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The equilibrium constants for the formation of ClOO from Cl and O2 are experimentally measured at 212-
245 K using cavity ring-down spectroscopy. A van’t Hoff plot analysis yields∆Hr ) 4.8 ( 1.5 kcal mol-1.
The Cl-OO bond dissociation energy is determined to be 4.69( 0.10 kcal mol-1 from the present and
previously reported temperature dependences of the equilibrium constant by the third-law analysis utilizing
our recent accurate rotational spectroscopic data. High level ab initio calculations using MRSDCI+Q with
the complete basis set extrapolation are also performed. The present ab initio calculations yield the Cl-OO
bond dissociation energy to be 4.56 kcal mol-1.

Introduction

In the lower stratosphere, ClOO works as a short-lived
intermediate in the catalytic ozone destruction cycle1

ClOO is also involved in the reaction of BrO+ ClO f Br +
ClOO.1,2 Thus, ClOO is considered to be a temporary sink for
the Cl atoms in the polar stratosphere mainly due to the
equilibrium reaction 1. Thermodynamic and kinetic studies for
ClOO were reported by Baer et al.,3 Mauldin et al.,4 and
Nicovich et al.,5 where they determined the Cl-OO bond
dissociation energy by the third-law analysis:D0 ) 4.83( 0.05,3

4.6 ( 0.4,4 and 4.76( 0.495 kcal mol-1, respectively. These
results indicate that the Cl-OO bond is as weak as the hydrogen
bond. In kinetics experiments of this reaction, when the
concentration of ClOO is high, the self-reaction becomes
dominant:3

With a highly sensitive absorption spectroscopic method, e.g.
cavity-ring down spectroscopy (CRDS), which allows us to
perform the study under lower concentrations of ClOO, the rate

of the self- reaction can be reduced to obtain the equilibrium
constant for reaction 1 with higher accuracy.

To clarify the reported anomalously small Cl-OO bond
dissociation energy and investigate its implications on the
atmospheric chemistry, many theoretical studies have been
reported.6-15 However, their results deviate significantly de-
pending on the calculation method. Since the structure of ClOO
has recently been determined precisely from the rotational
constants measured by FTMW and FTMW-mmW double
resonance spectroscopy under cold molecular beam conditions,16

it is now possible to estimate the thermodynamic parameters
with a help of high level ab initio calculations. In the present
work, we have performed experimental and theoretical studies
on the thermodynamic property of the equilibrium reaction 1.
CRDS is used to obtain experimental data. Theoretical calcula-
tions at the MRSDCI+Q level have been performed to obtain
the potential energy surface and the bond dissociation energy,
which is compared to the experimental results.

Experimental Section

CRDS has been widely applied to spectroscopic and chemical
kinetic studies.17-19 The CRDS apparatus used in the present
study has been described elsewhere.20-22 After the photolysis
laser beam traverses a glass tube reactor nearly collinear to the
axis of the ring-down cavity, the probe laser beam is injected
through one of two high-reflectivity mirrors (Research Electro-
Optics), which make up the ring-down cavity of 1.04 m. The
probe laser beam is used to monitor the concentration of ClOO
at 266 nm.23 The length of the reaction region is 0.20 m. Light
leaking from the outlet mirror is detected by a photomultiplier
tube through a narrow band-pass filter. The decay of the light
intensity is recorded using a digital oscilloscope and transferred
to a personal computer.
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Cl + O2 + M T ClOO + M (1)

Cl + O3 f ClO + O2 (2)

ClO + ClO + M f ClOOCl + M (3)

ClOOCl + hν f ClOO + Cl (4)

ClOO + ClOO f products (5)
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The reaction cell consists of a Pyrex glass tube (21 mm i.d.).
The temperature of the gas flow region is controlled over the
range 212-273 K. However, only very weak absorption of
ClOO is observed above 245 K. The difference between the
temperatures of the sample gas at the entrance and the exit of
the gas flow region is<0.4 K. The total flow rate is about 1000
cm3 min-1 (STP). The 355 nm output of a Nd3+:YAG laser is
used to dissociate Cl2 to give the Cl atoms. The concentration
of Cl2 is typically 1 × 1015 molecules cm-3. Time profiles of
the ClOO concentration are measured between 5µs and 10 ms
after the initial photolysis laser pulses. A large excess amount
of O2, on the order of 1018-1019 molecules cm-3, is used to
maintain the pseudo-first-order reaction conditions with a N2

gas diluent.
To estimate the initial concentration of the Cl atoms, [Cl]0,

the loss of O3 and the production of ClO at 273 K is measured
by CRDS at 266 nm for the mixture of Cl2/O3/O2 with photolysis
of Cl2 at 355 nm with [Cl2] ) (1-10) × 1015 molecules cm-3:

At this temperature the formation of ClOO is negligible. O3 is
produced by irradiating an oxygen gas flow (>760 Torr) with
a low-pressure Hg lamp (Hamamatsu Photonics) and its typical
concentration is>1 × 1013 molecules cm-3. Using the reported
absorption cross section of ClO,4 the initial concentration of
the Cl atoms is estimated to be [Cl]0 ) 7.2 × 1012 molecules
cm-3 at 273 K when [Cl2] ) 2.8 × 1015 molecules cm-3. The
contribution of the O3 absorption at 266 nm is taken into account
in the estimation. When the temperatures are lowered for the
measurements of ClOO, the photolysis laser intensity is kept
constant. For the estimation of the initial concentrations of the
Cl atoms at different temperatures of 212-245 K, the temper-
ature dependence in the Cl2 absorption cross sections is taken
into account.2

Results and Discussion

Cavity Ring-Down Spectroscopic Measurements.Figure
1 shows a typical decay profile of ClOO at 217 K and 71 Torr
of the total pressure with [Cl2] ) 5.1× 1015 and [O2] ) 3.8×
1018 molecules cm-3. The concentration of ClOO is depleted
due mostly to the self- reaction. To rule out the reaction with
chlorine, the reaction of ClOO+ Cl2 at 213 K and 125 Torr of
the total pressure is tested. The concentrations of the Cl atoms
are kept constant for the range [Cl2] ) (3-20)× 1015 molecules
cm-3 by adjusting the photolysis laser intensity. No appreciable
change in the cavity-ring down decay time is observed as a

function of the Cl2 concentration. Thus, ClOO does not react
with Cl2 under the present conditions. Including the effect of
the diffusion of ClOO from the CRDS detection region, the
decay of [ClOO] is analyzed as a sum of the first- and second-
order kinetics by the following equation

where [ClOO]t is the concentration of ClOO, [ClOO]0 the initial
concentration of ClOO,k5 ) 1.6 × 10-11 cm3 molecule-1 s-1

[2], and kdiff is the diffusion constant. By fitting this equation
to the decay curve of Figure 1, the absolute concentration
[ClOO]0 is obtained to be 1.1× 1013 molecules cm-3, where
the reported absorption cross section of ClOO at 266 nm
(σ ) 9.05 × 10-18 cm2 molecule-1, see ref 4) is used. The
equilibrium concentration, [ClOO]eq, is approximated by this
initial concentration [ClOO]0 where the rise of the signal
intensity is fast enough within the present time resolution of
milliseconds.

The equilibrium constant of the ClOO formation reaction is
determined by

From the slope of the plots of 1/[ClOO]eq vs 1/[O2], KC is
determined directly for the pressure range 15-80 Torr of O2

with eq 9 as shown in Figure 2. No pressure dependence of the
diluent N2 gas onKP is observed for the pressure range 20-70
Torr. Table 1 showsKP thus determined for 212-245 K.
Although the calculated enthalpy change depends on the
temperature, it is small compared to the experimental errors of
KP, which are estimated to be less than 13%. Hence, we have
experimentally determined∆Hr and ∆Sr from the van’t Hoff
analysis:

Figure 1. Typical decay profile of the ClOO radical monitored at 266
nm atT ) 217 K andP ) 97 Torr with N2 diluent. [Cl2] ) 5.1× 1015

molecules cm-3; [O2] ) 4.0 × 1018 molecules cm-3. The solid curve
is the best-fit one for eq 7.

Cl + O3 f ClO + O2 (6)

Figure 2. [ClOO]eq vs [O2] for eq 9.T ) 231 K andP ) 86 Torr with
N2 diluent. [Cl2] ) 9.2× 1015 molecules cm-3; [O2] ) (3-12) × 1018

molecules cm-3

TABLE 1: Temperature Dependence of Equilibrium
Constant KP

T/K Kp/bar-1

212 2.7
217 4.0
222 1.9
226 3.2
231 0.89
235 1.5
245 0.70

1
[ClOO]t

) {( 1
[ClOO]0

+
2k5

kdiff) exp(kdifft) - (2k5

kdiff)} (7)

KC ) [ClOO]eq/[Cl] eq[O2] (8)

1/[ClOO]eq ) 1/(KC[O2][Cl] 0) +1/[Cl]0 (9)

KP ) KC/RT (10)

ln KP ) ∆S/R- ∆Hr/RT (11)

Kp for Cl + O2 T ClOO J. Phys. Chem. A, Vol. 108, No. 39, 20048097



Figure 3 gives∆Sr ) - 20.0( 7.0 cal mol-1 K-1 and∆Hr )
- 4.8( 1.6 kcal mol-1, where the experimental errors ofKP at
corresponding temperatures are also included.

Ab Initio Calculations. Ab initio calculations have been
carried out using the MOLPRO 2002.6 suite of programs.24

Since it is indispensable to take into account both the dynamic
and static electron correlations and results deviate significantly
depending on the method employed,16 the calculations have been
performed using the MRSDCI method including the Davidson
correction with Dunning’s correlation-consistent basis sets with
diffuse orbitals (aug-cc-pVxZ; x ) 2, 3, 4, 5).25 A CASSCF
calculation is carried out by distributing 13 electrons into 9
valence orbitals to obtain reference configurations for the
subsequent MRSDCI calculation, where the 9 valence orbitals
correspond to the atomic 2p and 3p orbitals of oxygen and
chlorine, respectively. The subsequent MRSDCI calculation
includes all single and double excitations from the three lowest
valence orbitals not included in the CAS space, as well as those
from the CASSCF determinant. This level of calculation is
denoted as “MRSDCI(valence)” below. Although no significant
change for the results has been observed by extending the CAS
space, it was found that includion of the lowest three valence
orbitals for the electron correlation has a large contribution to
the binding energy. Thus, we have also performed MRSDCI
calculations with additional excitations from the three more inner
core 2p orbitals of the Cl atom, denoted as “MRSDCI (valence
+3)”.

Comparison with Previous Experiments.The present data
are plotted in Figure 3 along with those of the previous studies
for comparison purpose. Our values ofKP at several tempera-
tures agree with those of Baer et al.3 but are larger than those
of Mauldin et al.4 The absoluteKP values may have an error
due to difficulties in the measurements of the absolute concen-
trations of the Cl atoms. The concentrations of Cl and ClOO in
our case are lower than those of Mauldin et al. and Baer et al.
by 1 and 4 orders of magnitude, respectively. The experimental
condition by Baer et al. resulted in fast ClOO signal decays
within 50µs because of the high concentration of ClOO.3 Since
it becomes difficult to determineKP at higher temperatures
because of the low concentration of ClOO, the values of Mauldin
et al. at the high temperature limit could have large error bars.
To clarify this point, the present and the previously reported
experimental values forKP have been reanalyzed by the third-
law analysis, where the partition function of ClOO is calculated
using the recently reported rotational constants determined by
FTMW and FTMW-mmW double resonance spectroscopy,A
) 74541.9899 MHz,B ) 4936.72861 MHz,C ) 4621.1740
MHz,16 and the vibrational frequencies by an IR experiment in
an Ar matrix: ν1 ) 214.9 cm-1, ν2 ) 1477.8 cm-1, andν3 )
432.4 cm-1.26 Although the previous studies in refs 3-5 also

employed the third-law analysis, quite different molecular
constants had been assumed for ClOO. The rotational constants
are different from those determined by the FTMW experiment
about 10-30%, and the assumed vibrational frequencies are
also quite different due to a misassignment in the referenced
paper.27 The Cl-OO bond dissociation energies,D0, determined
by the present analysis from all theKP values so far obtained
are plotted in Figure 4. Our experimental results agree well with
those of Baer et al.3 and Nicovich et al.5 Those of Mauldin et
al.4 are smaller than others and depend on the temperature. Thus,
a recommended value ofD0 is determined to be 4.69( 0.10
kcal mol-1 by averaging our data and those from refs 3 and 5,
which is shown in Figure 4 with a straight line, where a
relatively small error can be given because a large number of
experimental data are taken into account including those
previously obtained for the determination ofD0. The equilibrium
constantKP calculated by this recommended value is also shown
in Figure 3 with a solid line, and is approximated by

Comparison of Experiment and ab Initio Calculation. One
of the most reliable ab initio calculations reported so far is the
one by Peterson et al.6 with the MRSDCI method. Their results
well reproduce some of the experimental results, such as the
vibrational frequencies and the molecular structure. However,
their Cl-OO bond dissociation energy,De ) 2.46 kcal mol-1,
is much smaller than that obtained by correcting the zero point
energy to the recommended value. Thus, although the global
feature of the potential energy surface is well reproduced, the
depth of the potential has not been reproduced well. This is
mainly due to the fact that their calculations did not include
excitations from the valence 2s and 3s orbital of the O and Cl
atoms, respectively, for the MRSDCI calculations. A much
larger MRSDCI(valence)/aug-cc-pVQZ level of calculation,
which includes these correlations, yields 4.33 kcal mol-1 for
De. Since the calculation do not show saturation against the size
of the basis sets even for aug-cc-pV5Z, the discrepancy of the
theoretical value ofDe in ref 13 is also ascribed to the limited
size of the basis sets. Thus, the CBS extrapolation is employed
to estimateDe in the present study. Results of different basis
sets are fitted to eq 13.28

wherex is the index of the basis set (aug-cc-pVxZ, x ) 2,3,4,5)
anda andb are constants which are independent of the sizes

Figure 3. van’t Hoff plots for KP. Diamonds stand for the present
results, circles for Baer et al.,3 squares for Nicovich et al.,5 and triangles
for Mauldin et al.4 The calculatedKP using the recommended value is
also shown with a solid line.

Figure 4. Cl-OO bond dissociation energy,D0, determined by the
third law analysis for experimental values ofKP. Diamonds stand for
the present results, circles for Baer et al.,3 squares for Nicovich et al.,5

and triangles for Mauldin et al.4 The recommended value is also shown
with a straight line.

KP ) (1.04( 0.04)× 10-5 × exp((-2668( 25)/T),
for T ) 190-270 K (12)

De(x) ) De
CBS + ae-bx (13)
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on basis sets. Thus,De
CBS is calculated to be 5.15 kcal mol-1,

which corresponds toD0 ) 4.33 kcal mol-1 and agrees with
the experimental value,D0 ) 4.69 kcal mol-1. It is expected
that the bond dissociation energy becomes larger by adding more
inner core electron correlations. Thus, we have also performed
a MRSDCI calculation including the correlation of the inner
core 2p orbitals of the Cl atom (MRSDCI (valence+3)). D0

CBS

is calculated to be 4.65 kcal mol-1. This fact indicates the
dynamic electron correlation is still insufficient for the ab initio
calculation of ClOO, and inclusion of more inner core electron
correlations is expected to reduce the discrepancy. However,
the spin-orbit interaction has not been taken into account. The
spin-orbit interaction lowersDe about 1 kcal mol-1 so that the
discrepancy becomes larger.

Conclusion
Using an advent of the high sensitivity of cavity ring-down

spectroscopy, we have determined the temperature-dependent
equilibrium constant for the formation of ClOO from the
reaction of Cl with O2. The third-law analysis is applied to these
data obtained and previously reported values, taking into account
the temperature dependence of theKP, using the recently
determined experimental molecular constants. The Cl-OO bond
dissociation energy,D0, is determined to be 4.69( 0.10 kcal
mol-1, yielding a temperature-dependent equilibrium constant
of

A reasonable agreement between the theoretically derivedD0

and that determined by the experiments are obtained. It is found
that both the dynamic and static electron correlations are
indispensable for the ab initio calculations of ClOO. In
particular, the excitations from the inner core orbitals are
important to properly describe the weak Cl-OO bond.
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