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ABSTRACT: The ClO3 many-body expansion potential energy surface of Farantos and Murrell
(Int J Quantum Chem 1978, 14, 659) has been modified along the minimum energy path for
the reaction O + OClO → ClO + O2 such as to conform with the available kinetics data. The
dynamics of the title reaction is also studied for temperatures of relevance in stratospheric
chemistry. Two mechanisms for ClO + O2 formation are identified: (i) direct abstraction of a
terminal oxygen atom from the OClO reactant and (ii) formation of an intermediate ClO3 com-
plex followed by dissociation. The novel potential energy surface gives also a good description
of the kinetics of the reaction Cl + O3 → ClO + O2. C© 2007 Wiley Periodicals, Inc. Int J Chem
Kinet 39: 422–430, 2007

INTRODUCTION

Recently, we have investigated the relevance of vibra-
tionally hot ClO + O2 collisions in the chemistry of
stratospheric ozone [1]. Although the ClO + O2 reac-
tion was predicted to have a modest role as an ozone
source, local thermodynamic disequilibrium (LTD) [2]
should be considered when modeling the middle at-
mosphere as vibrational relaxation of the colliding di-
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atomics is found to be small [1]. This finding supports
the measurements of Matsumi et al. [3] who reported
a value of 5 × 10−14 cm3s−1 for the ClO (v = 1 → 0)
vibrational relaxation rate constant by collisions with
either N2 or Ar. Being about 2 orders of magnitude
smaller than our theoretical value [1] for collisions
with O2, this experimental result may stress even fur-
ther the importance of considering LTD when carrying
out the above modeling studies.

In addition to Cl + O3 and ClO + O2, the O + OClO
reaction is another important collision process in at-
mospheric chemistry that evolves on the same ClO3

potential energy surface. In fact, the OClO species
participates both in the ozone depletion chemistry
by Freons in the stratosphere [4] and formation
of the chlorate radical through the O + OClO and
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XO + OClO (X = Cl, Br, O2) reactions. Experimen-
tally, the O + OClO reaction has been investigated
by several groups [5,6], with the occurrence of the
reaction O + OClO → ClO + O2 being confirmed in
a detailed low-pressure study by Gleason et al. [6]
who estimated the corresponding rate constant to be
1 × 10−13 cm3s−1. This result has been corroborated
theoretically by Zhu and Lin [7], who found that the
concurrent occurrence of both direct abstraction and
indirect association/stabilization processes is in agree-
ment with the experimental work [6].

The aim of this work is threefold: (i) to modify
the ClO3 many-body expansion (MBE) potential en-
ergy surface of Farantos–Murrell such as to mimic
the experimental rate constants for the title reac-
tion, (ii) to investigate the importance of the reaction
O + OClO → ClO + O2 for O2 formation in the high
atmosphere, and (iii) to assess the role of the title reac-
tion in maintaining LTD in the stratosphere. The paper
is structured as follows. The next section presents the
main features of the modified MBE (mMBE) poten-
tial energy surface for the title reaction and describes
the changes that have been made. The details of the
trajectory calculations are reported in Trajectory Cal-
culations, whereas the results are compared with ex-
perimental data in Results and Discussion. The last
section gathers the conclusions.

POTENTIAL ENERGY SURFACE

The Many-Body Expansion Form

The potential energy surface [8] for ground-state ClO3

has been modeled by using the many-body expansion
[9] method and shown to be reliable for the description
of the major dynamics features and kinetics of the exo-
ergic Cl + O3 reaction [1,8] over the temperature range
200 ≤ T (K) ≤ 600. It shows a small energy barrier of
∼0.3 kcal mol−1 and has been recently applied in our
trajectory study of the reverse ClO + O2 reaction at
stratospheric temperatures [1]. Although the use of a
single-valued form to study the ClO3 system may show
limitations (in the sense that it cannot account for the
influence of other electronic states), the global model-
ing of a single-sheeted form from sufficiently accurate
ab initio calculations is a formidable task even for just
the ground-electronic state of ClO3.

The accuracy of the MBE ClO3 potential energy
surface has not been tested thus far for studying the re-
action O + OClO → ClO + O2. Since it has been cal-
ibrated to reproduce only the main energetic features
of the Cl + O3 ozone-depletion reaction, there is no
warranty that it will also give acceptable results for the
title reaction. Figure 1 shows the two O + OClO reac-

tion paths of this MBE potential energy surface (only
the major structures are shown): path (i) leads to for-
mation of the intermediate ClO3 complex through the
transition state TS1 (which is preceded by the van der
Waals minimum, vdW1), followed by dissociation into
ClO + O2 over the TS3 barrier; path (ii) corresponds
to direct abstraction of an oxygen atom by overcoming
TS2. This path leads to a weakly bound structure (re-
ferred heretofore as a van der Waals structure, vdW2)
followed by a transition state (TS4), immediately be-
fore formation of the ClO + O2 products. The major
features of all involved structures are given in Table 1.
As shown in Fig. 1 and Table 1, path (ii) is barrier-
less in the MBE potential energy surface. Moreover,
all its saddle points but TS3 lie below the O + OClO
dissociation asymptote, and hence there is no barrier
for formation of the ClO3 complex or direct abstrac-
tion reactions. As it will be shown later, the lack of
potential barriers for the (O + OClO) approaching re-
actants leads to a gross overestimation of reactivity, in
clear disagreement with available experimental [5,6]
rate constant measurements over the temperature range
200 ≤ T (K) ≤ 450.

Modified Many-Body Expansion Potential
Energy Surface

A major goal of the present work is to modify the
MBE ClO3 potential energy surface such as to account
for the experimental [5,6] rate constants of the reaction
O + OClO → ClO + O2 (over the temperature range of
relevance in atmospheric chemistry), without spoiling
the good agreement obtained for the Cl + O3 reaction.
A simple way to accomplish this goal is by adding
Gaussian functions to introduce appropriate barriers.
The mMBE potential energy surface so obtained as-
sumes the following form:

VClO3 (R) = VMBE(R) +
3∑

i=1

Ai

× exp

[
− γi

(
6∑

j=1

Rj − P 0
i

)2]
fi

+
5∑

i=4

Ai exp

[
− γi

3∑
j=1

(
Rj − R0

j

)2

−γ ′
i

3∑
j=1

(
θj − θ0

j

)2

]
(1)

where VMBE(R) is the MBE potential energy surface;
R is the vector of the six internuclear coordinates
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Figure 1 Schematic diagram of the energetics for the reaction O + OClO → ClO + O2 in the MBE [8] and mMBE potential
energy surfaces, and from the ab initio calculations of Zhu and Lin [7]. The thick solid lines correspond to the TS1, TS2, TS3,
and TS4 saddle points and vdW1, and vdW2 van der Waals minima in the mMBE form of the present work, whereas the dashed
and the dashed–dotted ones are, respectively, for the MBE potential and the ab initio calculations. Energies are in kcal mol−1,
with the zero of energy at the O + OClO asymptote.

[Rj (j = 1, . . . , 6)]; Ai , γi , and P 0
i are parameters that

are numerically defined in Table II, R0
1 = R0

2 = R0
3 =

1.478 Å is a reference geometry that is kept identi-
cal for Gaussians numbers 4 and 5; and θ0

j (j =1–3)
are reference angles given in Table II. The damping
functions fi have been chosen as

f1(R1, R2, R3) = exp

[
− a1

(
3∑

k=1

Rk − R�

)2]

(2)

f3(θ1, θ2, θ3) = exp

[
− a3

(
3∑

k=1

θk − θ�

)2]
(3)

with f2 = 1, a1 = 0.2 Å−2, a3 = 0.2 rad−2, R� =
6.28388 Å, and θ� = 5.61647 rad. We emphasize the
use of valence coordinates for the fitting procedure as
recently recommended [10] for the N2H2 system, and
the fact that the damping function f1 has been cali-
brated such as to leave essentially unaltered the orig-
inal barrier for the Cl + O3 reaction. In turn, f3 has
been chosen to ensure that the Gaussian centered at
the TS3 region has no major impact on TS1. Finally,
the last summation in Eq. (1) corrects the MBE form

to give a ClO3 minimum structure (and corresponding
energetics) in closer agreement with experiment [11–
13]. This is clear from the contour plot of Fig. 2, which
shows that the ClO3 minimum has C3v symmetry in
the mMBE form (in contrast with D3h for MBE) with a
well depth of −53.1 kcal mol−1; for a comparison, see
Table I. Note also from Fig. 2 that the ClO3 minimum
has a pyramid shape with the angle β = 112◦, with the
D3h structure becoming now the saddle point for the
umbrella inversion. Concerning other structures rele-
vant for the dynamics of the title reaction, the mMBE
potential energy surface shows an increase in the en-
ergy barriers for transition states TS1, TS2, and TS3
and a decrease in well depth of the vdW1 van der
Waals minimum. Table I shows that the transition states
TS1 and TS2 are, in contrast with the original MBE
function, 3.3 and 3.4 kcal mol−1 above the O + OClO
asymptote, as indicated by the thick solid lines in Fig. 1.
Other relevant features of the original MBE form are, at
most, only modestly altered (e.g., TS3 increases from
4.0 kcal mol−1 in MBE to 4.8 kcal mol−1 in mMBE).
Note further that the energy difference between vdW2
and TS4 structures diminishes from 7.0 kcal mol−1

in MBE to 4.0 kcal mol−1 in mMBE. Although hard
to justify in the absence of accurate electronic struc-
ture calculations, such a structure can tentatively be

International Journal of Chemical Kinetics DOI 10.1002/kin
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Table II Parameters Defining the Gaussian Functions in Eq. (1). See the text

Gaussian Function A (kcal mol−1) γ (Å−2) P 0 (Å) γ ′ (rad−2) θ0
1 (rad) θ0

2 (rad) θ0
3 (rad)

1 4.843 0.15 14.78 n.r.a n.r. n.r. n.r.
2 9.741 0.50 11.81 n.r. n.r. n.r. n.r.
3 2.998 2.00 14.74 n.r. n.r. n.r. n.r.
4 −26.928 20.00 n.r. 11.25 1.88 1.88 1.88
5 5.100 20.00 n.r. 15.00 2.09 2.09 2.09

a n.r. = Not relevant.

rationalized as due to the leading electrostatic interac-
tion between the permanent dipole moment of ClO and
the permanent quadrupole moment of O2 in a way sim-
ilar to the 1:1 complex [14,15] involving O2 and OH.

TRAJECTORY CALCULATIONS

The trajectory study reported in the present work cov-
ers temperatures over the range 250 ≤ T (K) ≤ 500 us-
ing both the original ClO3 MBE and mMBE potential
energy surfaces (see the section Potential Energy Sur-
face). A total of 1.1 × 105 trajectories have been run
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ββ

β

Figure 2 Energy-contour plot for the mMBE potential energy surface showing the C3v symmetry of the ClO3 structure. The
contours are equally spaced by 2.3 kcal mol−1, starting at −52.9 kcal mol−1 below the O + OClO asymptotic limit. For the
coordinates, see plot on the right-hand side of the panel.

(104 trajectories for each temperature but T = 250, 263
K, where the numbers are 4 × 104 and 3 × 104, respec-
tively) for the mMBE potential energy surface by using
an extensively adapted version [1,16] of the VENUS96
computer code [17]; for the MBE one, batches of
2 × 103 trajectories have been run at T = 250, 300,
400, and 500 K. The integration time step used in the
trajectory calculations was 0.01 fs, which is sufficient
to conserve total energy within 10−4 kcal mol−1.

The initial conditions for the trajectory calculations
have been established as follows: The collision energy
(Etr) was selected from a Maxwell–Boltzmann distri-
bution using the cumulative function [18]

International Journal of Chemical Kinetics DOI 10.1002/kin
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G(Etr) =
(

1

kbT

)2 ∫ Etr

0
E′

tr exp(−E′
tr/kbT ) dE′

tr (4)

where the value of Etr for each trajectory is ran-
domly calculated by solving numerically the equation
G(Etr) − ξ = 0 (ξ is a random number). In turn, the
assignment of the OClO vibrational energy has been
done by performing a fixed normal mode energy sam-
pling [17]; the OClO vibrational energy was fixed at
the corresponding zero-point value. A rotational en-
ergy of RT/2 (R is the gas constant) has been put on
each axis of inertia in accordance with the equipartition
principle.

For every reactive trajectory, the rotational states of
the products have been assigned as in [1]. In addition,
the final vibrational quantum number (vf ) has been
calculated by using j and the semiclassical quantiza-
tion followed by rounding-off the calculated real value
to its nearest integer. Finally, the thermal rate constants
have been calculated by using

k(T ) = ge(T )

(
8kbT

πµO−OClO

)1/2

σr (T ) (5)

where kb is the Boltzmann constant, µO−OClO is the
atom-triatom reduced mass, and the electronic-
degeneracy factor is ge(T ) = 2/{2[5 +
3 exp(−228/T ) + exp(−326/T )]}. As usual,
the temperature-dependent reactive cross sec-
tions are calculated from the expression σr (T ) =
πb2

max
NClO+O2 (T )

N(T ) , and the 68% standard deviations aris-
ing from the Monte-Carlo averaging determined from

�σr (T ) = σr (T )
[

N(T )−NClO+O2 (T )
N(T ) NClO+O2 (T )

]1/2
, where N (T ) is

the total number of trajectories, and NClO+O2 (T ) the
corresponding number of events forming ClO + O2

products.

Table III Results of the Trajectory Calculations for the Reaction O + OClO → ClO + O2 Evolving on the mMBE
Potential Energy Surface from the Present Work

T (K) bmax (Å) NClO+O2 σr ± �σr (Å2) ka (10−13 cm3s−1)

250 3.5 (7.5) 21 (597) 0.02 ± 0.001 (53.0 ± 0.6) 0.20 ± 0.04 (523 ± 17)
263 3.5 31 0.04 ± 0.002 0.40 ± 0.07
300 3.5 (8.0) 20 (464) 0.08 ± 0.005 (46.9 ± 0.6) 0.80 ± 0.18 (487 ± 20)
345 3.5 33 0.127 ± 0.007 1.37 ± 0.24
400 4.0 (8.0) 41 (411) 0.20 ± 0.01 (41.4 ± 0.6) 2.33 ± 0.37 (469 ± 19)
500 4.0 (7.5) 88 (394) 0.44 ± 0.01 (34.9 ± 0.5) 5.39 ± 0.57 (425 ± 25)

Given in parenthesis, for some energies, are the corresponding values obtained using the MBE one.
a Calculated by using Eq. (5).

RESULTS AND DISCUSSION

The main trajectory results for both MBE (values in
brackets) and mMBE potential energy surfaces are
given in Table III. This shows that the O + OClO reac-
tive cross sections for the mMBE potential energy sur-
face are always nearly 3 orders of magnitude smaller
than those calculated from the MBE function; note
also the huge differences between the corresponding
maximum impact parameters (bmax). This result can
be explained by inspection of Fig. 3, which shows the
minimum energy paths for direct abstraction of an oxy-
gen atom and ClO3 formation. These show that the title
reaction occurs without a barrier in the MBE potential
energy surface, whereas in mMBE there are barriers
for both such processes. In fact, one expects that the ti-
tle reaction may proceed by two mechanisms: (i) direct
abstraction of an oxygen atom via TS2; (ii) formation
of the ClO3 via TS1, followed by dissociation. Re-
cently, Zhu and Lin [7] advocated from a GAUSSIAN-
2 (G2M) study (denoted G2M(CC2)//PW91/6-
311+G(3df)) of the title reaction that ClO3 dissocia-
tion cannot occur by overcoming TS3 because this is
higher in energy than both TS1 and TS2 as it involves
the breaking of two bonds. Although the energy differ-
ences between TS1, TS2, and TS3 are (in the mMBE
potential energy surface) not as high as in their own
calculations, the process of breaking simultaneously
two bonds is still a dynamical bottleneck. Thus, it is
likely that the formed ClO3 complexes cross over TS1
back to the vdW1 region and finally evolve via TS2
and TS4 to yield ClO + O2. In fact, a detailed inspec-
tion at T = 300 K revealed that only ∼30% (∼9%)
of the reactive trajectories in the mMBE (MBE) po-
tential energy surface follow a direct-type mechanism,
i.e., oxygen abstraction, with the remaining trajecto-
ries leading to formation of a ClO3 complex that sub-
sequently dissociates to form ClO + O2. The disparity
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Figure 3 Minimum energy paths for the MBE (panels (a) and (b)) and mMBE (panels (c) and (d)) potential energy surfaces:
(a) and (c) path connecting the van der Waals minimum vdW1 to the ClO + O2 products via TS2 and passing through vdW2
and TS4; (b) and (d) path connecting the van der Waals minimum vdW1 and the ClO3 minimum via TS1.

of the results in the MBE and mMBE potential energy
surfaces may be explained by the differences in the
minimum energy paths for formation of ClO3 shown
in Figs. 3(b) and 3(d). Note that the predominance of
the mechanism based on the decomposition of a ClO3

intermediate complex rather than a direct abstraction
finds support in the flash photolysis-atomic resonance
fluorescence measurements of Colussi et al. [5] for the
title reaction under stratospheric conditions.

Another important piece of data that helps under-
standing the mechanism of the title reaction is the vi-
brational quantum number distributions, P (v), for both
ClO and O2 product molecules. These are shown in
Fig. 4 for T = 250 and 500 K. It is apparent that the
ClO product arises vibrationally colder than O2, espe-
cially at low temperatures. For T = 250 K (Fig. 4(a)),
P (v) for ClO peaks at v = 0 and extends up to v = 6,
while the corresponding O2 distribution attains its max-
imum value at v = 12 and varies from v = 5 up to
v = 14. In turn, the vibrational quantum number dis-
tributions tend to broaden for both ClO and O2 with in-
creasing temperature, favoring excitation of ClO versus
de-excitation of O2. For T = 500 K (Fig. 4(b)), P (v)
for ClO extends now up to v = 8, while the maximum
of P (v) for O2 occurs at v = 11 (with a smaller prob-
ability) and extends down to v = 3. Thus, the title re-
action contributes to formation of vibrationally excited
species (especially O2) in the stratosphere, reinforcing
the need to consider LTD when modeling the chemistry
of the middle atmosphere [2,19]. As observed [1] for
the reaction Cl + O3 → ClO + O2, the present distribu-

tions for O + OClO → ClO + O2 are typical of highly
exothermic reactions, where one of the bonds (ClO for
the title reaction) is spectator-like [8,20]. Of course,
the ClO product molecules arise more excited in the
title reaction than was observed in [1,8,20] for the O2
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Figure 4 Products vibrational quantum number distribu-
tions for ClO (full lines) and O2 (dashed lines) molecules in
the mMBE potential energy surface: (a) T = 250 K and (b)
T = 500 K.
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product (this is the spectator bond in the Cl + O3 [1,8]
and O + O3 [20] reactions). Although this may partly
be attributed to the higher density of vibrational states
in ClO, it also reflects the fact that the O + OClO tra-
jectories evolve largely through formation of a ClO3

complex (where energy exchange occurs), whereas the
Cl + O3 and O + O3 reactions follow a direct-type
(oxygen abstraction) mechanism [1,8,20].

The calculated thermal rate constants are also
shown in Table III (the corresponding values for the
MBE potential energy surface are given in paren-
thesis). The magnitude of the rate constants from
the mMBE potential energy surface is predicted to
vary from 0.2 × 10−13 cm3s−1 at T = 250 K to
5.39 × 10−13 cm3s−1 at T = 500 K, with the whole set
of calculated values being well fitted by the Arrhenius
form k(T ) = A exp(−B/T ), where A = 1.18+0.40

−0.30 ×
10−11 cm3s−1 and B = 1540.5 ± 92.8 K−1. Thus, the
rate constant for O2 formation by the title reaction is
small under the conditions of relevance in the high at-
mosphere, especially when compared with the thermal
rate constants for the reaction Cl + O3 → ClO + O2

(e.g., 1.34 × 10−11 cm3s−1 at T = 300 K), either
obtained from trajectory calculations [8] or exper-
iment [21–24]. In turn, Fig. 5 allows a compari-
son between the trajectory results obtained from the
present work both with the available experimental re-
sults [5,6] and VTST/RRKM calculations [7]. Since
experimentalists measure the joint rate constant for
both the title reaction and the association process (i.e.,
O + OClO(+M) → ClO3(+M), M being a species that
removes the excess of energy), a fair comparison be-
tween theory and experiment may have to take this into
account. Thus, we have estimated the joint thermal rate
constant (open squares in Fig. 5) by adding the QCT
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) 
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1000/T (K −1)
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exp. (Gleason et al., 1994)
exp. (Colussi et al., 1992)
VTST and RRKM (Zhu and Lin, 2002)

)

Figure 5 Thermal rate constant for the title reaction: solid
line, QCT calculations from the present work, including
Eq. (6); dashed line, VTST/RRKM [7]. Key for experimental
results: triangles [5]; open circles [6]. See also the text.

values of Table III to the association ones given by [7]

kass = 40.1T −6.16 exp(−403/T ) (6)

whose influence essentially manifests at low tempera-
tures. Besides T = 250 K, where the statistically based
association rate constant of Eq. (6) has a large contri-
bution, the theoretical values of the present work show
an excellent agreement with the experimental results
of Gleason et al. [6], which have been obtained in
a discharge flow system at low pressures (1–5 Torr).
Conversely, they are inconsistent with the values of
Colussi et al. [5], which have been extrapolated from
their high-pressure measurements. The rate constants
calculated with the mMBE potential energy surface
are also in agreement with the recent theoretical cal-
culations of Zhu and Lin [7] who have utilized VTST
and RRKM theories. Note, however, that the calcu-
lations performed by Zhu and Lin [7] use their own
G2M(CC2)//PW91PW91/6-311+G(3df) points along
the minimum energy paths, and hence do not test glob-
ally the ClO3 potential energy surface. We further note
that discrepancies with experiment are shared by both
the G2M(CC2)//PW91/6-311+G(3df) calculations [7]
and the present mMBE potential energy surface (see
Table I and Fig. 1). For example, the mMBE well depth
associated with the C3v minimum structure of ClO3 co-
incides with the value of −53.1 kcal mol−1, which
is deduced from experiment (see Table I), whereas
the corresponding value by Zhu and Lin [7] that
has been obtained from G2M(CC2)//PW91PW91/6-
311+G(3df) calculations is smaller by about 19 kcal
mol−1; in contrast, their calculated frequencies are in
closer agreement with experiment than those from the
present work. Of course, the importance of the dis-
crepancies between our mMBE potential and the G2M
results displayed in Fig. 1 and Table I can only be
gaged when state-of-the-art ab initio calculations be-
come available for the whole ClO3 potential energy
surface. Another observation goes to the fact that our
QCT results slightly exceed the VTST and RRKM ones
of Zhu and Lin for temperatures up to 315 K, becom-
ing smaller for larger temperatures. This would seem
to violate the well-known fact that the VTST rate is ex-
pected to be an upper bound of the classical trajectory
one (for a recent discussion concerning transition-state
theory that addresses earlier work, see [25]). How-
ever, this should cause no surprise as the two calcu-
lations employ different potential energy surfaces and
hence bear no relation to each other. Finally, we em-
phasize that the mMBE potential energy surface leaves
essentially unaltered our previously reported [1] results
for the reaction Cl + O3 → ClO + O2. Unavoidably,
differences may occur in the ClO(v′, j ′) + O2(v′′, j ′′)
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reactive and inelastic processes as the trajectories may
sample regions of configuration space that suffered al-
terations with respect to the original MBE form. How-
ever, there is at present no experimental data on such
processes, and hence such calculations could hardly be
used as criteria for the mMBE calibration procedure.

CONCLUSIONS

Trajectories were run for the reaction
O + OClO → ClO + O2 over the temperature
range 250 ≤ T (K) ≤ 500. Although the ClO3 MBE
potential energy surface revealed itself inadequate
for such a study, we have shown that it could be
modified in a simple way to bring the calculated and
experimental rate constants into good agreement over
the covered range of temperatures, both for the title
and Cl + O3 [1] reactions. Of course, this is a first
step toward the construction of an accurate potential
energy surface for ClO3, and hence state-of-the-art
electronic structure calculations would be valuable for
testing and improving the topographical details of the
mMBE potential energy surface here reported. This
will hopefully be addressed in future work.
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trangeiros, Instituto Português de Apoio ao Desenvolvi-
mento, Portugal, for a studentship. He also thanks the Min-
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