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Abstract

The Chapman cycle, proposed in 1930, describes the various steps in the ongoing

formation and destruction of stratospheric ozone. A key step in the formation pro-

cess is the stabilization of metastable ozone molecules through collisions with a third

body, usually an inert collider such as N2. The “ozone isotopic anomaly” refers to

the observation of larger-than-expected atmospheric concentrations for certain ozone

isotopologues. Previous studies point to the formation steps as the origin of this ef-

fect. A possibly key aspect of the ozone formation dynamics is that of the relative

1

Page 1 of 34 Physical Chemistry Chemical Physics



efficiencies of the collisional cooling of different isotopologues. Although the substitu-

tion of low-abundance 18O for 16O in O3 molecules corresponds to a relatively small

net change in mass, related to this are some subtleties due to symmetry-breaking and a

resulting more than doubling of the density of allowed states governed by nuclear-spin

statistics for bosons. Recently, a highly accurate 3D potential energy surface (PES)

describing O3–Ar interactions has been constructed and used to benchmark the low-

lying rovibational states of the complex. Here, using this new PES, we have studied

the collisional energy-transfer dynamics using the MultiConfiguration Time Depen-

dent Hartree method. A study of the rotationally inelastic scattering was performed

for the parent 16O16O16O–Ar system and compared with that of the 16O16O18O–Ar

isotopologue. The state-to-state cross-sections and rates from the 00,0 initial state to

low lying excited states are reported. Analysis of these results yields insight into the

interplay between small changes in the rotational constants of O3 and the reduced

mass of the O3–Ar collision system, combined with that of the symmetry-breaking and

introduction of a new denser manifold of allowed states.

Introduction

Mass-independent fractionation of ozone—leading to anomalous column densities of the heav-

ier isotopologues—is a well-known occurrence consistently observed in the stratosphere as

well as in laboratory experiments.1,2 Although this phenomenon has been the subject of nu-

merous theoretical3,4 and experimental5–7 studies since its discovery in the 1980s, and several

relevant factors have been identified,8–15 a quantitatively-predictive model for the complete

set of isotopic species has been elusive.

Oxygen has three stable isotopes: 16O, 17O and 18O. In Earth’s atmosphere, 16O is

dominant with an abundance of nearly 99.8%, while there is roughly five times more 18O than

the other trace 17O isotope. Thus most ozone is found as the 16O16O16O parent species, with

trace amounts of the other isotopologues. Following a common convention, the 16O16O16O

2

Page 2 of 34Physical Chemistry Chemical Physics



isotopologue will be hereafter referred to as 666, while 16O18O16O will be referred to as 686,

and 16O16O18O as 668, etc. In the early 1980s, enrichments of heavy O3 molecules were

observed by Mauersberger16,17 in the stratosphere and were reproduced by Thiemens18 in

the laboratory. These enrichments, defying mass-dependent expectations, are almost equal

in 17O and 18O, and thus came to be known as the “mass-independent fractionation,” or

the “isotopic anomaly effect” of ozone. To gain insight into this phenomenon, numerous

experiments were carried out, and the isotope selectivity was ultimately traced back to the

recombination step19–23 in the formation process of ozone, described by the Chapman cycle.24

The recombination process of O3 is a three-step process as shown below:

O2 + O + M → O∗3 + M (1)

yOzO + xO → O∗3 → xOzO + yO or yOxO + zO (2)

O∗3 + M → O3 + M∗ (3)

The formation step (1) of the process, involves an O-atom combining with an O2 molecule to

form a rovibrationally metastable O∗3 molecule. To complete the formation, this is followed

by the stabilization step (3), which involves the sufficiently long-lived metastable resonance

state of O∗3 colliding with a third body, M, to form stable O3. The third body, M, is any

encountered quencher undergoing inelastic collision such as N2, O2 or Ar, the identity of

which does not significantly affect the fractionation.25,26 In addition to the posssibility of

stabilization via a cooling collision, there is a competing exchange process, step (2), where

the superscripts label the three possible isotopes.

Numerous theoretical studies have investigated both the exchange and competing forma-

tion processes. These include statistical approaches,12–14 and treatments based on the differ-

ing symmetries and densities of allowed quantum states governed by nuclear-spin statistics

for isotopologues such as 666 and 668. A number of potentially relevant factors or expla-

nations have been put forward. Substitution reactions replacing 16O with heavier isotopes
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are very slightly exothermic due to the changes in zero-point energy. The dynamics of the

metastable resonances (O∗3), found to affect the rates of isotopic exchange reactions,3 also

then affect the competing rates of formation. Many of these factors can be shown to play a

role, but still—as mentioned above—a quantitatively predictive model for all observed abun-

dancies is still lacking. Nonadiabatic effects, with spin-orbit and derivative couplings between

low-lying singlet, triplet, and quintet electronic states have also been considered; and while

not currently held as a leading explanation, have not been fully discounted (mostly due to

the complexity and computational cost of such simulations). Indeed, direct simulation of the

dynamics, even for the exchange processes, has been hindered by the complexity of ozone’s

electronic structure. A spurious barrier in the entrance channel for approach of the O-atom

to the O2 molecule is common to many—even very high-level—electronic structure meth-

ods, and causes large discrepancies in the rates of exchange computed using these potential

energy surfaces (PESs).27–29 In the presence of a spurious barrier in the PES, a qualitatively

incorrect positive temperature-dependence is obtained for the exchange rates, in contrast to

the steep negative temperature-dependence observed experimentally. In addition, the spu-

rious barrier traps spurious Van der Waals (vdWs) type states near the dissociation limit.

These states are physically unrealistic in character, and thus have hindered insight into the

role of high-lying bound and resonance states in the dynamics governing the exchange and

formation processes. Since 2011 the barrier has been understood to be spurious,27 and accu-

rate monotonically-attractive PESs were reported in 2013.28,30 Using these PESs key aspects

of the exchange processes (such as the rates and their temperature dependencies) have been

reproduced satisfactorily in several quantum dynamics studies.3,31–33

Of course the formation process, involving a third-body collider, is considerably more

complex. Nevertheless, a significant number of theoretical studies, especially those by the

group of Babikov, have explored the formation steps.8,12–14,34–38 Babikov has put forth a

hierarchy of theoretical models analyzing the underlying systems of kinetics at different levels

of sophistication. So far, in all of these models a remaining assumption/approximation has
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been that the rates of collisional cooling for different O3 isotopologues are the same.11 In

quantum inelastic scattering studies of small systems, relevant for instance to the interstellar

medium,39–41 this has frequently been found to not be the case. It is noted that there is

a more than doubling of the density of allowed rovibrational states when the symmetry of

O3 is broken moving from 666 to 668, owing to a small degree to the slight mass change,

and mostly due to nuclear-spin statistics.42 Significant changes in scattering cross-sections

have been observed upon isotopic substitution, in some cases where the center-of-mass shift

is small, in the absence of symmetry-lowering and even without significantly different state

densities.40 This could affect the inelastic collisional cross-sections and corresponding rate

coefficients, and thus impact modeling of the ozone isotopic anomaly.

A major difficulty for studying collisional energy transfer in ozone is again the lack of

an accurate available PES. Direct simulation of step (3) with resonances above the disso-

ciation limit as the initial states, would require a fully flexible 6D PES, and the quantum

scattering calculations would also be very challenging. Recently, the electronic structure for

the flexible O3–Ar system (M = Ar for simplicity) has been benchmarked,43 and a protocol

suitable to construct the full 6D PES was identified. It was also determined that some of

the relevant issues could be explored within the rigid rotor approximation, requiring only a

3D PES. These include symmetry-breaking and the corresponding change in allowed states;

the corresponding shift in center-of-mass and effective skewing of the PES; changes to the

rotational constants of O3; and a change in the reduced mass of the collision system. The

rigid rotor approximation simplifies both the PES construction and subsequent scattering

dynamics. Thus a new 3D PES was constructed for the O3–Ar system employing the derived

electronic structure protocol. Rovibrational vdWs states were computed and reported using

the new PES. Comparisons with microwave experiments confirm its high-accuracy.44

In this study, the inelastic collision processes of O3 with Ar have been studied using a time-

dependent quantum mechanical approach. A major concern with fully quantum approaches

is the poor (exponential) scaling of the computational costs with system-size (dimensionality)
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and complexity (density of states), which is also known as the “curse of dimensionality.”

Here, the MultiConfigurational Time Dependent Hartree (MCTDH) method is used to study

the collisional dynamics of this system. This method has been previously used to study

inelastic scattering45–48 in medium-sized asymmetric top molecules and is sufficiently efficient

to enable the currently reported study.

Inelastic state-to-state cross-sections and rates for the 666 and 668 O3–Ar isotopologues

are reported for collisions from the ground (00,0) initial state, to a number of low-lying excited

product states. The results for the two systems are compared and trends and propensities

are identified, some of which are in conflict with the often employed exponential-gap-based

model.49–51 Exponential-gap models, recognizing the importance of state density, estimate

inelastic scattering transition rates solely based on the energy-differences between states (the

dependence is assumed to be exponential in the gap-size, hence the name). Although often

found to be too simplistic, these methods, needing only the energy levels, have the advantage

of not requiring any computationally expensive scattering calculations. (Note that a simple

exponential-gap model, implemented for this system without any regard or refinements for

propensities, would strongly favor collisional cooling of 668 relative to 666...). Finally, the

likely relevance of isotopologue-specific collisional cooling rates to the observed stratospheric

fractionation is discussed.

Methodology

Reference frame, coordinates, and PES

The coordinates used to define the 3D PES are R, θ and φ; where R represents the distance

between the center-of-mass of the ozone molecule and the argon atom, while θ and φ represent

the spherical angles as shown in Figure 1. The ozone molecule is fixed in the xz plane, with

the origin of the frame of reference at its center-of-mass.

In a previous study,43 we benchmarked the electronic structure for the O3–Ar sys-

6
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Figure 1: 3D body-fixed (principal-axis) Cartesian coordinate system used to describe the
O3–Ar interaction. Also labeled are the corresponding A, B and C inertial axes.

tem within the rigid rotor approximation—keeping the structural parameters of the ozone

molecule fixed at their equilibrium position:28 r1 = r2 = 1.2717 Å and α = 116.84◦. A

well-depth for the complex of 229.4 cm−1 was determined at the CCSD(T)-F12b/CBS level,

and a 3D PES was constructed at this level of electronic structure theory. In anticipation

of a future flexible 6D PES, a multireference-based protocol was also established employing

MRCI calculations for which a procedure of scaling the correlation energy was developed and

proved to be successful in closely matching the coupled-cluster benchmark. The 3D PES was

constructed using an automated interpolating moving least squares methodology, which has

been recently released as a software package under the name AUTOSURF.52 Using a total of

2712 ab initio points, coverage is obtained in the broad coordinate range of 2 Å< R < 25 Å,

0 < θ < π, and 0 < φ < 2π; with a global root mean square error (RMSE) lower than

1 cm−1. Rovibrational calculations were performed using the constructed PES and close

agreement with microwave experiments on the O3–Ar complex was obtained, which consti-

tutes an important validation of the accuracy of the PES and hence the level of theory in the

underlying electronic structure calculations. In order to use the PES to study interactions

of various isotopologues of ozone with Ar, the shift in center-of-mass of the ozone molecule

upon isotopic substitution and the associated transformation of the coordinates was deter-

mined. This permits use of the PES to describe any other isotopologue of ozone complexed

with Ar without performing any additional electronic structure calculations.

7
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MCTDH Calculations

The MCTDH method53,54 is a time-dependent approach to solve the Schrödinger equation.

The method may be considered as a time-dependent version of the MultiConfigurational

Self-Consistent Field (MCSCF) method,55,56 applied in this case to the nuclei. The complete

active space (CAS) of MCTDH is composed of time-dependent one- or multi-dimensional

functions (forming an orthonormal basis set) written as a sum-of-products (SOP) of single-

particle functions (SPFs). The ansatz of the MCTDH wave function expressed as a SOP of

these SPFs can be represented as

Ψ(Q1, · · · , Qf , t) =

n1∑
j1=1

· · ·
nf∑
jf=1

Aj1···jf (t)

f∏
κ=1

φ
(κ)
jκ

(Qκ, t) =
∑
J

AJΦJ , (4)

where f denotes the number of degrees of freedom of the system, Q1, . . . , Qf denote the nu-

clear coordinates, AJ=Aj1···jf represent the expansion coefficients, and ΦJ are the products

of the SPFs or Hartree products. The optimized SPFs are (time-dependent) linear combi-

nations of time-independent primitive basis functions associated with the different degrees

of freedom of the system—represented on a Discrete Variable Representation (DVR) grid.

The advantage of this method lies in the smaller number of optimized SPFs used compared

to the number of functions composing the primitive basis. This reduces the memory and

CPU costs of the quantum dynamics calculations. All the calculations reported here were

performed using the freely available Heidelberg MCTDH package.57

Inelastic scattering calculations using MCTDH requires certain procedures to be followed:

constructing the Hamiltonian for the system, generating the initial wave packet, selecting a

suitable complex absorbing potential, etc. The required steps have already been discussed

in detail previously,45–48,58–60 and in this article only the basics of the procedure and specific

parameters will be described.
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Setting up the Hamiltonian

The Hamiltonian for the O3–Ar system is represented in Jacobi coordinates (cf. Figure 1) as

the sum of the Kinetic Energy Operator (KEO) and the potential energy operator. Taking

the same KEO-representation used in our previous studies,43 the Hamiltonian of the system

in the Body-Fixed (BF) frame, Ĥ, is written as:

Ĥ = − 1

2µR

∂2

∂R2
+
~̂L
†
R.
~̂LR

2µRR2
+ T̂O3 + V̂O3−Ar , (5)

where R represents the distance between the Ar atom and the center-of-mass of the O3

molecule, and µR represents the reduced mass of the system. V̂O3−Ar denotes the intermolec-

ular PES, while T̂O3 represents the KEO of the ozone molecule and ~̂LR denotes the orbital

angular momentum of the system. The product of the orbital momentum with its transpose

conjugate can be expanded as:

~̂L
†
R.
~̂LR = ~̂J 2

BF + ~̂L2
O3,E2

− 2ĴzBF L̂O3,zBF − Ĵ−BF L̂O3,+BF − Ĵ+BF L̂O3,−BF , (6)

where E2 is the frame of reference described by Gatti and Iung.61 The KEO for the ozone

molecule, when expressed in polyspherical coordinates—as it is here—is already in a SOP

form; and using the rotational constants for the system (A, B and C) can be expressed as:60

T̂O3 =
(A+ C)

2
~̂L2
O3,BF

+

[
B − (A+ C)

2

]
~̂L2
O3,zBF

+
(A− C)

4

[
~̂L2
O3,+BF

+ ~̂L2
O3,−BF

]
. (7)

As in our previous studies, the rotational constants used for O3 in the 666 O3–Ar system

are:62 A = 3.55366659 cm−1, B = 0.44528320 cm−1 and C = 0.39475182 cm−1, while

the system reduced mass used is 21.80383583 amu. For the 668 O3–Ar system, the ro-

tational constants used for O3 are:62 A = 3.48818517 cm−1, B = 0.42000833 cm−1, and

C = 0.37400895 cm−1, while the system reduced mass is 22.20843419 amu.

The fitted PES mentioned before is not in a SOP form and therefore needed to be

9
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Table 1: Parameters of the primitive basis for the inelastic scattering calculations of O3–Ar.
FFT stands for Fast Fourier Transform, Wigner for Wigner-DVR, and Exp. for Exponential-
DVR. K is the momentum representation of the first Euler angle. The distance is in bohr
and the angles are in radian.

R βO3 γO3 αO3

Primitive basis FFT Wigner Exp. K
Number of points 768 41 41 21
Range 3.0−45.0 0−π 0−2π -10,10
Size of SPF basis 40 40

re-expressed to be used straightforwardly with MCTDH. Using the potfit algorithm63,64

implemented in the MCTDH package, the PES constructed with AUTOSURF was refitted

in the SOP form suitable for the inelastic scattering studies. A set of Euler angles (αO3 , βO3

and γO3) is defined in the same frame of reference, with the spherical angle θ corresponding

to βO3 and φ corresponding to γO3 . The coordinate-transformed PES corresponding to each

isotopologue was separately expanded in SOP form for convenience. The potfit algorithm

is accurate and efficient for low-dimensional systems, and here the relative RMSE of the two

SOP expansions are each about 0.15 cm−1. As shown in Table 1, the parameters for the

calculations were selected as follows: for the radial coordinate, 768 sine DVR points were

placed in the range of R = [3, 45] bohr, while for the angle βO3 41 Wigner DVR functions65,66

were used in the [0, π] range; 41 exponential DVR points were used in the [0, 2π] range for

γO3 . This basis describes rotational states up to j = 40 and thus includes many closed

channels above the processes considered here. The angular part consists of βO3 , γO3 , and

αO3 (where αO3 is the momentum representation for a particular state and K goes from −j

to +j, i.e., for j = 0 calculations K is 0, while for j = 1 calculations, K is −1, 0, 1). For

the calculations of higher j (j > 10), K is limited to the range of K = [−10, 10], as shown

in Table 1.
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Generating the initial wave packet

The wave packet defining the initial state of the collision system is constructed as a product

of a Gaussian function along coordinate R, and the wave function for the desired initial

rotational state of the ozone molecule. Since the wave packet propagates toward the molecule

along R, it was constructed at large initial separation, outside the interaction region. The

Gaussian energy distribution depends on two parameters. The first is the width of the

Gaussian (denoted by σ) and the second is the momentum of the wave packet. An initial

impulsion towards the interaction region is required for the initial wave packet to propagate.

This is defined by the specified momentum, p. The optimal energy distribution of the

Gaussian function, as well as its initial momentum necessary to sample the range of collision

energy of interest, is obtained using the pledstr program in the MCTDH package. The

parameters σ, and p obtained for O3–Ar are 0.16 a.u and −13 a.u respectively. The negative

sign for momentum indicates that the wave packet is moving towards the region of interaction

from the long-range, starting at 30 bohr in this case. To construct the initial rotational

state for the ozone molecule, a different Hamiltonian is setup, describing the non-interacting

molecule, which is expressed as

Ĥinit = − 1

2µR

∂2

∂R2
+ T̂O3 + V̂init(R) , (8)

where V̂init(R) represents the potential energy. The eigenvalues are then obtained by the

diagonalization of Ĥinit. This Hamiltonian is also used to obtain all the product rotational

states after the inelastic scattering.

Ozone is an asymmetric top in its electronic ground state. The rotational energy levels

for the molecule are described by a set of three quantum numbers (j, Ka and Kc) and will

be referred to using the simplified notation: jKa,Kc.
16O and 18O are both spin-zero bosons,

and thus the total wave function for any allowed state must be symmetric upon exchange

of any two identical O-atoms. The allowed rotational states for the 666 isotopologue in its

11
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Table 2: C2v molecular symmetry group table for the rotational wave function (o = odd, e
= even).

C2v E C2 σxz σxy |KaKc >
A1 1 1 1 1 e e
A2 1 1 -1 -1 o o
B1 1 -1 1 -1 o e
B2 1 -1 -1 2 e o

Table 3: CS molecular symmetry group table for the rotational wave function (o = odd, e
= even).

CS E C2 |Ka > |Kc >

A
′

1 1 e e o e
A

′′
1 -1 o o e o

ground vibrational state follow the symmetry of the C2v point group given in Table 267 and

are restricted to Ka, Kc being either both even or both odd (see Table 4). (Note that the

allowed rotational states change for odd quanta of excitation in the asymmetric vibrational

stretching mode ν3). The 668 isotopologue has the reduced CS point group symmetry for

which all rotational states are allowed (see Table 3). All states have spin function weights of

(2I+1)(I+1) = 1. The block improved relaxation method,68–70 which is a time-independent

MCSCF-approach to solve the Schrödinger equation, was used to compute the eigenstates

of the system. The obtained low-lying rotational energy levels for the 666 and 668 O3–Ar

systems are shown in Table 4.

Parameterization of the complex absorbing potential

To avoid nonphysical reflections at the grid boundaries as the wave packet approaches the

edges of the grid, a complex absorbing potential (CAP), which is an imaginary negative po-

tential, is used to absorb the wave packet. A suitably optimized CAP should smoothly absorb

the wave packet without producing nonphysical reflections. The CAP can be expressed as

−iW , where W can be expanded as:

W (χ) = η|χ− χc|bΘ(χ− χc) , (9)

12
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Table 4: Rotational energy levels (in cm−1) for 666 and 668 O3–Ar systems.

jKa,Kc 666 668
00,0 0.00000 0.00000
10,1 0.79402
11,1 3.94842 3.86219
11,0 3.90819
20,2 2.51951 2.38154
21,2 5.40423
21,1 5.72955 5.54223
22,1 14.74676
22,0 15.05531 14.74727
30,3 4.76154
31,3 8.02189 7.71696
31,2 7.99296
32,2 17.57481 17.12881
32,1 17.13138
33,1 33.24343 32.58501
33,0 32.58501
40,4 8.39126 7.93248
41,4 10.80002
41,3 11.78454 11.25999
50,5 11.89232
51,5 15.35141 14.65290
51,4 15.34279

where Θ is the Heaviside step function (χc being the starting point), η is the strength of the

CAP and b is the order. To optimize the CAP parameters in the energy range of interest

for the scattering, the plcap program of the MCTDH package is used. The optimized CAP

parameters for the 666 and 668 O3–Ar systems are given in Table 5.

Wave packet propagation

The next step in the calculation is the wave packet propagation. Calculations were setup

for total angular momentum (Jtot) ranging from 0 to 200. Initial tests were performed with

666 O3–Ar to confirm the convergence of the CAP as well as the SPF bases. After having

confirmed all parameters, propagation calculations were setup and performed for both 666

and 668 O3–Ar using the same set of parameters, except for small changes in the reduced

13
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Table 5: Parameters of the CAP selected for the inelastic scattering calculations of the 666
and 668 O3–Ar systems.

χc (bohr) η (a.u.) b
666 32.0 1.06551× 10-8 4
668 32.0 1.06635× 10-8 4

mass, rotational constants, and CAP coefficient η. The primitive and SPF bases selected

for the scattering calculations are given in Table 1. This basis is generously complete for

the energy range selected for the scattering studies, up to 700 cm−1 (staying below the

bend vibrational mode of the molecule). The temperature at 30 km elevation in Earth’s

stratosphere is around 225 K, for which kT corresponds to about 160 cm−1. Adequacy

of the basis was confirmed through convergence tests for the SPF basis for Jtot = 0 while

comparing the flux with the energy distribution for a wide range of energy, as depicted in

Figure 2. The best chosen SPF should be the one which has flux closest to the Gaussian

energy distribution for the system. The energy range used in this study is [0.001, 0.087] eV.

Correct performance of the CAP was confirmed by analyzing the time of completion of

the propagation. For smaller Jtot, the wave packet took longer to be absorbed by the CAP

compared to the same fraction of the wave packet being absorbed for larger Jtot. Convergence

was confirmed for the SPF basis. For the basis to be deemed satisfactory, the population of

the least populated natural orbital was monitored. For values of Jtot less than 10, the smallest

population was consistently below 10−4, while for larger values of Jtot, it remained below 10−5.

Another test for convergence of the SPF basis was performed by further increasing the SPF

basis for the calculation of a Jtot in the lower energy region and checking the convergence of

the probabilities of the transitions. The populations of the calculations for various SPFs as a

function of time for Jtot = 25 for the two systems are provided in the Supporting Information

(SI).
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Figure 2: For Jtot = 0, flux as a function of energy for various sizes of the SPF basis
(R:βO3 ,γO3 ,αO3), radial and angular respectively. “Energy Dist.” denotes the energy distri-
bution for the system.
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Results and Discussion

Transition Probabilities

The energy range used for the wave packet propagation calculations was [0.001, 0.087] eV,

staying just below the fundamental vibrational frequencies for 666 of 1135 cm−1 (a1), 716 cm−1

(a1) and 1089 cm−1 (b2).
71 In fact, the focus here is on the lowest-lying rotational states and

the vibrational product channels are considered closed. At this time, with a rigorous fully

quantum treatment, it is prohibitively expensive to perform an extensive study including a

wide range of initial and product states. However, the qualitative aspects of symmetry break-

ing due to isotopic substitution and the related changes in state densities hold throughout the

bound states. Moreover, the rates of collisional excitation and de-excitation are connected

through the principle of detailed balance. The range of total angular momentum considered

was Jtot = 0–200. The convergence of the cross sections with respect to Jtot was confirmed

and some examples are plotted in SI. As was done in previous studies, it was found that

results for many values of Jtot could be reliably obtained by interpolation. The smallest

values of Jtot required more SPFs and longer propagation times, and having cross-sections

with more complicated structure, were therefore sampled more densely, while the largest

values of Jtot require fewer SPFs, complete more quickly, and can be more sparsely sampled.

Propagations were performed for Jtot =[0–5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90,

100, 120, 140, 160, 180, 200]. Following the propagations, analysis was performed to obtain

the state-to-state probabilities using the Tannor and Weeks72 method (deemed to be more

accurate for the low energies in this application than the alternative flux-based approach).

Results for intermediate values of Jtot were estimated by interpolation. The interpolations

were done very carefully and compared with the computed probabilities (provided in the SI).

It is worth mentioning a few differences in how scattering calculations are performed and

results obtained using MCTDH as compared to the perhaps more familiar time-independent

close-coupling (CC) method. In contrast to CC where one specifies a single precise collision
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energy and a generous basis corresponding to open and closed channels (obtaining results for

all of them), with MCTDH, the wavepacket covers a broad energy distribution and results

are obtained for a range of energies simultaneously. Regarding the basis, as specified in Ta-

ble 1 we used a very large basis (up to j = 40) thus faithfully converging the dynamics, but

only performed the final processing for a limited number of product states. Thus, although

the number of product states is limited, the results are well converged.

Cross-Sections and Rate Coefficients

Given the probabilities, the inelastic cross-sections for the two isotopologues were calculated

from the weighted sum of the probabilities using the relation:

σjlkj0l0k0(E) =
πh̄2

2µR
(
2j0 + 1

)
Ecoll

∞∑
Jtot=0

(
2Jtot + 1

)∑
k

∑
k0

P Jtot
jlk←j0l0k0(E) , (10)

where for the collision system, the orbital angular momentum quantum of O3 is expressed as

j, k is its projection along the Body-Fixed z-axis (intermolecular axis), and l is the projection

of j along the monomer z-axis of O3 and runs from −j to +j. Here, we have replaced l by

KaKc, where Ka and Kc are respectively the projection of the molecular orbital angular

momentum along the Body-Fixed (monomer) axis in the prolate and oblate limits. The

l values range from −j to +j. The derived cross-sections include summation over all the

degenerate projections of the angular momentum k.48 Ecoll denotes the collision energy,

which is the difference between the total energy E and the internal energy of the initial

rovibrational state.

The manifold of rotational states for 668 (see Table 4) is slightly more than twice as dense

as that of 666. This is due mainly to the introduction of allowed states with KaKc = eo,

or oe (cf. Tables 2 and 3), which doubles the number of such states. Furthermore, the

slight mass-induced change in the rotational constants slightly contracts the entire ladder

of states so that corresponding states for 668 are found at slightly lower energies than for
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666. For example, the gap of 3.94842 cm−1 between states 00,0 and 11,1 for 666 is reduced

to 3.86219 cm−1 for 668. 668 also sees the appearance of the 10,1 (KaKc = eo) state at

0.79402 cm−1, which is not allowed for 666.

The cross-sections obtained for the collision-induced transitions from the ground state

to low lying rotational states are represented in Figure 3 for 16O16O16O and Figure 4 for

16O16O18O. All states with j = 0–3 as well as some additional states with j = 4, 5 (those

found below 20.0 cm−1) were included as product-channel states. The left-side panel for each

of Figures 3 and 4 plots the cross-sections on a linear-scale against the collision energy on a

log-scale. For the lowest states, this shows clearly the energy threshold of each cross-section,

matching the rotational energies given in Table 4. The linear-scale for the cross-sections in

the left-side panels highlights the dominance of the 00,0 → 20,2 transition. The right-side

panels of Figures 3 and 4 plot the cross-sections on a log-scale against the collision energy

on a linear-scale. This obscures the threshold origins, but better illustrates the relative

magnitudes of the less dominant transitions. It is clear from these figures that there is a

strong propensity towards ∆j = 2 transitions, especially those to states with pure C-axis

projections (jKa,Kc , with Ka = 0 and Kc = j), e.g. 20,2 and 40,4. The classical visualization

of this involves a cartwheeling motion of the O3 molecule.

Figure 5 compares the cross-sections for transitions to j0,Kc (Kc = j) states for both 666

and 668. 668 has the allowed 10,1, 30,3, and 50,5 states in addition to the 20,2 and 404 states

found in 666. The asymmetry in the PES introduced by the shifted center-of-mass in 668

governs the odd ∆j transitions to those states. This comes at the expense of the evenness

of the PES which governs the even ∆j transitions to these states in both systems. The shift

in center-of-mass is slight and so—as seen in the figure—for 668 the even ∆j transitions,

though slightly reduced compared with 666, are still dominant. Within the sets of even or

odd ∆j transitions, as expected, cross-sections decrease for larger changes in j.
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Figure 3: Inelastic cross-sections for allowed transitions from 00,0 to low lying states for
16O16O16O–Ar. Panel at left uses a log-scale for the collision energy to highlight the threshold
behavior. Panel at right uses a log-scale for the cross-sections to highlight the behavior of
the weaker transitions.

Figure 4: Inelastic cross-sections for allowed transitions from 00,0 to low lying states for
16O16O18O–Ar. Panel at left uses a log-scale for the collision energy to highlight the threshold
behavior. Panel at right uses a log-scale for the cross-sections to highlight the behavior of
the weaker transitions.
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The rate coefficients can be obtained by integrating the inelastic cross-sections using:

kjKa,Kc (E) =
√

8β4/πµRβ

∫ ∞
0

dEcolle
−βEcollEcollσjKa,Kc (E) , (11)

where β=1/kBT , kB is the Boltzmann constant. Just as Eq. 10 yields the cross section

between specific initial and final states, Eq. 11 is used to evaluate each state-to-state rate.

The inelastic rate coefficients for the 666 and 668 isotopologues are presented in Tables 6

and 7.

Here we discuss the temperature dependance of the rates. The propensities are most

easily appreciated in the 668 results since all states are allowed. Three panels of Figure 6

plot the temperature dependance of the rates for transitions from the 00,0 state of 668 to

product states with j = 1, 2, and 3 respectively. As expected from the cross-sections, the

rate for the 00,0 to 20,2 transition is by far the largest across the full temperature range of
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Table 6: The inelastic collisional rate coefficients of various transitions for 16O16O16O–Ar as
a function of temperature.

Transition Rate coefficients (cm3 s−1)
5K 10K 25K 50K 75K 100K 150K 200K

00,0 → 11,1 3.62(-12) 6.89(-12) 1.22(-11) 1.43(-11) 1.42(-11) 1.38(-11) 1.32(-11) 1.28(-11)
00,0 → 20,2 4.55(-11) 6.75(-11) 9.47(-11) 1.04(-10) 1.08(-10) 1.11(-10) 1.18(-10) 1.25(-10)
00,0 → 21,1 1.06(-12) 2.83(-12) 5.45(-12) 6.15(-12) 5.94(-12) 5.61(-12) 5.00(-12) 4.51(-12)
00,0 → 22,0 8.11(-14) 8.61(-13) 3.61(-12) 5.66(-12) 6.50(-12) 6.99(-12) 7.71(-12) 8.39(-12)
00,0 → 31,3 1.40(-12) 5.40(-12) 1.48(-11) 2.12(-11) 2.33(-11) 2.39(-11) 2.36(-11) 2.29(-11)
00,0 → 32,2 2.47(-14) 3.39(-13) 1.68(-12) 2.91(-12) 3.48(-12) 3.84(-12) 4.34(-12) 4.71(-12)
00,0 → 33,1 1.87(-16) 2.31(-14) 4.97(-13) 1.46(-12) 2.13(-12) 2.61(-12) 3.27(-12) 3.74(-12)
00,0 → 40,4 2.76(-12) 9.68(-12) 2.30(-11) 3.07(-11) 3.44(-11) 3.71(-11) 4.18(-11) 4.59(-11)
00,0 → 41,3 1.65(-13) 1.14(-12) 3.95(-12) 5.52(-12) 5.72(-12) 5.53(-12) 4.91(-12) 4.33(-12)
00,0 → 51,5 1.49(-13) 1.50(-12) 6.24(-12) 1.00(-11) 1.17(-11) 1.26(-11) 1.37(-11) 1.44(-11)

Table 7: The inelastic collisional rate coefficients of various transitions for 16O16O18O–Ar as
a function of temperature.

Transition Rate coefficients (cm3 s−1)
5K 10K 25K 50K 75K 100K 150K 200K

00,0 → 10,1 6.39(-12) 7.65(-12) 8.96(-12) 8.22(-12) 7.34(-12) 6.70(-12) 5.94(-12) 5.54(-12)
00,0 → 11,1 2.52(-12) 4.62(-12) 8.11(-12) 9.80(-12) 1.01(-11) 1.01(-11) 1.01(-11) 1.01(-11)
00,0 → 11,0 3.37(-13) 7.19(-13) 1.32(-12) 1.43(-12) 1.29(-12) 1.14(-12) 8.88(-13) 7.17(-13)
00,0 → 20,2 4.23(-11) 6.53(-11) 9.19(-11) 9.96(-11) 1.02(-10) 1.04(-10) 1.09(-10) 1.16(-10)
00,0 → 21,2 9.30(-13) 2.39(-12) 5.19(-12) 6.41(-12) 6.41(-12) 6.15(-12) 5.60(-12) 5.21(-12)
00,0 → 21,1 4.29(-13) 1.28(-12) 3.00(-12) 3.75(-12) 3.85(-12) 3.85(-12) 3.80(-12) 3.71(-12)
00,0 → 22,1 1.35(-14) 1.56(-13) 7.23(-13) 1.10(-12) 1.17(-12) 1.13(-12) 1.00(-12) 8.78(-13)
00,0 → 22,0 4.83(-14) 4.71(-13) 2.14(-12) 3.75(-12) 4.59(-12) 5.14(-12) 6.04(-12) 6.86(-12)
00,0 → 30,3 1.79(-12) 4.15(-12) 7.66(-12) 8.52(-12) 8.32(-12) 8.06(-12) 7.72(-12) 7.53(-12)
00,0 → 31,3 1.18(-12) 3.93(-12) 1.02(-11) 1.45(-11) 1.61(-11) 1.67(-11) 1.67(-11) 1.63(-11)
00,0 → 31,2 2.29(-13) 8.44(-13) 2.00(-12) 2.34(-12) 2.20(-12) 1.99(-12) 1.63(-12) 1.36(-12)
00,0 → 32,2 1.43(-14) 1.96(-13) 9.92(-13) 1.77(-12) 2.21(-12) 2.54(-12) 3.09(-12) 3.53(-12)
00,0 → 32,1 1.52(-14) 2.25(-13) 1.07(-12) 1.64(-12) 1.82(-12) 1.91(-12) 2.01(-12) 2.08(-12)
00,0 → 33,1 1.36(-16) 1.51(-14) 3.13(-13) 1.01(-13) 1.61(-12) 2.08(-12) 2.78(-12) 3.27(-12)
00,0 → 33,0 7.21(-17) 8.49(-15) 1.57(-13) 3.74(-13) 4.53(-13) 4.74(-13) 4.69(-13) 4.53(-13)
00,0 → 40,4 1.70(-12) 5.85(-12) 1.43(-11) 2.03(-11) 2.37(-11) 2.65(-11) 3.13(-11) 3.54(-11)
00,0 → 41,4 2.18(-13) 1.19(-12) 3.77(-12) 5.42(-12) 5.93(-12) 6.09(-12) 6.15(-12) 6.14(-12)
00,0 → 41,3 9.57(-14) 6.40(-13) 2.28(-12) 3.33(-12) 3.60(-12) 3.62(-12) 3.45(-12) 3.21(-12)
00,0 → 50,5 1.69(-13) 1.18(-12) 4.19(-12) 6.23(-12) 6.97(-12) 7.28(-12) 7.49(-12) 7.51(-12)
00,0 → 51,5 8.46(-14) 8.15(-13) 3.50(-12) 5.72(-12) 6.76(-12) 7.40(-12) 8.24(-12) 8.79(-12)
00,0 → 51,4 2.24(-14) 2.70(-13) 1.19(-12) 1.70(-12) 1.73(-12) 1.65(-12) 1.42(-12) 1.23(-12)
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Figure 6: Three panels show the detailed rates for ∆j = 1–3 transitions in the 668 isotopo-
logue. A fourth panel (bottom-right) combines the results for the sparser set of low-lying
states in 666.

5 K to 200 K. Of course for even lower temperatures, because of the lower threshold to 10,1

(as seen in Figure 4), one should expect the rate for the 00,0 to 10,1 transition to be largest.

Indeed, we have confirmed that this is the case up to 2 K, above which it is surpassed by

20,2, as seen in Table 7. At 5 K the rate to 20,2 is already more than five times larger. This

is partly due to the strong suppression of 10,1 due to the near symmetry of the PES. For the

odd ∆j transitions, lacking the one dominant process seen in the even ∆j transitions, at

the lowest temperatures the rates for transitions to j0,Kc (Kc = j) states are largest, but are

overtaken at high temperature by rates to states with j1,Kc (Kc = j). For 666 (also shown

in Figure 6), the results are quite similar although half the states are missing and the rate
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Figure 7: The total rate of state-changing collisions from the 00,0 ground initial state is com-
pared for the 666 and 668 isotopologues as a function of temperature. The 668 isotopologue
is seen to undergo inelastic collisions at a slightly higher total rate (see text).

of state-changing collisions is dominated by transitions to the j0,Kc (Kc = j) states.

Given the state-to-state rates for the 666 and 668 isotopologues, it is of interest to

determine whether or not the total rate of state-changing collisions is generally larger for

668, possibly playing a role in enhancing the stabilization of 668 during ozone formation,

and thus contributing to the observed ozone isotopic anomaly discussed in the Introduction.

Of course the relevant process of collisional stabilization in the stratosphere involves highly

excited resonance states of (O∗3), but the effects of symmetry breaking and increased state

density are still applicable. In Figure 7, by combining all of the rates for each system

(from the initial state to all product channels), the total rate of state changing collisions

is compared for 666 and 668. It is important to note the behavior of the temperature

dependance of individual state-to-state rates shown in the previous figures. Generally, at a

temperature corresponding to collision energies exceeding the energy threshold for a given

transition, there is a rapid initial rise in the rate, which typically then levels off and perhaps

drops at higher temperatures. Since results were only obtained here for a complete set

of product states up to 20.0 cm−1, the relative total rates can only be rigorously assessed

at the lowest temperatures, since at higher temperatures missing product channels become
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important. Indeed, for temperatures up to 25 K, for which a complete set of product channels

is included, the total rate of state changing collisions is about 5–7 % larger for 668 than for

666. This is significant and on the order of the isotopic enhancements observed in the

stratosphere. As has been pointed out previously, since ozone is continuously destroyed and

then regenerated, even a small bias can lead to accumulation of the favored isotopologues.

Conclusion

A possible key to understanding the ozone isotopic anomaly in the atmosphere, is under-

standing the relative efficiencies of the stabilization step for different isotopologues in the

formation process of ozone. Stabilization involves the collisional cooling of a rovibrational

resonance state from above the dissociation threshold, into the manifold of bound states.

Current models approximate the cooling efficiencies for different isotopologues as equal.

Direct simulation of these quantum scattering processes would be exceedingly demanding

computationally and require a fully flexible 6D PES, which is not yet available.

Asymmetric heavy isotopologues such as 16O16O18O (668) have more than twice the

density of states as the parent 16O16O16O (666) isotopologue mainly due a doubling of the

number of states allowed by nuclear spin statistics for bosons, and to a small extent, the mass-

related changes in rotational constants. The increased state density is found throughout all

of the bound states and not just those near dissociation. Benchmark studies in atom-diatom

systems have found significantly different scattering dynamics upon isotopic substitution

for precisely these reasons. Qualitative aspects of the symmetry-breaking and changes in

allowed-state densities are similar for 667 and 668, and thus assigning some importance to

collisional cooling efficiency is consistent with the largely mass-independent nature of this

phenomenon for various isotopologues.

In this study, we have compared the state-to-state scattering cross-sections and rates

between low-lying states for rotationally inelastic collisions between two isotopologues of
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ozone (symmetric 666 and asymmetric 668) and an argon atom. The fully quantum time-

dependent MCTDH approach was employed for the scattering calculations, using our new

highly accurate 3D (rigid rotor) PES. It was found that the strong propensities for ∆j = 2

transitions in 666, governed by the evenness of the PES, are relaxed somewhat in collisions

with the 668 isotopologue as the symmetry of the PES is slightly broken and newly allowed

states become available as product channels. Comparing the total rate of state-changing

collisions for 668 with 666, it was found that the total rate for 668 is indeed about 5–7 %

larger. Some of this difference might be attributable to the small change in the reduced mass

of the collision system for heavier isotopologues. Since ozone is destroyed and then regener-

ated many times through the Chapman cycle, even a small bias can lead to accumulation of

the favored isotopologues. It is of interest in future work to include the differing collisional

efficiencies in kinetic models. It is also desirable to extend the collisional studies into the

more relevant high-lying states. The stratospherically relevant dynamics of interest here are

de-excitation, the rates of which are connected (to excitation rates) through the principle

of detailed balance. The cost of performing rigorous quantum scattering calculations for

O3–Ar is still quite high. Another avenue of research currently underway is to study the

dynamics of collisions for O2–Ar, comparing 16O16O–Ar with 16O18O–Ar and 18O18O–Ar.

Those calculations are much more affordable despite the slight added complexity of the fine-

structure introduced by the triplet spin-state. Many of the same factors are relevant since

asymmetric isotopic substitution in O2 also shifts the center-of-mass, breaking the evenness

of the PES, and roughly doubles the density of states. There it will be affordable to analyze

both excitation and de-excitation processes from a wide variety of initial states. It will be

particularly important to understand the differences in dynamics between the linear rotor

(O2) and asymmetric top (O3), since despite some similarities, no anomalous fractionation

has been observed in O2.
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(54) Beck, M. H.; Jäckle, A.; Worth, G.; Meyer, H.-D. The multiconfiguration time-

dependent Hartree (MCTDH) method: a highly efficient algorithm for propagating

wavepackets. Phys. Rep. 2000, 324, 1–105.

(55) Gatti, F.; Meyer, H.-D. Intramolecular vibrational energy redistribution in toluene:

a nine-dimensional quantum mechanical study using the MCTDH algorithm. Chem.

Phys. 2004, 304, 3–15.

(56) Sadri, K.; Lauvergnat, D.; Gatti, F.; Meyer, H.-D. Rovibrational spectroscopy using

a kinetic energy operator in Eckart frame and the multi-configuration time-dependent

Hartree (MCTDH) approach. J. Chem. Phys. 2014, 141, 114101.
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