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Equilibrium parameters of ozone, such as equilibrium geometry structure parameters, force constants and dissoci-

ation energy are presented by CBS-Q ab initio calculations. The calculated equilibrium geometry structure parameters

and energy are in agreement with the corresponding experimental values. The potential energy function of ozone with a

C2v symmetry in the ground state is described by the simplified Sorbie–Murrell many-body expansion potential function

according to the ozone molecule symmetry. The contour of bond stretching vibration potential of an O3 in the ground

state, with a bond angle (θ) fixed, and the contour of O3 potential for O rotating around O1–O (R1), with O1–O bond

length taken as the one at equilibrium, are plotted. Moreover, the potentials are analysed.
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1. Introduction

It is well known that ozone, particularly, in the

upper atmosphere is crucial to life processes. Ozone

is also important in syntheses,[1] environments,[2−5]

chemistry and physics. So, its physical and che-

mical properties such as its structure, spectra,

and thermal reactions, etc, have been extensively

investigated.[6−20]

The ab initio studies[10−16] have revealed that

an accurate calculation of the ozone potential func-

tion has already become a challenging problem about

the ground electronic state. Xantheas et al
[14] have

indicated that the C2v constrained potential energy

surface (PES) of the 1A1 ground state of ozone is

pertinent to the opening of the D3h ring. Müller

et al
[16] have calculated the dissociation energy of

ozone (X̃ 1A1). Several empirical potential functions

of ozone have been proposed so far,[17−19] and they can

be divided into two classes. One is mainly to describe

qualitatively the topographic features of the PES for

all imaginable geometries (including those structures

which are not stable at all) by using the information

on inelastic scattering and thermal rate data of isotope

exchange reactions,[17,18] and the other is devoted to

the determination of the effective potential function of

configurations in the neighbourhood of equilibrium.

It is well known that an ozone molecule has two

types of minima: one is of C2v symmetry (referred to

as open minimum) and the other is of D3h symmetry

(ring minimum) in which the oxygen atoms form an

equilateral triangle. The previous studies[6,8] have re-

ported that the ring minimum is about 1.3 eV above

the open minimum. In this paper our calculation also

shows that the energy of ring minimum is higher than

that of open minimum. According to the above re-

sults and experimental evidence,[9] the ground state

of ozone should be an open equilibrium structure with

C2v symmetry.

Our goal in the present study is to determine

a two-dimensional PES for the ozone molecule of

point group of C2v in the ground state by using the

Sorbie–Murrell many-body expansion potential func-

tion, which is simplified by Zhu and Yu[21] by using

the symmetry of ozone molecule. Using the PES the

height of barrier for the dissociation and recombining

of ozone {O3(C2v, X̃ 1A1)}, and the O2–O dissociation

energy for ozone in the ground state are calculated. In

addition, the ab initio calculation of some parameters

of ozone in equilibrium is also conducted.
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2. Equilibrium parameters in

ground state and its dissocia-

tion limit

The equilibrium geometries of an ozone in C2v

and D3h symmetries are, respectively, optimized us-

ing the high-level ab initio (i.e. CBS-Q) method,[22]

which starts with a zero point energy calculation and

a geometry optimization by the Hartree–Fock theory,

in which the geometry is further optimized by the sec-

ond order of Møller–Plesset (MP2) theory. Then the

energy is evaluated with MP2 theory with a larger ba-

sis set and a CBS extrapolation to correct the energy

through the second order MP2. Two additional calcu-

lations are used to approximate higher orders of con-

tributions [MP4(SDQ)/6-31+G†† and QCISD(T)/6-

31+G†].

Table 1. Equilibrium features of the O3 in C2v and D3h symmetries, respectively.

open structure (C2v) ring structure (D3h)

Cal. Expt. Cal. Theor.b Theor.c

R1/nm 0.12841 0.1275a 0.146030 0.14378 0.14367

R2/nm 0.12841 0.1275 0.146030 0.14378 0.14367

θ/(◦) 116.8071 116.75 60.00 60.00 60.00

Emin/Hartree −225.185623 – −225.139129

De De = 6.2231 eVd 6.1656 eVe

Force constant/au f11 = 0.53446, f12 = 0.03363, fθθ = 0.57877, f1θ = 0.09567 for O3 (C2v)

aEquilibrium bond length and bond angle from Refs.[23,24]. bFrom Ref.[16]. cFrom Ref.[27]. dRelative to the dissociation

limit 3O(3Pg). eFrom Refs. [25,26].

Using the CBS-Q method, the equilibrium pa-

rameters of ozone in C2v symmetry, such as geom-

etry structure parameters, energy, dissociation en-

ergy relative to the dissociation limit 3O(3Pg) and

force constants, are computed and listed in Table 1.

From the Table it is found that the calculated equi-

librium geometry structure parameters (R1 = R2 =

0.12841 nm, and θ = 116.807◦) are in good agreement

with those later reported experimental values (R1 =

R2 =0.1275 nm,[23] θ = 116.75◦.[24]) In what follows,

for the ozone of equilibrium geometry R1 and R2 are

two bond lengths and θ denotes the angle between

them (see, Fig.1). In Table 1 it is seen that the com-

puted dissociation energy for the ozone with C2v sym-

metry in the ground state has an the absolute error of

0.0575 eV that is in agreement with the experimental

value.[25,26]

The equilibrium ring geometry structure of the

ozone in D3h symmetry indicated by the CBS-Q calcu-

lations is of an equilateral triangle with a bond length

of 0.14603 nm, of which the parameters are also listed

in Table 1.They are close to the theoretical values from

Refs.[16,27]. All other equilibrium parameters of the

O3 with C2v and D3h symmetries, such as energies of

the stationary point obtained by the CBS-Q level are

listed in Table 1. From the table it is seen that for

ozone with an equilibrium geometry, the energy min-

imum in C2v symmetry is 1.27 eV lower than that of

ring structure in D3h symmetry. The similar result

is previously reported in Refs.[6,8,9]. As a result, ac-

cording to the results and experimental evidence,[9] we

believe that the ground electronic state of ozone has

a C2v equilibrium structure.

The ozone in the ground electronic state has an
1A1 symmetry, and its electronic configuration in C2v

symmetry may be described as

(1a1)
2(1b1)

2(2a1)
2(3a1)

2(4a1)
2(2b1)

2(5a1)
2(3b1)

2

× (6a1)
2(1b2)

2(4b1)
2(1a2)

2(2b2)
◦.

According to the principle of atomic and molec-

ular reaction statics from Ref.[28], when the O3

molecule with a point group of C2v in its 1A1 ground

state dissociates, it may dissociate into O2 + O in

their ground states (3Σ−
g + 3Pg) or into O atoms in

their ground state (3Pg), that is

O3(C2v, X̃1A1) →
{

O2(
3Σ−

g ) + O(3Pg),

3O(3Pg).

3. The potential energy function

An ozone molecule in the ground electronic state

may be treated as a molecule having a C2v symme-

try. Therefore, the PES is constructed in terms of two

bond coordinates, R1 and R2, that is, two O–O1 bond

lengths, and a O–O1–O bond angle θ, where O1 is a
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central atom (see Fig.1).

Fig.1. The model of the ozone (C2v , X̃ 1A1).

The surface of the ground state 1A1 of ozone

in C2v symmetry may be described using a suitable

analytical function to provide a smooth continuous

variation of the energy with the nuclear coordinates.

Therefore, for a triatomic molecule, we can use a

Sorbie–Murrell many-body expansion[29] simplified by

Zhu and Yu[21] according to the ozone molecule sym-

metry, i.e. the one that is a sum of one-, two- and

tree-body terms:

V =
∑

V
(1)
A +

∑

V
(2)
AB + V

(3)
ABC, (1)

where V (1), V (2) and V (3) denote the one-, two- and

three-body terms, respectively. In order to obtain a

simple analytical form, we assume the energy of the

atom in the ground state [i.e. O(3Pg)] to be zero val-

ued. The one-body term is defined to be zero valued.

As a result, the potential energy function of Eq.(1)

becomes

V = V
(2)
O1O + V

(2)
O1O + V

(2)
OO + V

(3)
OO1O

. (2)

The two-body term, which is a popular func-

tion for diatomic system and ever produced the ex-

tremely accurate potential energies for 150 diatomic

species,[30,31] is determined by using an extended-

Rydberg potential up to third order, as follows:

V (2) = −De[1 + α1ρ + α2ρ
2 + α3ρ

3]exp(−α1ρ), (3)

where De is the diatomic dissociation energy, and α1,

α2, and α3 denote parameters, of which some may be

derived from spectroscopic constants or an analytical

fit of ab initio points. And ρ = R − Re, where R and

Re are the internuclear separation and they are each

equilibrium bond lengths of a diatomic molecule. In

this paper α1, α2 and α3 in Table 2 are derived based

on the spectroscopic constants (i.e., ωe, ωexe, αe, Be

and De) of O2 in the ground state from Ref.[25].

Table 2. Parameters of potential energy function for O3 (C2v , X̃ 1A1).

two-body term

species De/eV Re/nm α1/nm−1 α2/nm−2 α3/nm−3

O2 5.14258 0.12075 55.83584 841.56713 6828.58419

tree-body term

γ2 = 2.98 γ2 = 2.98

C1 262.48002 C2 317.40095 C3 50.90545

C4 −590.85272 C5 −363.97131 C6 239.9576

C7 380.80457

The three-body term is written as a polynomial

P (R1, R2, R3) of the three internuclear separations,

multiplied by a range function T (S1, S2, S3) which

cancels out the three-body term whenever one atom

is moved to infinity from the other two,

V (3)(R1, R2, R3) = P (S1, S2, S3) · T (S1, S2, S3),

where

P (S1, S2, S3) = C1 + C2S1 + C3S
2
2 + C4S3

+ C5S1S3 + C6S
2
1 + C7S

2
3 , (4)

T = [1 − tanh(γ1S1/2)][1 − tanh(γ2S2/2)]. (5)

Here γ1 and γ2 are the optimization parameters, and

Ci(i = 1 − 7) are the linear parameters, and Si (i =

1, 2, 3) are expressed in terms of displacement coordi-

nates (ρi = Ri − Re
i ) with respect to the ozone in the

ground state with a C2v symmetry reference structure

(i.e. Re
1 = Re

2, Re
3) as shown below:





S1

S2

S3



 =





1/
√

2 1/
√

2 0

1/
√

2 −1/
√

2 0

0 0 1








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ρ2

ρ3



 .

In Table 2, the γ1 and γ2 are non-linear pa-

rameters that are optimized based on the CBS-Q-

computed dissociation energy for removing the oxy-

gen atom out of an ozone molecule {O3(C2v, X̃ 1A1)},
i.e. 1.0805 eV, which is in good agreement with the

experimental value (1.0494 eV) from Ref.[14].
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Fig.2. Bond stretching contour of the O3 surface for a fixed angle of 116.807◦.

Fig.3. Contour of the O3 potential for O moving around R1 (O1–O), which is fixed at R1 = 0.12841 nm.

Seven linear parameters Ci(i = 1 − 7) are calcu-

lated from the equation system including seven inde-

pendent equations. We know the potential energies,

equilibrium geometry parameters (the first derivative

of Eq.(2) at equilibrium is zero) and force field (the

second derivatives of Eq.(2) evaluated at the minima)

for the system of O3 at equilibrium position. We

have seven data, namely seven corresponding indepen-
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dent equations, (V )e, (∂V /∂R1)e = 0, (∂V /∂R3)e =

0, (∂2V /∂R2
1)e = f11, (∂2V /∂R1∂R2)e = f12,

(∂2V /∂θ2)e = fθθ, (∂2V /∂R1∂θ)e = f1θ, where the

subscript e refers to the evaluation at the equilibrium

position and f11, f12, fθθ and f1θ are the computed

force constants for O3 (see, Table 1). These data are

sufficient to determine the seven linear parameters.

The other computed parameters of the ozone po-

tential energy function, such as two-body term param-

eters, are summarized in Table 2. The contours of the

PES for ozone in the ground state (C2v, X̃ 1A1) ac-

cording to the potential energy function (Eq.(2)), are

depicted in Figs.2 and 3.

4. Results and discussion

Contours of the PES for O3 (C2v, X̃ 1A1) with

the potential energy function (Eq.(2)) are depicted

in Figs.2 and 3, and they clearly display the struc-

ture feature of O3 in the ground state. In a channel,

barrier is a crucial parameter, and its existence and

magnitude have an important effect on the property

of kinetics. From Fig.2, a bond stretching contour

of the O3 surface shows that there is a saddle point

in this dissociation channel at θ = 116.807◦, with

R1 = 0.19990 nm and R2 = 0.12547 nm, and with

a barrier being 1.4311 eV for the dissociation process

of ozone in the ground state. A similar feature was

reported in Ref.[14]. The barrier for the dissociation

process of ozone was measured to be 0.98496 eV[32]

when a catalyzer was used, so the measured value of

barrier (1.4311 eV) for the dissociation process with-

out using any catalyzer should be reasonable. In ad-

dition, from Fig.2, we obtain a barrier of 0.3236 V for

the O2(
3Σ−

g ) + O (3P ) recombination, which is con-

sistent with the calculation result (see the figure) in

Ref.[12], and similar conclusions were also reported in

Refs.[33–35].

In Fig.3, a contour of the O3 potential for O

moving around R1, which is fixed at R1 (O1–O) =

0.12841 nm on the x-axis (O1, central atom, is located

at a coordinate origin), clearly indicates the equilib-

rium structure feature of O3 (C2v, X̃ 1A1) and has a

saddle point. The figure is helpful to the experimen-

tal analysis and application of cross molecular beam

to ozone.

Owing to the notorious difficulty in calculating

the electronic structure of ozone, even in the low-

est state, the construction of an accurate PES is a

formidable task.[8] However, with the Sorbie–Murrell

many-body expansion potential function we may de-

pict the satisfactory PES of ozone in the ground state,

which is able to yield the reliable crucial parameter

and barrier. The PES of O3(X̃
1A1) will be used for in-

vestigating the detailed dynamics in several directions,

for example, quantal and classical dissociation dynam-

ics for a non-rotating or a rotating O3(X̃
1A1), quantal

and classical bimolecular reaction dynamics for differ-

ent isotopomers in order to evaluate the consequence

of reducing the symmetry. Eventually it might become

possible to explain the observed unusually high enrich-

ment in some of the isotopomers as well as the peculiar

temperature- and pressure- dependent recombination

rates through the rigorous dynamics calculation of one

(or possibly several) potential energy surface(s).
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