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Abstract: The photochemistry of the ClO dimer
(ClOOCl) plays a central role in the catalytic destruction
of polar stratospheric ozone. In spite of decades of intense
investigations, some of its laboratory photochemical data
had not reached the desired accuracy to allow a reliable
simulation of the stratospheric ozone loss until recently.
Inevitable impurities in ClOOCl samples have obstructed
conventional measurements. In particular, an absorption
measurement of ClOOCl in 2007, which gave much lower
cross sections than previous studies, implied that the for-
mation of the ozone hole cannot be explained with cur-

rent chemical models. Scientists have wondered whether
the model is insufficient or the data is erroneous. Efforts
aiming to resolve this controversy are reviewed in this
paper, which emphasizes newly developed experiments to
determine two critical photochemical properties of
ClOOCl—its absorption cross section and product
branching ratio—including the first reported product
branching ratio at 351.8 nm photolysis.

Keywords: absorption cross section · atmospheric chemis-
try · ozone · photochemistry · photolysis

1. Introduction

Since the discovery of the ozone hole in 1985,[1] the scientific
community has made great efforts to understand the under-
lying mechanism and to find possible ways to prevent it. Al-
though the emission of related pollutants has decreased very
significantly due to the heavy regulation of the Montreal
Protocol and its amendments, there is still pronounced
ozone depletion because the atmospheric lifetimes of the
ozone-depleting substances such as CFCs (chlorofluorocar-
bons) and Halons (bromine-containing haloalkanes) are
long, ranging from tens of years to a century. With satellite
data,[2] we can find the variation of the ozone concentration
on a daily basis. Figure 1 shows the largest ozone hole ever
observed, in which the total ozone mass deficit was more
than 40 million tons.[2] The thinning of the polar ozone layer
is most apparent in the springtime, which is when the light
begins to appear after the long polar night. It is clear that
solar radiation is crucial for the chemistry of the ozone hole.
Nowadays it is known that the chemical processes responsi-
ble for the polar ozone loss are primarily due to the follow-
ing two catalytic cycles that involve chlorine and bromine
oxides:[3]

1) ClO dimer cycle [Eqs. (1)–(3)]:

ClOþClOþM! ClOOClþM ð1Þ

ClOOClþhn! 2 ClþO2 ð2Þ 2 ½ClþO3 ! ClOþO2� ð3Þ

Net: 2 O3+hn!3 O2

2) ClO–BrO cycle [Eqs. (4)–(6)]:

BrþO3 ! BrOþO2 ð4Þ

ClþO3 ! ClOþO2 ð5Þ

BrOþClOþhn! BrþClþO2 ð6Þ

Net: 2 O3+hn!3 O2

In the cold polar stratosphere, two ClO radicals tend to
form a dimer (ClOOCl); after absorbing sunlight, the ClO
dimer decomposes and releases Cl atoms that quickly react
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Figure 1. The largest ozone hole ever observed occurred on 24 September
2006. Image from NASA Ozone Hole Watch.[2]

Chem. Asian J. 2011, 6, 1664 – 1678 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemasianj.org 1665

www.chemasianj.org


with O3 to generate ClO radicals again, resulting in a cata-
lytic cycle that may destroy thousands times more O3 mole-
cules during the Antarctic springtime. In current models,[4]

the ClO dimer cycle accounts for the major chemical loss of
the polar stratospheric ozone. The bottleneck of this cycle is
the Cl-atom production rate JCl in the photolysis of
ClOOCl, which depends on the following three wavelength
(l)-dependent factors: 1) the incoming solar flux I(l), 2) the
absorption cross section of ClOOCl s(l), and 3) the quan-
tum yield of Cl-atom production fCl(l) as shown in Equa-
tion (7):

JCl ¼
Z

IðlÞ sðlÞ�ClðlÞdl ð7Þ

The efficiency of the ClO dimer cycle also affects the
ClO–BrO cycle through Equation (6). A very recent model
calculation[4b] indicates that the dominant source of model
uncertainty in polar ozone loss is uncertainty in the ClOOCl
photolysis reaction.

The ClO dimer cycle was proposed by Molina and
Molina[5] in 1987 to play a role in the Antarctic stratosphere
in which the total ozone content in the spring had fallen re-
markably. However, their reported UV absorption spectrum
of ClOOCl is significantly different in shape from other
studies[6] and possibly affected by the presence of Cl2O3 and
other impurities. In 1988, Cox and Hayman[6a] reported an
absorption spectrum of ClOOCl of higher quality. The UV
absorption spectrum of ClOOCl shows a strong and broad
feature with a maximum at approximately 245 nm and a tail
extending to beyond 300 nm (Figure 2). The absorption of
ozone strongly modifies the spectrum of solar radiation
reaching the stratosphere. Figure 2 shows the absorption
cross section of ozone[7] and the spectra of solar flux[8] at
conditions that may be relevant to the Antarctic strato-
sphere. Because the incoming sunlight at l<300 nm is ex-
tremely weak, it is the weak tail of the ClOOCl absorption
spectrum at l>300 nm that is responsible for its photode-
composition in the atmosphere. Due to the limited signal-to-
noise ratio in the tail region, the Cox and Hayman 1988
spectrum[6a] (see Figure 2) is, however, not good enough to
precisely estimate the photolysis rate of ClOOCl, especially
at l>320 nm.

Abstract in Chinese:

Figure 2. Absorption cross sections of O3 at 218 K, Cl2O and Cl2 at
298 K,[7] and ClOOCl at 265 K[6a] and examples of actinic solar flux calcu-
lated using the online NCAR TUV calculator[8] for a solar zenith angle
of 868 at an altitude of 20 km. (The solar zenith angle is the angle be-
tween the local zenith (vertical line) and the line of sight to the sun. D.U.
is the Dobson Unit.)
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2. Issue of the Absorption Cross Section of
ClOOCl

There are a few UV absorption spectra of ClOOCl that
were reported in the 1990s.[6c–e] These and earlier[6a,b] spectra
are consistent in the peak region around 245 nm, but differ-
ent from each other in the long-wavelength tail by a factor
of approximately 2 at 350 nm (Figure 3). In 1990, Burkhold-

er et al.[6c] used three independent ClO source reactions,
Cl+O3!ClO+O2, Cl+Cl2O!ClO+Cl2, and Cl+OClO!
ClO+ClO, to generate ClOOCl in a flow tube and measured
its absorption spectrum. Also in 1990, DeMore and Tschui-
kow-Roux[6d] used a static photolysis cell containing Cl2/
Cl2O or Cl2/O3 mixtures or pure Cl2O to generate ClOOCl
and recorded its spectrum. In 1995, Huder and DeMore[6e]

revisited the ClOOCl absorption spectrum with a similar
static photolysis cell. Due to the small absorbance in the
long wavelength tail, the authors[6e] considered a logarithmic
extrapolation is a better estimate of the cross sections than

the actual data for l>310 nm. This single set of data was
chosen by the IUPAC Subcommittee for Gas Kinetic Data
Evaluation[9] to represent the ClOOCl absorption cross sec-
tion. On the other hand, the Jet Propulsion Laboratory
(JPL) 2006 evaluation[7] is mainly based on an average of a
few selected ClOOCl spectra.[6a–d]

There is a common concern in these earlier works:[6] a
precursor (mostly Cl2O) was used to synthesize ClOOCl and
the spectrum of ClOOCl was measured in the presence of
the precursor along with byproducts, which are inevitable in
ClOOCl samples. The reported ClOOCl spectrum was ob-
tained by subtracting the precursor contribution. As Huder
and DeMore[6e] mentioned, “The basic problem is to deter-
mine how much of the Cl2O spectrum to subtract.” The sub-
traction process relies on the concentrations of ClOOCl, the
precursor, and byproducts, which were estimated by using
the observed spectral evolution. Unfortunately, the spectra
of the involved species like ClOOCl, Cl2O, O3, and Cl2 (see
Figure 2) are all very broad and nearly featureless such that
the spectral change is not a sensitive tool to determine the
concentrations. Different approaches have been used, but
none of them can be proven to be free from error. Basically,
the situation is that a measurement of the ClOOCl spectrum
depends on the concentrations of the involved species, but
the concentration estimation also depends on the ClOOCl
spectrum. The relative accuracy of the ClOOCl cross section
becomes worse at l>300 nm where the ClOOCl absorbance
is diminishingly small.

More difficulties arise from the fact that the chemistry of
ClOOCl synthesis is not simple and side reactions introduce
further complications. For example, one of the side reactions
is shown in Equation (8):

ClþClOOCl! Cl2þClOO! Cl2þO2þCl ð8Þ

This process is very fast[6a] and catalytic (the Cl atom is re-
generated). Moreover, little is known about the involved
surface reactions.[6f]

Based on in situ observations of ClO and ClOOCl[10] and
model calculations, a 2006 report[3] of the World Meteoro-
logical Organization (WMO), United Nations, noted,
“There are indications that the chlorine monoxide (ClO)
dimer cycle may be a more efficient process for polar ozone
loss than previously thought. Uncertainties in the laboratory
absorption cross section of the chlorine monoxide dimer
(ClOOCl) are large.”

Obviously, ClOOCl is a difficult molecule to handle in a
laboratory. It is difficult to prepare ClOOCl in a pure form;
it is also difficult to quantify side reactions and to know the
concentrations of all absorbing species. As a result, the con-
fidence in the ClOOCl absorption cross section is not
enough, especially in the weak tail region above 300 nm.

In 2007, Pope et al.[11] utilized a new method of sample
preparation and measured the spectrum of ClOOCl. Differ-
ent from previous works,[6] Pope et al.[11] condensed gaseous
ClOOCl to a solid form at about 150 K, then pumped out
the precursor gases, let solid ClOOCl sublimate, and mea-

Figure 3. Comparison of a few cross-section measurements of ClOOCl,
including the JPL 2006 evaluation.[7] The sample temperatures are 205–
250 K for Burkholder et al. (1990),[6c] 195–217 K for DeMore and Tschui-
kow-Roux (1990),[6d] 195 K for Huder and DeMore (1995),[6e] 193 K for
Pope et al. (2007),[11] 4–6 K (neon matrix) for von Hobe et al. (2009),[14]

200 K for Papanastasiou et al. (2009),[16] 240 K for Wilmouth et al.
(2009).[15] Due to a more precise determination of the laser wavelengths,
some of our cross sections (Lin group)[17–19] are slightly revised and the
values are noted along with the data points. The reported error bars are
shown only selectively to avoid crowding the figure.
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sured its spectrum. This synthesis method offers a ClOOCl
sample of a high absorbance (high concentration) and low
impurities. However, there was still significant absorption
due to Cl2, either from the co-condensed reactant or from
decomposition of ClOOCl. To remove the contribution of
Cl2, which varied in concentration during the sublimation
process, Pope et al.[11] used a least-squares fitting procedure
that assumed two Gaussian-like expressions representing
the ClOOCl spectrum. To everyone�s surprise, the reported
cross section of ClOOCl (see Figure 3) is much smaller in
the tail region of l>300 nm, more than 10 times smaller
than the JPL 2006 evaluated value[7] at 350 nm. This
result[11] suggests a much slower ClOOCl photolysis rate
than previously thought. If so, the occurrence of the ozone
hole cannot be explained with current models, which indi-
cates that either there are unknown mechanisms for the
ozone hole,[12] or the new data of Pope et al.[11] are errone-
ous. Scientists started to wonder and investigate whether
this was the case.[13]

A few groups[14–19] revisited the absorption spectrum of
ClOOCl as the new results of Pope et al.[11] cast doubt on
the current understanding of the ozone hole formation. Von
Hobe et al.[14] followed the synthesis method of Pope et al.
(Method 1 of Ref. [11]) but managed to prepare a pure
ClOOCl sample isolated in a neon matrix, the impurity of
which was checked with IR and Raman spectroscopy. More
importantly, the authors confirmed that ClOOCl is the only
isomer formed from the dimerization of ClO. However,
light scattering of the solid sample limited the accuracy of
their ClOOCl spectrum in the important tail region. In addi-
tion, the temperature of the neon matrix was about 4–6 K,
much lower than those in the stratosphere. At that time, the
temperature effect of the cross section was not yet known.
The results of von Hobe et al.[14] suggest that the ClOOCl
cross sections at l>300 nm are unlikely to be as small as
those reported by Pope et al.[11] Von Hobe et al.[14] also per-
formed an analysis to fit previously reported ClOOCl spec-
tra[6a,c,d,f] with contributions of their matrix spectrum and
possible impurities like Cl2, Cl2O, and Cl2O3. Because the
matrix spectrum is not a perfect one and the temperature is
very different, this fitting may not provide quantitative in-
formation. Nonetheless, it does show that impurities and
“the amount to subtract” play a role in previous measure-
ments.[6,11] To make precise measurements of the ClOOCl
absorption cross section, free from the complication caused
by impurities, a new method needs to be developed.

To avoid the impurity problem of ClOOCl, our group[17–19]

has developed a method to circumvent this problem.
Figure 4 illustrates two concepts of measuring an absorption
cross section. In conventional spectroscopic measurements,
the number of molecules is usually much larger than the
number of photons. Thus, the density of the molecules is
almost unaffected by the photon beam. In addition to the
photon beam intensities I0 and I (before and after the ab-
sorption cell, respectively), the knowledge of the number
density n and path length l are required to obtain the ab-
sorption cross section s [Eq. (9)]:

lnðI0

I
Þ ¼ ns l ð9Þ

As a mature technology, the conventional method has a
few advantages. For example, measurements over a broad
range of wavelength can be done at once with a diode array
detector. But it does not provide any direct information
about the identities of the molecules contained in the
sample, which becomes an issue when measuring an unsta-
ble or impure sample.

As illustrated in Figure 4, we made a molecular beam
containing ClOOCl and only measured the number of
ClOOCl molecules with a mass spectrometric detector
before and after laser irradiation. After absorbing a photon,
ClOOCl will dissociate in a time scale much shorter than
the transient time to the detector (�1 ms); thus, the
number of ClOOCl molecules reaching the detector is re-
duced. The probability of the photodissociation is propor-
tional to the absorption cross section and the laser fluence.
Under conditions in which the number of photons greatly
exceeds the number of molecules, we may write down the
related kinetic equations as follows [Eqs. (10a) and (10b)]:

dN ¼ �Ns�disdI ð10aÞ

lnðN0

N
Þ ¼ Is�dis ð10bÞ

in which s is the absorption cross section, fdis is the dissocia-
tion quantum yield, I is the laser fluence in number of pho-
tons per unit area, N0 is the number of molecules before
laser irradiation, and N is the number of molecules after
laser irradiation. For a group of molecules that dissociate
very fast (�1 ps) after absorbing a photon, other slower sta-
bilization processes like emitting another photon (which re-
quires more than 1 ns) cannot compete with dissociation at
all, leading to 100 % dissociation (fdis =1). This group of fast
dissociating molecules includes ClOOCl and our reference
molecules like O3, Cl2, and Cl2O. As the upper limit of fdis is
1, the error bar of fdis is negligible in our studied cases.

Figure 4. Schematic of two different concepts to measure an absorption
cross section.
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To have a precise measurement, we compared the laser
depletion signal of ClOOCl with that of a reference mole-
cule of which the absorption cross section and dissociation
quantum yield are well known. In this way, we can quantify
the photolysis cross section sfdis of ClOOCl with the follow-
ing equation [Eq. (10c)]:[17–19]

½s�dis�ClOOCl

½s�dis�ref
¼ Iref

IClOOCl

lnðN0=NÞClOOCl

lnðN0=NÞref

ð10cÞ

In Equation (10c), we only need relative values, which can
be measured with high precision. This approach has the fol-
lowing advantages: 1) the knowledge of absolute concentra-
tion is not needed; 2) as far as the impurities are at different
detection masses, the interference from impurities can be
eliminated; 3) with a powerful laser that causes appreciable
depletion (�20 %) of ClOOCl, the sensitivity of the mea-
surement does not depend on the magnitude of the cross
section. That is, the precision of measuring a cross section
on the order of 10�19 cm2[17] is not worse than that on the
order of 10�17 cm2.[18]

When there are more than one reference molecule avail-
able, it offers an opportunity to examine not only the preci-
sion but also the accuracy of this method. As shown in the
cross section measurements of ClOOCl at 266[18] and
308.4 nm,[17] essentially the same results have been obtained
with two reference molecules, of which the cross sections
are quite different, which indicates that this method is relia-
ble. A limitation of this method is the need of an intense
laser beam. This hindrance has been partly overcome by uti-
lizing a multipass laser beam to enhance the effective laser
fluence.[19]

In the “atmospheric window” above 300 nm where most
incoming solar radiation occurs, our results at 308.4, 330,
and 351.8 nm[17,19] indicate that the ClOOCl absorption cross
sections are in fact slightly larger than the JPL 2006 recom-
mended values.[7] The resulting higher estimate of the pho-
tolysis rate of ClOOCl also agrees better with the field
measurements of the [ClOOCl]/ACHTUNGTRENNUNG[ClO]2 ratio[10] and the
amounts of ozone loss.[3,4] Furthermore, it seems that Pope
et al.[11] overcorrected the absorbance of the Cl2 impurity in
their measurements of the ClOOCl cross sections at wave-
lengths where Cl2 absorbs, which resulted in too small cross
section values for ClOOCl at l>300 nm.

The precision of our method allows us to observe the tem-
perature effect of the ClOOCl absorption cross section.
There is a limit of the temperature range in which ClOOCl
can be investigated in a laboratory: at T<160 K, the vapor
pressure of ClOOCl is not high enough for most experi-
ments; on the other hand, the thermal decomposition of
ClOOCl becomes significant at T>260 K. Figure 5 shows
the relative absorption cross section of ClOOCl as a func-
tion of temperature at four wavelengths. It is intriguing that
the temperature effect has a strong dependence on wave-
length. It is slightly negative at 248.4 nm[18] and becomes
slightly positive at 308.4 nm,[17] then it turns much more pro-

nounced at longer wavelengths of 330[19] and 351.8 nm[17]

where the atmospheric photolysis rate of ClOOCl is much
more significant. These results would provide a rigorous test
for theories. If a theory can reproduce the temperature
effect of the cross section at these four wavelengths from
248 to 352 nm, it may be used to predict the temperature
effect at longer wavelengths.

Although previous measurements[6] are consistent with
each other near the absorption peak at about 245 nm, our
data at 248.4 and 266 nm[18] indicate the peak cross section
of ClOOCl had been underestimated by about 25 % (also
see Figure 3). This underestimation of cross section might
be due to overestimation of the ClOOCl concentration in
those bulk experiments. Because it is difficult to quantify
the extent of side reactions or wall loss (i.e. loss of ClOOCl
on reactor walls), overestimation of the ClOOCl concentra-
tion is quite likely. Some studies[6e,f, 11,14] only measured the
shape of the ClOOCl spectrum (not on an absolute scale). If
we renormalize those relative data to our cross section value
at 248.4 nm, the overall consistency will become better.[18]

Papanastasiou et al.[16] measured a series of absorption
spectra of a static cell containing Cl2O or Cl2O/Cl2 precur-
sors along the course of stepwise pulsed laser photolysis.
The authors utilized spectral isosbestic points combined
with reaction stoichiometry and chlorine mass balance in
the analysis and reported a spectrum of ClOOCl. However,
upon close examination, the isosbestic point observed near
313 nm is not strictly constant but shifts gradually toward
longer wavelengths during the course of an experiment. The
authors mentioned “the shift toward longer wavelength is
consistent with the breakdown of the reaction stoichiometry
due to the loss of Cl2O2 via secondary chemistry, photolysis,
and reaction with Cl atoms. The breakdown in stoichiometry
is systematic and predictable …”. Ideally, one can obtain a
“cleaner” ClOOCl spectrum from the data at very early
photolysis times before significant secondary reactions take
place; practically, the absorbance change due to ClOOCl is

Figure 5. Relative absorption cross section of ClOOCl as a function of
temperature.

Chem. Asian J. 2011, 6, 1664 – 1678 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemasianj.org 1669

UV Photolysis of ClOOCl and the Ozone Hole



quite small at early photolysis times. Although the loss of
ClOOCl through secondary processes is predictable, the pre-
cise amount of the loss still depends on a few parameters.
Overall, with respect to our high precision data,[17–19] the
ClOOCl spectrum of Papanastasiou et al.[16] is more consis-
tent than previous ones[6] (see Figure 3).

In addition to experimental investigations, there are a
number of theoretical studies[20] on the ground and excited
states of ClOOCl and its absorption spectrum. Quite a few
excited states, including singlet and triplet ones,[20e] are in-
volved in the absorption from 200 to 400 nm. Due to the
complexity of this molecule, however, it is difficult to quan-
titatively reproduce the experimental absorption spectrum,
especially in the long wavelength region. A very recent
work by Onč�k et al.[20f] indicates: 1) the excitation charac-
teristics of ClOOCl are sensitive to molecular geometries;
2) single-reference methods tend to overestimate the ab-
sorption cross section and lead to a blueshift in the absorp-
tion maximum. However, the long wavelength tail region is
still difficult for theory. The first conclusion of Onč�k
et al.[20f] indicates that the absorption is sensitive to molecu-
lar vibrations, thereby providing a hint to the above-men-
tioned temperature effect of the ClOOCl absorption cross
section.

With a closer examination of the available data of the
ClOOCl absorption cross section, the following features can
be observed: 1) The disagreements among different meas-
urements[6] are already large even before the work of Pope
et al.[11] 2) The Burkholder 1990 spectrum[6c] has an extra
bump at about 290 nm, which is probably caused by impuri-
ties such as Cl2O and Cl2O3.

[14] 3) The shapes of the ClOOCl
spectra of Pope et al,[11] von Hobe et al.,[14] and Papanasta-
siou et al.[16] are very similar for l<300 nm. Because Pope
et al.[11] only have Cl2 as a contaminant and the cross section
of Cl2 is relatively minor at l<290 nm (sACHTUNGTRENNUNG(Cl2)

290nmffi6 �
10�20 cm2),[7] the shape of their spectrum[11] should be fine at
l<290 nm. The data of Pope et al.[11] and von Hobe et al.[14]

are relative measurements (only the shape, not the absolute
magnitude); if we renormalize their relative data to our new
cross section at 248.4 nm,[18] the overall consistency would
be improved significantly. The renormalized spectrum of
von Hobe et al.[14] has a small dip at about 267 nm and is
lower than that of Papanastasiou et al.[16] at l>300 nm;
these differences may be explained by the temperature
effect. 4) The spectrum of Papanastasiou et al.[16] covers a
broad wavelength range and is consistent with our high pre-
cision measurements[17–19] within the experimental error
bars.

Combining our precise measurements[17–19] at a few select-
ed wavelengths and recent continuous spectra,[14,16] one may
better estimate the photolysis rate of ClOOCl. But the
2 Cl+O2 channel [Eq. (2)] is not necessarily the only product
channel in the UV photolysis of ClOOCl. The yield of an-
other possible ClO+ClO channel will affect the photochem-
istry. We will discuss this issue in Section 4.

3. Isomers of Cl2O2

There are three stable low-energy isomers of Cl2O2:
ClOOCl, ClOClO, and ClClO2.

[21–23] For quite a long time,
ClOOCl had been considered to be the most stable isomer,
until recently Matus et al.[23] performed high-level coupled
cluster computations [CCSD(T) extrapolated to the com-
plete basis set limit (CBS)]. The results of Matus et al.[23] in-
dicate that ClClO2 is the most stable isomer and ClOOCl is
less stable by 3.1 kcal mol�1. However, experimental stud-
ies[6d,14, 24] have shown that ClOOCl is the only product
formed through dimerization of ClO. Why is the most stable
isomer not formed? We believe the answer lies in the chem-
ical kinetics, which is discussed below. Zhu and Lin[25] have
studied this system theoretically at the G2M (modified
Gaussian-2) level. A few transition states (TS) connecting
various isomers have been located with the B3LYP hybrid
density functional method. Hong et al.[26] revisited this
system but using a more sophisticated hybrid density func-
tional method, BMK (Boese–Martin for kinetics),[27] for the
geometry optimization. Although the widely used B3LYP
functional is excellent for geometry optimization of stable
structures, the BMK functional is believed to perform better
for transition states. The best available energetics of singlet
Cl2O2 isomers is shown in Figure 6.

The dimerization of ClO may form both the symmetric
and asymmetric structures (ClOOCl and ClOClO, respec-
tively). Because ClOOCl is more stable than ClOClO by
8.3 kcal mol�1,[23] the equilibrium at a moderate temperature
strongly favors ClOOCl by several orders of magnitude.
However, the theoretical calculation by Zhu and Lin sug-
gests that the formation rates of both dimer structures are
comparable and the asymmetric dimer accounts for about

Figure 6. Schematic energy diagram showing the relative energies and
transition states for relevant isomers of the singlet Cl2O2 system. The rel-
ative energies of ClO+ClO, ClOOCl, ClOClO, ClClO2, and Cl+ClO2

(thick lines) are from Matus et al. (theory level: CCSD(T)/CBS//
CCSD(T)/aug-cc-pV ACHTUNGTRENNUNG(T+d)Z).[23] The other energetics are from Hong
et al.[26] (theory level: CCSD(T)/aug-cc-pV ACHTUNGTRENNUNG(Q+d)Z//BMK/aug-cc-pV-ACHTUNGTRENNUNG(T+d)Z) and referenced to the energy of ClO+ClO. Unit: kcal mol�1.
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23 % of the total dimer yield at 200 K and 22 % at 298 K at
100 torr N2,

[25] if the yields are governed by the formation
rates. Comparable formation rates of ClOOCl and ClOClO
are also in accordance with the experimental observations[21]

that both forms have been detected in cryogenic matrices
with IR spectroscopy, in which the low temperature environ-
ment indicates no barrier to form both ClOOCl and
ClOClO.

The equilibrium constant between ClO and either one of
its dimers is simply the ratio of the formation rate constant
and the dissociation rate constant. Therefore, if the forma-
tion rate constants are similar for ClOOCl and ClOClO, the
dissociation rate constants will be very different to account
for the equilibrium concentrations among ClO, ClOOCl,
and ClOClO. The thermal dissociation rates calculated by
Zhu and Lin[25] indicate that ClOClO is only stable for ap-
proximately 10�3 s at about 200 K, whereas ClOOCl is quite
stable with a lifetime longer than 103 s. The thermal dissocia-
tion rates are very sensitive to temperature, but the dissocia-
tion rate constant of ClOClO is always much larger than
that of ClOOCl. As a result, ClOClO may be formed in the
stratosphere but will not last for any significant time, which
results in a negligible concentration.

ClClO2 can be formed either through Cl+ClO2 or through
isomerization of ClOClO. The barrier (TS2 in Figure 6) of
the isomerization reaction is about 9.8 kcal mol�1 higher
than the bond dissociation energy of ClOClO.[26] At a mod-
erate temperature, the isomerization cannot compete with
the dissociation at all, thereby resulting in an extremely
smaller yield for the isomerization. The G2M calculation by
Zhu and Lin[25] predicted a slightly lower TS2 energy, but it
is still about 6.9 kcal mol�1 higher than the energy of
ClO+ClO. Even with the lower barrier height, ClClO2 is
still not easily accessible from ClOClO at the low tempera-
tures of the stratosphere.[25] As a result, one may expect that
ClClO2 is formed mostly through Cl+ClO2. However, ozone
is much more abundant than all chlorine oxides in the stra-
tosphere, thus, the vast majority of the Cl atoms will
become ClO after reacting with O3; the chance of forming
ClClO2 is much lower. Based on the above arguments, we
conclude that ClOOCl is still the most important form
among the Cl2O2 isomers in the stratosphere.

4. Quantum Yield of Chlorine-Atom Production

Figure 7 shows an energy diagram[28] for UV photolysis of
ClOOCl. The weakest bond in the ClOOCl molecule is the
ClO�OCl bond, which will dissociate first upon thermal ex-
citation.[29] After absorbing a UV photon, Cl�O bond fission
may happen to form ClOO+Cl or Cl+O2+Cl. The ClOO is
very weakly bound;[28c] with internal excitation it may de-
compose spontaneously to release the Cl atom. More impor-
tantly, if ClO�OCl bond fission occurs in the photodissocia-
tion, this process forms two ClO radicals and becomes a null
cycle without destroying O3 (ClOOCl+hn!2 ClO,
2 ClO+M!ClOOCl+M, net: hn!heat). The efficiency of

the ClO dimer cycle [Eqs. (1)–(3)] will be reduced if the
ClO+ClO channel has a substantial yield.

To measure the product quantum yields of ClOOCl pho-
tolysis is a difficult problem. The primary experimental con-
cern is still on the sample purity. Because a pure sample of
ClOOCl is not available, most experiments have been per-
formed in the presence of a precursor together with inevita-
ble byproducts. The common precursor includes Cl2O, O3,
and OClO, which react with Cl to form ClO; then dimeriza-
tion of ClO produces ClOOCl. The OClO precursor also
makes ClClO2 via Cl+OClO!ClClO2 (see Section 3). In
addition, Cl2 is an inevitable byproduct because of the very
fast reaction of Cl+ClOOCl!Cl2+ClOO!Cl2+O2+Cl.[15]

The UV absorption bands of the precursors and likely by-
products heavily overlap with that of ClOOCl. The photoly-
sis of them may produce ClO, Cl, or O2, which overlap with
the major photoproducts of ClOOCl. Furthermore, to have
a better control of the synthesis chemistry, the precursor
concentration is often in excess. Under this circumstance,
there are two major difficulties in determining the product
quantum yields of ClOOCl photolysis: 1) it is hard to quan-
tify the small amount of signal due to ClOOCl in the pres-
ence of a large background originating from the precursor;
2) even if a product of ClOOCl photolysis has been quanti-
fied, to determine its quantum yield requires the concentra-
tion of ClOOCl, which is hard to know exactly (see Sec-
tion 2).

Before discussing the product quantum yields, it is impor-
tant to clarify that some of the literature used fCl = 1 if the
2 Cl+O2 channel is the only product channel. But this may
cause confusion. The situation is that 2 Cl atoms are pro-
duced per absorbing photon. Therefore, fCl =2 is chosen for
this situation to be consistent with Equation (7).

Early bulk studies around 1990[6a,30] indicate a high yield
of Cl-atom production in ClOOCl UV photolysis. But the

Figure 7. Energy diagram for relevant product channels of UV photolysis
of ClOOCl. The numbers are relative energies[28] in kcal mol�1 for each
channel at 0 K.
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uncertainty is substantial. Cox and Hayman[6a] examined this
process indirectly by steady-state photolysis of Cl2O at
254 nm in a static cell. They deduced fCl =3.7�1.5 for
ClOOCl photolysis from a kinetic model. Molina et al.[30]

used atomic resonance fluorescence to measure the Cl-atom
yield directly from ClOOCl photolysis at 308 nm in a flow
tube and found fCl = 2.06�0.24. However, the ClOOCl con-
centration determination is not certain in their work. In ad-
dition, Molina et al.[30] detected no ClO product with an NO
titration method (ClO+NO!Cl+NO2), but they also men-
tioned that adding NO complicated the experiment because
NO absorbed the detection vacuum UV radiation and intro-
duced additional chemical reactions. As a result, the au-
thors[30] claimed that the quantum yield for primary ClO
production is not larger than 0.5.

A couple of years later, Minton et al.[31] investigated the
photolysis of a similar compound, ClONO2, in a molecular
beam experiment that provided a direct measurement of the
ClO product channel. Based on the observation that the
ClO�NO2 bond fission and the Cl�ONO2 bond fission have
comparable yields, the authors[31] raised the possibility that
the analogous bond-breaking processes (ClO�OCl versus
Cl�OOCl) in ClOOCl photolysis may also have comparable
yields. If there is a substantial yield of ClO production in
ClOOCl photolysis, it would reduce the efficiency of the
ClO dimer cycle. In 1994, Jacobs et al.[21] studied the photo-
chemistry and vibrational spectroscopy of Cl2O2 isomers iso-
lated in cryogenic matrices. Three isomers, ClOClO, ClClO2,
and ClOOCl, have been identified with infrared spectrosco-
py. For the ClOOCl photolysis under matrix-isolation condi-
tions, they reported two product channels: 1) ClOO+Cl, re-
sulting in Cl2+O2 and 2) 2 ClO, giving rise to ClOClO. In
1999, Moore et al.[32] studied the photodissociation of
ClOOCl in a molecular beam at two excimer laser wave-
lengths, 248.4 and 308.4 nm. The precursor used in their ex-
periment is Cl2O, which produces ClO and Cl upon photoly-
sis and interferes with the measurements. The branching
ratio of Cl versus ClO was measured to be (0.88�
0.07):(0.12�0.07) at 248.4 nm and (0.9�0.1): ACHTUNGTRENNUNG(0.1�0.1) at
308.4 nm. In 2004, Plenge et al.[33] reported detection of the
photoproducts of ClOOCl with vacuum UV photoionization
mass spectrometry. Their synthesis scheme is: Cl+OClO!
2 ClO; 2 ClO+M!ClOOCl+M; some ClClO2 (�17 %) was
also formed in their sample.[33] Notably Plenge et al.[33]

found no evidence of ClO production (yield�0.02 at
250 nm, �0.10 at 308 nm) and assigned the photoproducts
completely as Cl and O2, a different observation from
Jacobs et al.[21] and Moore et al.[32]

On the other hand, theoretical calculations[34] indicate
that the ClO channel only becomes significant at high
photon energies (>4.4 eV, <280 nm); the ClO yield is pre-
dicted to be zero at lower photon energies. Kaledin and Mo-
rokuma[34a] studied the photodissociation of ClOOCl with
classical trajectories where the energy and gradient were
computed on the fly by the state-averaged complete active
space self-consistent field (CASSCF) calculations. Their re-
sults indicate that in the energy regime corresponding to

308 nm excitation, the major dissociation fragments are Cl
and O2, both in the ground state; the higher energy
(248 nm) excitation yields additional fragments like ClO, O,
and ClOO. Toniolo et al.[34b] performed a more thorough
theoretical study. Simulations of the nonadiabatic photodis-
sociation dynamics have been run with a direct semiclassical
method. They found that dissociation to 2 Cl+O2 is the main
photoreaction, and a small amount of ClO+ClO (�5 %) is
produced only at higher excitation energies (>4.4 eV,
<280 nm).

At this point, there is a controversy around the existence
of the ClO product channel, which was observed in the
matrix study[21] but not observed in the molecular beam
study by Plenge et al.[33] Moore et al.[32] might have observed
some minor yields of ClO at 308.4 nm photolysis but with a
large uncertainty. Theoretical studies[34] indicate that the
ClO channel only becomes significant at shorter excitation
wavelengths (<280 nm) at which the atmospheric photolysis
is not important. As a result, most modelers choose not to
include the ClO yield in modeling the ozone chemistry.[3]

In 2009, Wilmouth et al.[15] directly measured the produc-
tion of Cl atoms as well as Cl2 impurity from ClOOCl pho-
tolysis in a flow tube. In their experiments, a ClOOCl
sample was synthesized with the scheme: Cl+O3!ClO+O2,
2 ClO+M!ClOOCl+M. The sample was photolyzed by an
excimer laser operating at 248.4, 308.4, or 351.8 nm, and the
produced Cl atoms were detected with time-resolved atomic
resonance fluorescence; Cl2, the primary contaminant, was
measured directly with vacuum UV fluorescence. Their pre-
cursors (Cl2, O3, O2, CF2Cl2) either produce no signal or
have been quantified. Other impurities like ClO, OClO, and
Cl2O3 were quite minor in relative amounts in their photo-
chemical simulation. The time-resolved detection eliminates
the effect of secondary reactions after the photolysis by ex-
trapolating the signals to t=0.

It is important to note that the data of Wilmouth et al.[15]

are not only the absorption cross section but also include
the Cl-atom quantum yield. Their reported cross section is
in fact as follows [Eq. (11)]:

sCl ¼ s
�Cl

2
ð11Þ

The factor of 1=2 is due to the stoichiometry that 2 Cl
atoms are produced per absorbed photon in Equation (2).
In principle, this type of data should give the quantum yield
fCl of Cl-atom production if the absorption cross section (s)
is known. With precisely determined s at 248.4, 308.4, and
351.8 nm (see Section 2), a new assessment of fCl can be
made.

The Cl-atom product-specific cross section (sCl) of
ClOOCl photolysis reported by Wilmouth et al.[15] was ob-
tained by comparing the ClOOCl signal with a reference
signal. The resulted value depends on the reference cross
section and quantum yield; if the reference values are
changed, the reported sCl of ClOOCl should be revised. Two
types of references were used by the authors:[15] one is the
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absorption cross section of ClOOCl at 248.4 nm from the
JPL 2006 evaluation,[7] the other is the absorption cross sec-
tions of Cl2 at 308.4 and 351.8 nm.[7] The latter type of refer-
ence is well established as the absorption cross sections of
Cl2 have been well measured and it is of no doubt that
fCl ACHTUNGTRENNUNG(Cl2)= 2. But, the former type of reference, sACHTUNGTRENNUNG(ClOOCl)
and fCl at 248.4 nm, needs to be reconsidered.

In Table 1, we compare some relevant data of sCl and s

from the results of Wilmouth et al. (Method B)[15] and ours
(Method A)[17,18] at three excimer laser wavelengths. Both of
the measurements are direct in nature, but are relative to
reference molecules. The choice of the reference values may
be revised as shown in Table 1 due to newer data being
available or by treating the wavelengths more precisely. At
all three wavelengths, the sCl reported by Wilmouth et al. ,[15]

Table 1. Comparison of selected data of the absorption cross section (s) and Cl-atom quantum yield (fCl) of ClOOCl photolysis at three wavelengths
(248.4, 308.4, 351.8 nm). Cross section unit: 10�20 cm2.

Method[a]

(Temperature)
Measured
quantity

Reference
values[b]

Deduced value
for ClOOCl

Inferred
fCl / 2

l = 248.4 nm[c]

AACHTUNGTRENNUNG(T=260 K) ðs�disÞClOOCl

ðs�disÞref
¼ 0:822

s(O3)= 1062ACHTUNGTRENNUNG(248.4 nm)
fdis(O3) =1

s ¼ 873 –

B1ACHTUNGTRENNUNG(T=240 K) ðs�ClÞClOOCl

ðs�ClÞref
¼ 1

0:0257

s ACHTUNGTRENNUNG(Cl2) =17.60ACHTUNGTRENNUNG(308.4 nm)
fCl ACHTUNGTRENNUNG(Cl2) =2

s�Cl

2
¼ 685 0.78[d]

B1ACHTUNGTRENNUNG(T=240 K) ðs�ClÞClOOCl

ðs�ClÞref
¼ 1

0:0276

s ACHTUNGTRENNUNG(Cl2) =17.90ACHTUNGTRENNUNG(351.8 nm)
fCl ACHTUNGTRENNUNG(Cl2) =2

s�Cl

2
¼ 649 0.74[d]

CACHTUNGTRENNUNG(T�200 K) ½ClO�
½Cl� ¼

0:15
1

;
½O�
½O2�

¼ 0:12
1

– – 0.87

l = 308.4 nm

AACHTUNGTRENNUNG(T=250 K) ðs�disÞClOOCl

ðs�disÞref
¼ 2:953

s ACHTUNGTRENNUNG(Cl2) =17.58ACHTUNGTRENNUNG(308.4 nm)
fCl ACHTUNGTRENNUNG(Cl2) =2

s ¼ 51:9 –

B1ACHTUNGTRENNUNG(T=240 K) ðs�ClÞClOOCl

ðs�ClÞref
¼ 1

0:431

s ACHTUNGTRENNUNG(Cl2) =17.60ACHTUNGTRENNUNG(308.4 nm)
fCl ACHTUNGTRENNUNG(Cl2) =2

s�Cl

2
¼ 40:8 0.79[d]

B1/B2[e]ACHTUNGTRENNUNG(T=240 K) ðs�ClÞClOOCl

ðs�ClÞref
¼ 1

17:0

s ACHTUNGTRENNUNG(ClOOCl) =873[d]ACHTUNGTRENNUNG(248.4 nm) s�308:4nm
Cl

�248:4nm
Cl

¼ 51:4 �308:4nm
Cl ¼ 0:99�248:4nm

Cl

CACHTUNGTRENNUNG(T�200 K) ½ClO�
½O2�

� �308:4nm

¼ 1:5
½ClO�
½O2�

� �248:4nm – – 0.81

l = 351.8 nm

AACHTUNGTRENNUNG(T=250 K) ðs�disÞClOOCl

ðs�disÞref
¼ 0:687

s ACHTUNGTRENNUNG(Cl2) =17.88ACHTUNGTRENNUNG(351.8 nm)
fCl ACHTUNGTRENNUNG(Cl2) =2

s ¼ 12:3 –

B1ACHTUNGTRENNUNG(T=240 K) ðs�ClÞClOOCl

ðs�ClÞref
¼ 1

2:08

s ACHTUNGTRENNUNG(Cl2) =17.90ACHTUNGTRENNUNG(351.8 nm)
fCl ACHTUNGTRENNUNG(Cl2) =2

s�Cl

2
¼ 8:61 0.70[d]

B1/B2[e]ACHTUNGTRENNUNG(T=240 K) ðs�ClÞClOOCl

ðs�ClÞref
¼ 1

72:2

s ACHTUNGTRENNUNG(ClOOCl) =873[d]ACHTUNGTRENNUNG(248.4 nm) s�351:8nm
Cl

�248:4nm
Cl

¼ 12:1 �351:8nm
Cl ¼ 0:99�248:4nm

Cl

C[f]ACHTUNGTRENNUNG(T�200 K) ½ClO�
½O2�

� �351:8nm

¼ 0:80
½ClO�
½O2�

� �308:4nm – – 0.84[f]

[a] Method A: Mass-resolved laser depletion method developed by our group.[17, 18] The dissociation yield fdis ACHTUNGTRENNUNG(ClOOCl) is unity. Method B: Detection of
Cl atoms with time-resolved atomic resonance fluorescence by Wilmouth et al.[15] The source chemistry is Cl+O3!ClO+O2, 2ClO!ClOOCl. Two Cl-
atom sources were used. B1: microwave discharge of Cl2; B2: photolysis of CF2Cl2. Method C: Velocity-resolved mass spectrometry (molecular beam
translational spectroscopy).[35] [b] Maybe slightly different from values on previously works[15, 17] due to a more precise treatment of the excimer laser
wavelengths. The absorption cross sections of Cl2 and O3 are from the JPL 2006 evaluation.[7] If 2 Cl atoms are produced per absorbed photon, fCl =2.
[c] Three excimer (KrF, XeCl, XeF) laser wavelengths were used in both types of investigations. More precision values of the wavelengths are from
Ref. [15]. [d] Use the s value of Method A. [e] Average value of the results of Methods B1 and B2. [f] This work.
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which is referenced to the Cl2 absorption cross section, is
smaller than our photolysis cross section s,[17,18] thereby sug-
gesting that the 2 Cl+O2 channel is not the only product
channel. Remarkably, if we use s ACHTUNGTRENNUNG(ClOOCl)248.4nm =873 �
10�20 cm2[18] as a new reference value for the relative meas-
urements of sCl at 308.4 and 351.8 nm of Wilmouth et al. ,
the results (see Table 1, Method B1/B2) indicate that fCl

does not vary with wavelength.
Direct observation of ClO product from ClOOCl photoly-

sis has been reported very recently by our group[35] (Meth-
od C in Table 1). We prepared a molecular beam containing
only ClOOCl, Cl2, and O2 (and He as the buffer gas), and
dissociated the molecular beam with an excimer laser oper-
ating at 248.4 or 308.4 nm. The photoproducts were mea-
sured at an angle away from the molecular beam with a
time-resolved mass spectrometer equipped with a 70 eV
electron-impact ionizer.[36] Basically, the measurements are
mass-, velocity-, and angle-resolved. Detailed dynamics of
the photodissociation has been studied with these data.[35]

To obtain the product branching ratio, we need to integrate
the signal of each product over the 3D velocity space[37] and
calibrate the relative detection sensitivity between different
chemical species. For Cl versus ClO, the sensitivity calibra-
tion has been performed[35] with the photodissociation of
Cl2O

[38] in which the momentum-matched ClO and Cl prod-
ucts have a fixed 1:1 ratio.

Our synthesis scheme follows Method 1 of Pope et al. :[11]

Cl+O3!ClO+O2, 2 ClO+M!ClOOCl+M, ClOOCl(g)!
ClOOCl(s)!ClOOCl(g). The condensation–sublimation pro-
cess enhances both the concentration and purity of ClOOCl.
As mentioned in Section 2, the only significant impurities
are O2 and Cl2. Figure 8 shows a mass spectrum of our
ClOOCl molecular beam, which is ionized by electron
impact at 70 eV. The purity of our sample is further evi-
denced by the following observations: 1) the photodissocia-
tion cross sections measured at the parent ion (Cl2O2

+) and

at daughter ions (ClO+ , ClO2
+) are the same;[18, 19] 2) when

we varied the partial pressure of ClOOCl by slightly chang-
ing the evaporation temperature (by �1 K), all daughter
ions showed the same intensity variation as the parent ion.

At 248.4 nm photoexcitation, we do not have any contri-
bution from the impurities because O2 and Cl2 do not
absorb light at this wavelength. Four photoproducts Cl, ClO,
O2, and O have been observed.[35] Based on the measured
relative product yields, [ClO]/[Cl]= (0.15�0.04):1 and [O]/
[O2]= 0.12:1, we estimated the branching ratios among the
(Cl+O2+Cl)/ ACHTUNGTRENNUNG(ClO+ClO)/ ACHTUNGTRENNUNG(ClO+Cl+O) product channels to
be 0.82:0.08:0.10,[35] which give fCl =2 � 0.82+0.1= 1.74. Re-
markably, we have successfully measured the time-of-flight
(TOF) spectra of O2 and ClO photoproducts at 308.4 nm
photolysis.[35]

If the ClO+Cl+O product channel needs to be consid-
ered, we cannot determine the branching ratios without
knowing the relative amount of the Cl-atom product. Fortu-
nately, based on the observed translation energy of the ClO
product,[35] it is certain that the ClO+Cl+O product channel
is energetically not possible at 308.4 nm excitation and thus
only the ClO+ClO and Cl+O2+Cl channels need to be con-
sidered. By comparing the experimental [ClO]/[O2] ratios at
248.4 and 308.4 nm, we have estimated the branching ratio
between the (Cl+O2+Cl)/ACHTUNGTRENNUNG(ClO+ClO) product channels to
be 0.81:0.19 at 308.4 nm.[35]

More importantly, in this work we have further extended
the investigation to 351.8 nm, which is more relevant to at-
mospheric chemistry because the incoming solar flux (see
Figure 2) is much higher at this wavelength than at
308.4 nm. Figure 9 shows a comparison of TOF (time of
flight of the neutral product) spectra of O2 and ClO photo-

Figure 8. Electron-impact mass spectrum of our molecular beam. In addi-
tion to the parent ion of ClOOCl, its daughter ions (Cl+ , ClO+ , ClO2

+)
are also observed. The only significant impurities are O2 and Cl2. Other
chlorine oxides like Cl2O and Cl2O3 are extremely minor or absent.

Figure 9. Time of flight (TOF) spectra of O2 (detected at m/z 32) and
ClO (detected at m/z 51) photoproducts of a ClOOCl molecular beam
photolyzed at 308.4 nm (laser pulse energy =50 mJ) and 351.8 nm (laser
pulse energy=250 mJ). The detector angle and laser polarization angle
were designed to probe the products at the magic angle to eliminate the
anisotropy effect. The data acquisition was done in a way that the detec-
tion masses (m/z 32 and 51) were flipped back and forth many times to
average out the intensity fluctuation of the molecular beam. The experi-
mental condition is similar to that of Ref. [35].
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products at 308.4 and 351.8 nm photolysis wavelengths. In
Figure 9, we can see that the O2 and ClO photoproducts at
351.8 nm photolysis wavelength are slightly slower (longer
TOF) than the corresponding ones at 308.4 nm. Slower pho-
toproducts are less translationally excited, which may be ex-
pected if one considers the photon energy at 351.8 nm is
lower (see Figure 7).

To better determine the relative product yields, we should
check whether the ClO photoproduct absorbs another laser
photon and dissociates to Cl+O. The absorption band of
ClO at room temperature covers from 220 to 310 nm, but
the nascent ClO photoproduct is excited in vibrational and
rotational degrees of freedom and may absorb at longer
wavelengths. To check the extent of the ClO second-photon
dissociation, we used the following approach. First, based on
the energies of O2 excited states, we are sure that the O2

photoproduct does not absorb light at all three photolysis
wavelengths. Second, we measured the relative signal ratio
of ClO to O2 at a series of laser power. As expected, at
248.4 and 308.4 nm this ratio decreases with laser power,
which indicates that some of the ClO product is photolyzed
by the laser beam. We analyzed this situation with a simple
kinetic model [Eqs. (12a) and (12b)]:

ClOOClþ hn
k1�! 2ClO ð12aÞ

ClOþ hn
k2�!ClþO ð12bÞ

which considers absorption of the first photon (k1 =s1F, in
which F is the laser flux) and the second photon (k2 =s2F).
As expected, the relative contribution of the second photon
vanishes at zero laser power. Figure 10 shows the ratio of
the integral signals[37] of ClO and O2 photoproducts as a
function of laser power. By extrapolating the data to zero
laser power, we obtained the ClO/O2 integral signal ratio at

the single photon limit. The data allow us to estimate the
branching ratio between the (Cl+O2+Cl)/ ACHTUNGTRENNUNG(ClO+ClO) prod-
uct channels to be 0.84:0.16 at 351.8 nm photolysis wave-
length. The results including the corresponding fCl at 248.4,
308.4, and 351.8 nm are summarized in Table 1, noted as re-
sults of Method C.

In Table 1, we find that there is some small variation in
fCl, depending on the data sources and how to deduce it.
However, its wavelength dependence is not obvious at all in
the present data. Moreover, as mentioned above, combina-
tion of selected data of Methods A and B indicates that fCl

does not depend on the excitation wavelength. At present,
we can only conclude that the value of fCl is about 1.6 at ex-
citation wavelengths from 248 to 352 nm.

Because the atmospherically relevant region of ClOOCl
absorption overlaps with the absorption bands of other
chlorine oxides (Cl2O, OClO) that may be used as a precur-
sor to synthesize ClOOCl, it is difficult to quantify the ClO
product from ClOOCl photolysis when a large background
from precursor photolysis is present. Pope et al.[11] reported
a very useful synthesis method that allows researchers to
prepare a ClOOCl sample without interference from other
chlorine oxides. Although the Cl2 contaminant is inevita-
ble[15] and still produces Cl atoms in the photolysis experi-
ments at 308.4 and 351.8 nm, we have utilized detection of
the O2 photoproduct to circumvent this problem. The suc-
cess of our experiments relies on time- and velocity-resolved
detection, which distinguishes the O2 photoproduct from the
large O2 background in the sample. Alternatively, Wilmouth
et al.[15] chose to measure the Cl2 contaminant directly and
obtained the net signals of the Cl-atom product from
ClOOCl photolysis after background subtraction.

Similar to many photochemical measurements of multi-
channel products, it is more difficult to obtain precise results
of the product quantum yields. The major reason is that it is
harder to compare the amounts of different chemical spe-
cies, unless there is a suitable system for calibration. The ad-
vantage of Method C is that the nascent products are mea-
sured directly under the collision-free conditions in a molec-
ular beam, thus eliminating any interference from secondary
reactions. But significant amounts of internal energy in the
nascent products may cause some variation in detection sen-
sitivity, which is hard to quantify. Based on the possible var-
iation of the detection sensitivities, we made an educated
guess that the error bar is about 25 % for the relative yields
of [ClO]/[O2].[35] Notably, if one channel prevails (�80 %),
the error bar of the corresponding absolute branching ratios
will become smaller (�10 %).

As mentioned above, present theoretical calculations[34]

suggest that the ClO+ClO channel only takes place at a
high photon energy of about 5 eV (248 nm) and the 2 Cl+O2

channel is the only product channel at excitation wave-
lengths longer than 300 nm. Direct experimental observa-
tions of the ClO product with noticeable yields at 308.4 and
351.8 nm indicate the need for further theoretical calcula-
tions at a higher level. Present theoretical results[34] show
that the excited-state potential energy surfaces are repulsive

Figure 10. Ratio of the integral (over the 3D velocity space) signals of
ClO and O2 as a function of laser power. The ClO product was probed at
m/z 51 (ClO+) and O2 was probed at m/z 32 (O2

+). The calibration of de-
tection sensitivity is not included in these data.
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along the Cl�OOCl bond length, but they are also repulsive
along the ClO�OCl bond length. The competition between
breaking the Cl�OOCl bond and breaking the ClO�OCl
bond would depend on the exact shapes of the potential
energy surfaces and the nonadiabatic couplings among
them, which require extensive calculations of higher sophis-
tication.

5. Perspectives

To better understand the ozone hole chemistry, field meas-
urements, model calculations, and laboratory data are all
crucial. The molecule under recent debate, ClOOCl, plays a
central role in ozone hole formation. Understanding its pho-
tochemistry is a key to understanding the mechanism of
stratospheric ozone loss. While the field measurements pro-
vide more and more data and model calculations become
more and more sophisticated, the quality of the laboratory
data should not be left behind. Laboratory scientists have
encountered a few technical challenges in determining the
basic photochemical data of ClOOCl. Newly developed
methods and improved experiments have provided data of
higher accuracy and at atmospherically more relevant condi-
tions.

Although impurities in a ClOOCl sample are inevitable,
various experimental strategies have been used to overcome
or, in a better sense, to circumvent this problem. Among
them, the method of molecular beam translational spectros-
copy (Method C) is unique in the following aspects: 1) the
low number density of a molecular beam ensures a collision-
free condition such that secondary reactions will not take
place; 2) the mass-resolved detection allows one to separate
the target species from others; 3) the velocity- and time-
resolved detection allows one to distinguish the photodisso-
ciation events from backgrounds.

Even for a stable species, caution may be required in its
photochemical measurements. An example is the photodis-
sociation of OClO, of which the product branching ratio was
under debate for years.[7,9,39] The UV photolysis of OClO
may yield two product channels: the predominant one is
O+ClO and the minor one is Cl+O2. The latter will destroy
ozone but the O atom in the former channel will produce
ozone through O+O2!O3. A few photodissociation studies
of OClO[40] reported a substantial yield of the Cl+O2 chan-
nel, but some other studies[41] showed that the yield of the
O+ClO channel is almost unity. Finally, Davis and Lee[42]

performed unambiguous measurements, in which all product
species, ClO, O, Cl, and O2, have been measured in a veloci-
ty-resolved manner. If two fragments originate from a disso-
ciation event, the sum of their linear momentum should be
zero in the center-of-mass frame. This momentum-match
offers an additional check such that the assignment of the
product channels can be much more certain. Davis and
Lee[42] have observed the O+ClO and Cl+O2 products as
momentum-matched pairs; the measured quantum yield of
the Cl+O2 channel, however, reaches a maximum of (3.9�

0.8) % near 404 nm and decreases to <0.2 % under the ab-
sorption peaks in the wavelength range 350–370 nm.[42] The
earlier experiments[40] showing much larger Cl-atom yields
employed multiphoton ionization detection of Cl atoms;
their signals are likely due to a secondary process
ClO ACHTUNGTRENNUNG(v�4)+hn!Cl+O.[43]

Regarding the absorption cross section (s) and product
quantum yields (f) of ClOOCl, we suggest the following
based on the best available data. The absorption cross sec-
tion[17–19] of ClOOCl is larger than the widely used JPL 2006
evaluated value,[7] especially at l�330 nm (see Figure 3).
But the Cl-atom production yield fCl (see Table 1) is smaller
than what most people thought previously.[3,9] Remarkably,
there is no significant wavelength dependence of fCl and
fClO at 248, 308, and 352 nm, contrary to present theoretical
predictions.

Most atmospheric modeling assumes that the Cl+ClOO
channel is the only product channel.[3] But the ClO+ClO
channel has been observed directly at atmospherically rele-
vant wavelengths such as 308 and 352 nm; the yield is not
large but noticeable. The impact to the atmospheric chemis-
try is yet to be modeled. As for the Cl-atom production rate
(JCl), which affects directly the ozone destruction rate, some
errors may be cancelled if models use the underestimated
absorption cross section (s) from the JPL 2006 evaluation[7]

and the overestimated Cl-atom quantum yield (fCl =2). The
refined (more accurate) values of s and fCl should affect
certain kinetic data. For example, the field measurements of
[ClOOCl]/ ACHTUNGTRENNUNG[ClO]2 ratios[10] are more sensitive to the total J-
value of ClOOCl than to JCl.

[4c,10] Moreover, although ClOO
in current models eventually dissociates to Cl+O2 after colli-
sions, the production of stable ClOO from ClOOCl UV
photolysis has never been observed and is not likely to form
based on the photodissociation dynamics.[35]

Advanced measurements of ClOOCl by our group and
other groups have offered significantly better data for mod-
elers, as shown in the “Scientific Assessment of Ozone De-
pletion: 2010” by WMO/UNEP:[44] “Recent laboratory
measurements of the ClO dimer (ClOOCl) dissociation
cross section and analyses of observations from aircraft and
satellites have reaffirmed the fundamental understanding
that polar springtime ozone depletion is caused primarily by
the ClO+ClO catalytic ozone destruction cycle, with signifi-
cant contributions from the BrO+ClO cycle.”

After all the works performed by various groups world-
wide over the last two decades, Molina�s mechanism of the
chemistry of the ozone hole has been vindicated. For
ClOOCl, the quality of its laboratory data has been signifi-
cantly improved, especially during the past two years, which
allows more reliable modeling of ozone loss. The data are
not perfect yet and there are more molecules that deserve
similar scientific efforts, although they are mostly found
high in the air.
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