are included in Table 1. In symmetric 16O18O16O the local-mode states are exactly 
degenerate at J = 0. This degeneracy is lifted at J > 0 as molecule rotates with K ≠ 0 and |K| ≠ J. In the 
asymmetric 16O16O18O the local-mode states are split by more than 100 cm−1 even at J = 0 (e.g., states 48 vs. 50 
of 16O16O18O in Table 1). 
 
Table 1.  
Energies, assignments, properties, and contributions to recombination rates for upper vibrational states of 
symmetric and asymmetric ozone isotopomers in the dimensionally reduced model 
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As values of J and K increase, energies of state increase smoothly but the order of states can change. To keep 
track of vibrational identity of the rovibrational states through the entire interval of relevant rotational 
excitations (0 ≤ 𝐽𝐽 ≤ 90, |𝐾𝐾| ≤ 𝐽𝐽), we developed an ad hoc diabatization procedure, based on vibrational 



energies and shapes of wave functions of the rovibrational states. Energies and widths of resonances were 
determined by introducing a complex absorbing potential into the asymptotic part of the potential energy 
surface and computing complex eigenvalues 𝐸𝐸𝑖𝑖 − 𝐸𝐸(Γ𝑖𝑖 2⁄ ) using an iterative Arnoldi procedure of the ARnoldi 
program PACKage (ARPACK) library. Obtained values of change smoothly as J and K increase. Several 
representative Γ𝑖𝑖(𝐽𝐽,𝐾𝐾)dependencies are shown in Figs. 1 C and D and 2 C and D). Green corresponds roughly to 
the interval Γ𝑖𝑖 ≈ 10−3 to 10−2cm−1. We see that for the normal-mode state 51 the width of resonance does not 
increase beyond this value, even at very high levels of rotational excitation (Fig. 1 C and D). This is explained by 
the vibrational character of this state, which is a pure symmetric stretch. Indeed, exciting vibrations of two O–O 
bonds simultaneously and in-phase does not promote dissociation onto O2 + O, which leads to increased 
lifetimes and relatively narrow resonance widths. Alternatively, for the local-mode state 50, resonances exhibit 
much broader widths, up to Γ𝑖𝑖 ≈ 10cm−1 (red in Fig. 2 C and D) because the vibrational character of this state 
correlates well with asymptotic O2 + O motion. Note that the picture of Γ𝑖𝑖(𝐽𝐽,𝐾𝐾)for the normal-mode state of 
symmetric isotopomer is perfectly symmetric (Fig. 1 C), whereas it is highly asymmetric for the local-mode states 
of both isotopomers (Fig. 2 C and D). Importantly, in the asymmetric isotopomer 16O16O18O some appreciable 
asymmetry of Γ𝑖𝑖(𝐽𝐽,𝐾𝐾)is apparent even in the case of the normal-mode state (Fig. 1D). 
 
The weights 𝑤𝑤𝑖𝑖 of resonances are presented in Figs. 1 E and F and 2 E and F. These pictures show very clearly 
which values of J and K are important for the recombination process and which are not. We see that at high 𝐽𝐽 
the weights 𝑤𝑤𝑖𝑖are small due to the Boltzmann factor vanishing at high energies, according to Eq. 13. At low 𝐽𝐽the 
weights 𝑤𝑤𝑖𝑖can also be small, due to very small values of  Γ𝑖𝑖  in the numerator of Eq. 13. For example, at P = 0.1 
bar the weights 𝑤𝑤𝑖𝑖 are negligible when Γ𝑖𝑖 ≤ 2 × 10−5cm−1 (dark blue in Figs. 1 C and D and 2 C and D). Larger 
weights are obtained for broader resonances,10−4 ≤  Γ𝑖𝑖 ≤ 10−3cm−1 (cyan to green), at moderate energies 
near 𝐽𝐽 ∼ 30. Resonances with 𝛤𝛤𝑖𝑖 ∼ 10−2cm−1 (lemon yellow) exhibit weights close to maximum possible 
(2𝑗𝑗 = 1)𝑒𝑒−𝐸𝐸𝑖𝑖 𝑘𝑘𝑘𝑘⁄ . Further increase of  𝛤𝛤𝑖𝑖  values does not lead to larger weights. 
 
Using the weights 𝑤𝑤𝑖𝑖 we calculated lifetimes averaged over the rotational states for different vibrational states: 
𝛤𝛤�𝑛𝑛 = ∑𝑤𝑤𝑖𝑖Γ𝑖𝑖 ∑𝑤𝑤𝑖𝑖⁄ . Here the vibrational states are labeled by n, whereas the rotational states are labeled by i; 
summation is over rotational states within a given vibrational state. The average values of Γ�𝑛𝑛Aand Γ�𝑛𝑛Breported in 
Table 1 are not used in the calculations of rates, but are instructive to discuss. They show that for both 
symmetric and asymmetric molecules the widths of resonances for the normal-mode states are consistently 
smaller, by 1–2 orders of magnitude, compared with those of the local-mode states (e.g., 51 vs. 50 in Table 1). 
Also, we see that each state of the local-mode pair strongly favors only one decay channel (e.g., Γ�𝑛𝑛A ≪ Γ�𝑛𝑛B for 
state 50, but Γ�𝑛𝑛A ≪ Γ�𝑛𝑛B for state 48 in Table 1). Finally, if we compare 16O16O18O vs. 16O18O16O, we find that the 
majority of states in asymmetric molecules exhibit larger values of 𝛤𝛤�𝑛𝑛 than those in symmetric molecules. 
 
The weights 𝑤𝑤𝑖𝑖 are also used to sample most efficiently the initial rotational states during the mixed 
quantum/classical calculations of O3

∗ + M collision dynamics (30). In our sampling algorithm the number of 
trajectories propagated for each initial value of 𝐽𝐽 and 𝐾𝐾is proportional to its weight 𝑤𝑤𝑖𝑖(𝐽𝐽,𝐾𝐾) in Eq. 12. 

Results and Discussion 
Major results of the O3

∗ + M collision dynamics simulations are summarized in Table 1, where we present 
stabilization cross-sections for different vibrational states averaged over the rotational states: 𝜎𝜎�𝑛𝑛stab =
∑�𝑤𝑤𝑖𝑖𝜎𝜎𝑖𝑖stab� ∑𝑤𝑤𝑖𝑖� , and contributions of different vibrational states to the recombination rate coefficient: 𝜅𝜅𝑛𝑛 =
𝐶𝐶 ∑𝑤𝑤𝑖𝑖𝜎𝜎𝑖𝑖stab, summed over the rotational states. The overall rate is summed over vibrational states, 𝜅𝜅rec =
∑𝜅𝜅𝑛𝑛. The data in Table 1 demonstrate that upper vibrational states make more significant contributions to the 
recombination rate. States 38–40 and all states below them are of minor importance (at least for the value of 
pressure considered here, P = 0.1 bar). The local-mode states usually contribute more than the normal-mode 
states at similar energies. 
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As discussed in the introduction, the main purpose of this study was to reproduce, from first principles, the η-
effect observed in experiments of the Mauersberger group (8, 33). For this, we should compare the values of 
𝜅𝜅rec = 𝜅𝜅A + 𝜅𝜅B for 16O18O16O and 16O16O18O. Indeed, our results indicate that the rate of formation of 
symmetric 16O18O16O is 16% lower than the rate of formation of asymmetric 16O16O18O. This is very similar to 
experiment, where the corresponding difference is 15%. (Note that for the comparison above we added, to the 
computed rates of the energy transfer mechanism from Table 1, the contribution of chaperon mechanism which 
is assumed to be isotopomer-independent and account for ∼40% of the total rate at room temperature, ref. 34). 
 
The most important question: What causes this effect? Detailed analysis showed that the decay rates (widths) of 
resonances are strongly affected by asymmetry of wave functions with respect to two dissociation channels. 
First consider the normal-mode resonance in symmetric 16O18O16O. Its wave function is connected weakly and 
equally to two dissociation channels (Fig. 1A) and exhibits low and equal decay rates Γ𝑖𝑖A and Γ𝑖𝑖A. Fig. 1E indicates 
that the weight 𝑤𝑤𝑖𝑖(𝐽𝐽,𝐾𝐾)for this state remains low when the molecule rotates with 𝐾𝐾 = 0 or |𝐾𝐾| = 𝐽𝐽, just 
because it remains symmetric. The largest weight for this state is observed at 𝐽𝐽 ∼ 31 and 𝐾𝐾 ∼ 7, when the 
nonsymmetric rotation distorts the vibrational wave function. One can say that asymmetric rotation introduces 
some local-mode character into the normal-mode states, which promotes decay into one of the channels, 
increasing the overall decay rate Γ𝑖𝑖 = Γ𝑖𝑖A + Γ𝑖𝑖B. Now consider the same state of asymmetric 16O16O18O. Due to 
deformation of the vibration modes, its wave function is turned slightly more toward one of the channels and 
slightly less toward the other, as shown in Fig. 1B. This intrinsic asymmetry of vibrations, even without any 
rotation, favors dissociation into one of the channels and leads to larger values of Γ𝑖𝑖, most notably in the region 
of (𝐽𝐽,𝐾𝐾) distribution indicated by the arrow in Fig. 1D. This translates into systematically higher weights 𝑤𝑤𝑖𝑖 than 
those in symmetric molecule (compare frames E vs. F in Fig. 1). 
 
If we look at the local-mode states that occur in pairs, we will see that each state of the pair is connected to one 
of the channels (e.g., channel A for state 50, as shown in Fig. 2 A and B). The channel-specific decay rates Γ𝑖𝑖A and 
Γ𝑖𝑖B favor one of the channels almost exclusively. Thus, for a given pair of the local-mode states, we can introduce 
two dominant decay rates Γ′ and Γ". For symmetric 16O18O16O the two rates are equal: Γ′ = Γ" = Γsym, whereas 
for asymmetric 16O16O18O they are different: Γasym′ < Γasym" . Most importantly, we found that 
 

Γasym′ < Γsym < Γasym"   (18) 
 
This property, valid for all of the local-mode states, comes from analysis of distributions of Γ𝑖𝑖  values in a very 
broad range (6 orders of magnitude). Again, larger values of Γasym"  translate to systematically higher weights 𝑤𝑤𝑖𝑖 
for asymmetric isotopomers) compare frames E vs. F in Fig. 2). On the mechanistic side we found that rates of 
decay of the local-mode states into dominant channel are consistent with a simple 1D model of tunneling 
through the parabolic barrier. The tunneling rates correlate well with depth and width of the barrier, and also 
depend on masses of atoms as expected, but the reason for Eq. 18 is, again, in the intrinsic asymmetry of 
vibrations in the asymmetric isotopomer. 
 
We can summarize that in the asymmetric isotopomer, due to slight asymmetry of the vibration modes, the 
vibrational O3

∗  states are better connected to entrance channels compared with symmetric isotopomers. These 
states receive population from O2 + O collisions more efficiently, which leads to increased rates of formation of 
asymmetric isotopomers––the η-effect. This effect should not be called the symmetry effect, even if the words 
“symmetric” and “asymmetric” are inherent to this problem. Rather, this is manifestation of the tunneling 
effect, because resonances tunnel in and out through the centrifugal barrier; this process appears to be more 
efficient for slightly distorted vibrational wave functions of asymmetric ozone molecules. 
 
Next to discuss is the ΔZPE effect, which manifests as difference of rates for two formation channels of 
asymmetric isotopomer 16O16O18O. In the experiment the ratio of 𝜅𝜅A 𝜅𝜅B⁄  is 1.58, whereas in our calculations it is 
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close to 1.62 (obtained from Table 1, but also taking into account contribution of the chaperon mechanism). In 
both the model and the experiment channel A is favored, which is O 16 + O 16 O 18 . This channel is characterized 
by heavier diatomic and smaller quantum ZPE, which means that this channel is effectively deeper (8, 10, 16, 
23). Resonances decay faster into the deeper channel (16, 23), which leads to Γ𝑖𝑖A > Γ𝑖𝑖B, translates to 𝑤𝑤𝑖𝑖A > 𝑤𝑤𝑖𝑖B, 
and finally to 𝜅𝜅A > 𝜅𝜅B. All of the data for average values of Γ�𝑖𝑖A and Γ�𝑖𝑖B presented in Table 1 are consistent with 
this idea. 
 
The next thing to discuss is absolute values of the reaction rate coefficients. According to recent analysis of 
temperature dependence of the ozone forming reaction (34), the experimental recombination rate coefficients 
for energy transfer mechanism at room temperature are expected to be 23.2 × 10−35 cm6 s⁄  for 16O18O16O and 
30.3 × 10−35 cm6 s⁄  for 16O16O18O (6, 33). Theoretical values of 𝜅𝜅rec from Table 1 are 11.3 × 10−35 cm6 s⁄  and 
15.0 × 10−35 cm6 s⁄ , respectively, which is 50% smaller. Lower formation rates in the dimensionally reduced 
model are expected, due to lowered density of states and less efficient vibrational state-to-state transitions. 
Absence of the excited bending states leads to larger energy gaps between quantized states and smaller values 
of vibrational state-to-state transitions and stabilization cross-sections 𝜎𝜎𝑖𝑖stab, which reduces recombination 
rates. Overall, the agreement between our theory and the experiment is semiquantitative. 
 
Finally, Fig. 3 represents both the η-effect and the ΔZPE effect in the way proposed by Janssen et al. (8). For 
experimental data the reference is the rate of O 16 O 16 O 16  formation. For theoretical data, to make the 
comparison illustrative, reference was chosen such that the ratio computed for 1

2
�𝜅𝜅A + 𝜅𝜅B� is made equal to 

the experimental ratio. Both isotope effects are seen in Fig. 3 very clearly (empty black vs. filled red circles). The 
relative magnitudes of both the ΔZPE effect and the η-effect are reproduced quite well. 
 

 

Fig. 3.  
Comparison of experimental relative formation rates for symmetric and asymmetric ozone isotopomers (red 
filled circles) with predictions of the model (black open circles). Two isotope effects are clearly seen. 
 
To demonstrate that the decay lifetimes are more important than the stabilization cross-sections, we 
recomputed recombination rates assigning the same 𝜎𝜎stab = 40𝑎𝑎02 and 𝜎𝜎diss = 10𝑎𝑎02 to every rovibrational 
state of both isotopomers, but keeping accurate isotope-specific values of Γ𝑖𝑖. Results of this test (shown by “+” 
in Fig. 3) indicate small change in the ΔZPE effect and almost no change in the η-effect. Also, to estimate 
influence of the dimensionally reduced approximation, we recomputed the rates without correcting for density 
of absent bending states by setting 𝑄𝑄bend = 1 in Eq. 14 (instead of 𝑄𝑄bend = 5.09 for O 16 O 18 O 16  and 𝑄𝑄bend =
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5.39 for O 16 O 16 O 18 ). This modification did not change the ΔZPE effect at all, but reduced the η-effect (shown by 
“×” in Fig. 3). This last example underlines the importance of correct density of states for reproducing the η-
effect. 

Conclusions 
We developed the mixed quantum/classical theory for collisional energy transfer and rovibrational energy flow 
and applied it to treat the recombination reaction that forms symmetric and asymmetric isotopomers of ozone. 
As expected, our calculations showed a large isotope effect for formation of an asymmetric isotopomer of ozone 
through two different channels, due to difference of associated vibrational zero-point energies––the ΔZPE 
effect. We also reproduced the experimental observation that the symmetric isotopomer of ozone is formed at a 
rate lower, compared with the asymmetric isotopomer––the so-called η-effect. Here, the η-effect was obtained 
by the first-principle calculations, without being postulated and adjusted to fit experiment. Most importantly, 
we identified the molecular level origin of the η-effect. Interestingly, it is not caused by the absence of some 
state-to-state transitions due to quantum symmetry selection rules, and does not occur during the stabilization 
step of the ozone forming process. The largest source of η-effect is in lifetimes of the metastable O3* states, 
more precisely, in differences of tunneling rates in/out of the reaction channels for symmetric and asymmetric 
isotopomers due to distortion of vibrational wave functions by isotopic substitutions. This important finding 
places our understanding of oxygen MIF on solid ground. 
 
Existence of 3 stable isotopes of oxygen (16O, 17O and 18O) leads to as many as 36 isotopically different 
recombination reactions that form ozone (see table 1 in ref. 8). It is practically impossible to treat all of these 
processes computationally with quantum mechanics but, fortunately, not all of them are equally important. 
Analysis of experimental data shows that rates of these reactions follow two major trends–the ΔZPE effect and 
the η-effect. These two phenomena can be explored within a subset of a few reactions. In this paper we focused 
on Eqs. 4–6 that form singly substituted 16O16O18O and 16O18O16O. The case of 16O16O16O is not so interesting 
because its experimental formation rate is very close to that of all other symmetric isotopomers (e.g., 16O18O16O 
and 18O16O18O). Isotopomers containing 17O are not special either because experimental data for them follow the 
same two trends (8). So, the next step is to model formation of doubly substituted asymmetric 16O18O18O and 
symmetric 18O16O18O, three reactions similar to (Eqs. 4–6) that also exhibit the ΔZPE effect and η-effect in the 
experiment. These calculations are ongoing and will be reported elsewhere. 
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