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Abstract

Absorption spectra of gas-phase OClO in the 325–435 nm region (23,000–31,000 cm−1) have been measured at five atmospheric
temperatures between 213 and 293 K with a spectral resolution of 1.0 cm−1 using Fourier-transform spectroscopy. Absolute absorption
cross-sections of OClO at 293 K have been determined and were also used to scale the spectra at the lower temperatures to absolute
cross-sections. The results are in good agreement with previous studies of the OClO cross-sections but provide a better coverage of
atmospheric temperatures. In addition, Fourier-transform spectroscopy has the advantages of an accurate wavelength calibration and of
high spectral resolution. The new cross-sections are important as reference data for remote-sensing of OClO using UV-Vis absorption
spectra of the Earth’s atmosphere from ground and space. The new spectra were also used to fit the OClOÃ − X̃ electronic band centres
in order to re-determine the upper state’s molecular constants. In a second set of experiments we investigated the photolysis of pure OClO
leading to the formation of Cl2 and higher chlorine oxides as further products. To provide a qualitative understanding of the photolysis
mechanism a chemical reaction simulation was carried out using the FACSIMILE© software.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Chlorine and bromine oxides play an important role in at-
mospheric chemistry[1]. They are involved in the catalytic
cycles leading to the annual stratospheric ozone depletion in
polar springtime[2,3]. Chlorine dioxide (OClO) is an impor-
tant indicator for Cl-activation[4,5]. Its major stratospheric
source is the reaction BrO+ClO → OClO+Br [6], a minor
source being also the reaction between ClO and NO3 [7].

ClO + NO3 → OClO+ NO2

Atmospheric concentrations of OClO are determined by
means of UV-Vis spectroscopy using the structured absorp-
tion of OClO in this spectral region. OClO has been de-
tected in UV-Vis spectra of the zenith sky[8–10]and is also
measured on a global scale by the global ozone monitoring
experiment (GOME) onboard the ERS-2 satellite[11–13].
For the retrieval of atmospheric OClO column densities, the

∗ Corresponding author. Tel.:+49-421-218-3526;
fax: +49-421-218-4555.
E-mail address: heike.kromminga@iup.physik.uni-bremen.de
(H. Kromminga).

differential optical absorption spectroscopy (DOAS) method
is employed[14,15]. For this technique accurate knowl-
edge of the molecular absorption cross-sections and their
temperature dependence is indispensable. This can only be
provided by dedicated laboratory measurements[16].

Although the spectrum of thẽA2A2–X̃2B1 transition of
OClO has been known for long prior to this work, only four
independent studies of the UV-Vis absorption cross-sections
of OClO had been published. Wahner et al.[17] employed
a Xenon lamp and a grating spectrometer with a resolution
of 0.25 nm in the wavelength region of 240–480 nm and
a diode-array detector for measurements at three differ-
ent temperatures (204, 296 and 378 K). They determined
absolute cross-sections based on OClO partial pressures
and by reacting OClO with NO to produce NO2. They
ascertained the OClO absorption was linear and showing
Beer–Lambert’s law behaviour up to an optical density of
1. The bands were found to become sharper and the under-
lying continuum weaker with decreasing temperatures. In
contrast Frost et al.[18] measured absorption OClO absorp-
tion cross-sections at 200± 20 K in the wavelength region
390–454 nm at a resolution of 0.5 and 0.1 cm−1 using a com-
bination of Fourier-transform spectroscopy and supersonic
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jet expansion but measured only relative spectra and scaled
these to the previously mentioned data from Wahner et al.
[17].

An important step in analysing thẽA2A2 vibrational
structure of both OClO isotopes was made by Richard and
Vaida [19] using a high-resolution Fourier-transform ultra-
violet spectrometer together with a supersonic molecular
jet. As a result of the rotational cooling the upper state vi-
brational energy structure has been measured and analysed
in the absence of much of the spectral congestion present in
the static gas spectrum. Hence, they presented a re-analysis
of the vibrational progressions and harmonic and anhar-
monic vibrational constants for the upper electronic state.

Furthermore, Hubinger and Nee[20] measured absolute
photoabsorption cross-sections between 125 and 470 nm
(80,000–21,273 cm−1) at room temperature using a Min-
uteman 0.5 m vacuum monochromator with a dispersion of
1.67 nm mm−1 and a PMT detector.

More recently, Marston et al.[21] published absorption
cross-sections of OClO at room temperature also in the UV
and VUV using synchrotron light.

In order to validate these results, to improve the accuracy
of the OClO absorption cross-sections with respect to spec-
tral calibration and resolution, and to cover a broader range
of atmospheric temperatures, OClO absorption spectra in
the 325–435 nm region were measured at five different tem-
peratures between 213 and 293 K, using a Fourier-transform
spectrometer (FTS). The particular advantages of FTS for
recording atmospheric remote-sensing reference spectra are
(1) the high wavelength accuracy of this technique, (2) the
narrow and well defined instrumental line shape of the FTS,
and (3) the opportunity to record high-resolution spectra
over a broad spectral range.

2. Experimental

2.1. Experimental set-up

All measurements were performed using a Bruker IFS-
120 HR Fourier-transform spectrometer designed for opera-
tion in the UV-Vis spectral range with a beamsplitter made of
UV-Quartz. All mirrors (except for the corner-cubes) were
coated with MgF2 and selected corner-cubes were used with
a high modulation efficiency even in the UV range. The in-
strument at the IUP Bremen is characterised by a maximum
resolution of 0.004 cm−1 [22]. It is capable of recording
spectra from the MIR to the UV regions at a high wavenum-
ber accuracy. The wavenumber accuracy of the instrument
in the UV-Vis was validated by recording absorption spec-
tra of I2 in the visible, showing overall agreement with
reference line positions[23] of better than 0.01 cm−1. For
the OClO absorption spectra of this study, a resolution of
1.0 cm−1 (corresponding to 10 pm at 325 nm and to 19 pm at
435 nm, respectively) was selected, approximately a factor of
10 better than GOME and SCIAMACHY and other grating

spectrometers used for atmospheric remote-sensing. This
higher resolution is essential in order to enable convolution
of the new data of this study with the instrumental line shape
of the atmospheric spectrometers.

For recording the high-resolution spectra a coolable ab-
sorption cell made of Quartz with 120 cm base-length and
an inner diameter of 5 cm was used. This cell is part of
the so-called “calibration apparatus for trace gas absorption
spectra” (CATGAS)[24], a set-up which was developed at
the IUP Bremen for measuring UV-Vis reference spectra of
atmospheric molecules with the GOME and SCIAMACHY
satellite instruments[25–27]. Although it is possible to use
a White-type multi-reflection optics with this cell, the strong
absorption of OClO facilitated the use of a simple path of
1.2 m. The total absorption path thus corresponded to the
length of the CATGAS cell.

The cell has a double jacket, with an ethanol coolant flow
through the inner jacket and an evacuated outer part. Addi-
tionally, the cell is encased in insolating foam (Armaflex®)
to provide optimal thermal stability inside. OClO spectra
at five different temperatures between 293 and 213 K were
recorded. The cooling of the ethanol was achieved by a
two-stage cryocooler (Haake KT-90). The temperature sta-
bility for this cooling device was determined to be about
±1 K.

A super quiet Xenon arc lamp (Osram XBO 150W/2-UV)
together with a water cooled elliptic mirror coated with
MgF2 (Amko GmbH) was employed as white-light source.
Using this source, the entire spectral region between 20,000
and 43,000 cm−1 (500–217 nm) was covered. The light was
coupled out of the spectrometer after traversing the interfer-
ometer chamber, which was evacuated to about 0.05 mbar
during all experiments (therefore the given wavenumbers
are for vacuum conditions), to pass through the outside
of the spectrometer located absorption cell and reach the
detector.

For the measurements in the range of the OClO absorption
a room temperature GaP semiconductor diode detector (cov-
ering the wavenumber region from 20,000 to 33,000 cm−1,
500–303 nm, respectively) was used in combination with a
UG5-filter (Schott) to suppress strong Xenon-peaks in the
near IR.

For the high-resolution absorption spectra at different tem-
peratures, OClO was synthesised in a flow reaction described
by Derby and Hutchinson[28]:

2NaClO2 + Cl2 → 2OClO+ 2NaCl.

Gaseous Cl2 (pre-mix of 5% Cl2 in synthetic air, Messer
Griesheim, stated purity 99%) was passed through a Pyrex
column filled with fresh NaClO2 (ACROS, stated purity
88%) mixed with glass beads. A stable flow was main-
tained by calibrated MKS mass flow controllers. For the
experiments the flow rates were in the range between 1.90
and 2.85 ml min−1. Downstream, the OClO was diluted with
dry N2 (flow rates between 400 and 470 ml min−1) and
flushed through the coolable absorption cell. The OClO was
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trapped at liquid nitrogen temperature in order to protect
the pumping system. For each spectrum at different tem-
peratures a new column with freshly prepared NaClO2 was
used. The cell pressure was permanently monitored by a
calibrated MKS Baratron capacitance manometer with a
100 mbar head, at values between 1.0 and 11.1 mbar.

It should be noted that in a recent experimental study of
OClO by Marston et al.[21], which extended into the VUV
where chlorine can be easily detected, the same synthesis
method was applied and no traces of remaining Cl2 were
found.

2.2. Measurement of OClO absorption spectra at
different temperatures

For all temperatures (293, 273, 253, 233, and 213 K) the
high-resolution OClO absorption measurements were car-
ried out according to the following procedure.

As determined in a series of experiments prior to record-
ing the high-resolution spectra a conditioning period of ap-
proximately 4 h was needed to achieve a steady OClO flow
ensuring an optical density between 0.45 and 0.6 for differ-
ent NaClO2 columns with no detectable chlorine impurities
with the used FTS set-up. During this conditioning period
the absorption cell was cooled down to the desired temper-
ature.

The chosen optical density of OClO was always limited
to values below 1.0 in order to avoid high-resolution satu-
ration effects of the OClO band structure. The linearity of
the Beer–Lambert’s law in this range was tested before, us-
ing high-resolution OClO spectra recorded previously in our
group[29], see alsoFig. 1. The OClO flow was diluted with
dry N2 until the desired optical densities were achieved.

Before each high-resolution measurement the cell was
evacuated and then filled with the optimum N2 flow, the

Fig. 1. Linearity of the optical density ln (I0/I) at 351 nm (28,490 cm−1) as a function of OClO pressure. The spectral resolution is 20 cm−1.

OClO flow being reduced to zero. After measuring a Xenon
lamp reference spectrum under this condition at a resolution
of 10 cm−1, the OClO flow was added again. After 5 min a
high-resolution measurement of 12 individual blocks each
containing 50 scans was performed. Thereafter the OClO
flow was turned off and the cell was again flushed with pure
N2 for about 10 min. Then a second Xenon lamp reference
spectrum was measured.

2.3. Determination of absolute absorption
cross-sections at 293 K

For the determination of absolute OClO absorption
cross-sections at 293 K pure OClO samples were produced
by the reaction

3KClO3+3H2SO4→2OClO+ HClO4 + H2O + 3KHSO4.

H2SO4: 99% stated purity, KClO3: 99% stated purity,
Merck. In order to obtain high purity OClO, fractional low
temperature distillations were used until the saturated vapour
pressure at equal temperatures reached a minimum and the
optical densities at equal pressures reached maximum val-
ues (seeFig. 2). The synthesis and the measurements were
carried out in the dark to avoid photodecomposition of the
samples.

In these experiments, low resolution absorption spectra of
pure OClO were recorded at different total pressures (in the
0.2–0.3 mbar range) using a short Pyrex cell of 106.7 mm
total length.

Pressures of 0.2–0.3 mbar of OClO were filled into the
short-path absorption cell at room temperature (293 K). The
statistical uncertainty of the pressure measurement was de-
termined to be 0.13% (using different reference volumes
connected to the cell and a calibrated pressure head). After
filling the cell, an OClO absorption spectrum was recorded
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Fig. 2. The OClO absorption cross-section at 351 nm (28,490 cm−1) (spectral resolution 20 cm−1, temperature 300 K) for different measurements of this
study. Each measurement was performed with a fresh OClO sample obtained by distillation into the absorption cell. Also shown are cross-sections from
previous studies[17,20,21,33,34]. The error limits for Wahner et al.[17] are about±10%, for Hubinger and Nee[20] about±9% and for Marston et al.
[21] about±15%.

at a resolution of 20 cm−1 (corresponding to about 0.21 nm
at 325 nm and to 0.38 nm at 435 nm, respectively). In or-
der to ensure that no saturation effects occur at these optical
densities, the linearity of the optical density at 351 nm was
verified (seeFig. 1).

2.4. Photolysis of OClO

The photolysis experiments were carried out to validate
the results from the measurements at 293 K using pure
OClO. Therefore the short-path Pyrex cell was filled with
an initial OClO pressure of about 2.3 mbar. Even if Cl2 and
O2 were the only photolysis products of OClO, it would
be difficult or impossible to detect the chlorine when using
smaller initial amounts of OClO. The maximum absorp-
tion cross-section of Cl2 between 300 and 400 nm is about
4.0 × 10−19 cm2 per molecule (i.e. about 50 times weaker
than the peak cross-sections of OClO at 351 nm, which is
about 1.2 × 10−17 cm2 per molecule).

The optical set-up for the photolysis experiment con-
sisted of the same small absorption cell used for the total
pressure experiments, i.e. the Xenon lamp as white-light
source and the GaP semiconductor diode as detector. A
Quartz–Tungsten–Halogen lamp (Osram, 50 W) installed
near to the absorption cell was employed as a broad-band
photolysis light source. The following measurement proce-
dure was applied: first an OClO absorption spectrum was
measured, then OClO was photolysed for about 10 min. Af-
terwards the absorption spectrum of the photolysis products
was recorded. Finally a reference spectrum of the empty
cell was measured.

3. Data reduction

For each temperature the high-resolution absorption
spectra were measured in 12 blocks of 50 scans each.
The lamp reference spectra were measured before and
after the measurement of the absorption spectra. From
both lamp spectra a weighted spectrumI0,w(ν, T) was
calculated for each block of high-resolution absorption
spectra in order to account for lamp drifts, thus minimis-
ing the baseline errors. The resulting optical densities
OD(ν, T) were calculated from the weighted lamp spec-
trum I0,w(ν, T) and the absorption spectrumI(ν, T) as
follows:

OD(ν, T ) = −ln
I (ν, T )

I0,w(ν, T )
.

For each temperature the optical densities of the 12 mea-
sured spectra were averaged.

For the photolysis experiments, in which the same short-
path absorption cell was used, the high OClO optical density
of about 7 around 28,448 cm−1 (ca. 351 nm) caused satura-
tion for the strong bands. Therefore, the optical density at
this wavenumber was calculated using a much weaker peak
at 24,042 cm−1. The ratio between the two peaks was de-
termined previously from the 31 spectra recorded at known
OClO pressures. The statistical uncertainty when deriving
the maximum absorption using this method was assessed to
be about 3% (rms).

The high-resolution optical density spectrum at 293 K was
first convoluted to a 20 cm−1 resolution to match the OClO
spectra recorded at known pressures and then scaled to
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absolute absorption cross-section from the latter measure-
ments. For all other temperatures (273, 253, 233, and
213 K), for each spectrum the integrated optical density be-
tween 22,700 and 31,000 cm−1 was calculated, normalised
to unity, and then multiplied with the integrated absorption
cross-section of OClO at room temperature, in order to ob-
tain absolute absorption cross-sections at the temperatures
below 293 K. This method is justified by the fact that the
OClO-spectrum in this wavenumber range arises from a tran-
sition to an excited electronic state(Ã2A2 − X̃2B1), so that
the integrated absorption cross-section is only determined
by the electronic wave functions of the upper and ground
state, by their energy difference and by the electronic dipole
moment operator. These quantities are all independent of
temperature within the Born–Oppenheimer approximation.
While the OClO spectrum changes its shape with tempera-
ture, i.e. at lower temperatures the peaks become sharper and
the continuum below reduces, the integrated cross-sections,
however, remain constant, for the temperature range
considered.

This approach has previously been used for the UV-Vis
spectra of NO2 and O3 [30–32], and was shown to be
accurate to at least 1% in the atmospheric temperature
range (190–300 K) for most atmospheric molecules, pro-
vided the Born–Oppenheimer approximation holds. It
is interesting to note that the integrated OClO absorp-
tion cross-sections at three different temperatures de-
termined from the spectra of Wahner et al.[17] agree
within 3 % (which is less than their stated experimen-
tal uncertainty) and show no systematic variation with
temperature.

Fig. 3. The OClO cross-section of this study over the entire spectral region with a resolution of 20 cm−1. The lower graph shows the room temperature
spectrum. The upper graph indicates the difference between each temperature and the room temperature. Note the increase of differential structure with
decreasing temperature, and the predissociation broadening of the OClO bands with increasing wavenumbers.

4. Results

The absorption cross-sections determined for OClO were
compared with those of previous studies inFig. 2. The
resulting absolute cross-section of 1.16 × 10−17 cm2 per
molecule for the peak (11,0,0) at∼28,450 cm−1 (351.5 nm)
with a spectral resolution of 20 cm−1 and at a temperature
of 293 K has a statistical error of<5% due to noise and
baseline-effects, cell-length, volume, temperature and pres-
sure. This value is considered a lower limit for the accuracy
of the OClO absorption cross-sections, because the pres-
ence of initial Cl2 impurities would lead to smaller OClO
cross-sections when using the total pressure for determining
the OClO concentration in the absorption cell. However the
amount of residual Cl2 was estimated to be<1–2% because
of the constancy of the OClO from the purified sample (see
Fig. 2) once all Cl2 was distilled off. The OClO FTS absorp-
tion cross-sections at all measured temperatures are shown
in Fig. 3. They clearly show an increase of the differential
structure with decreasing temperatures which is important
for atmospheric remote-sensing. A detailed plot of the re-
gion used for atmospheric OClO retrieval with the GOME
satellite instrument (355–379 nm, 26,400–28,000 cm−1) is
shown inFig. 4.

A comparison of the cross-sections of this work at 293
and 213 K with the data of Wahner et al.[17] is shown
in Fig. 5. Note that there is a clear wavenumber shift be-
tween both spectra which can not be explained by data mea-
sured in air with data from vacuum measurements alone. As
mentioned above, the FTS has high wavenumber accuracy,
validated usingI2 absorption lines, whereas Wahner et al.
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Fig. 4. The OClO cross-sections of this study at the spectral region used for atmospheric remote-sensing, resolution of 1 cm−1. The lower graph shows
the room temperature spectrum. The upper graph indicates the difference between each temperature and the room temperature.

Fig. 5. Comparison of the OClO cross-sections of this study at 296 and
213 K (solid line) with the data of Wahner et al.[17] at 296 and 204 K
(dotted line). There are prominent wavelength shifts probably due to
wavelength calibration uncertainties in the data of Wahner et al. Note that
the spectra of this study are shown at a low resolution (20 cm−1) for this
comparison.

[17] worked with a grating spectrometer and used only two
HgCd lines for their spectral calibration. Note that an ac-
curate wavenumber calibration is particularly important in
atmospheric remote-sensing. Furthermore, the new OClO
cross-sections of this study cover a wider range of temper-
atures and provide spectra at a higher resolution compared
to previous work.

Comparison of the new FTS spectra convoluted to SCIA-
MACHY spectral resolution and some recent measurements
using the SCIAMACHY instrument[27] shows good agree-
ment (Fig. 6).

In Fig. 7the vibrational assignments provided by Richard
and Vaida[19] were used. Peak absorption cross-sections
and bandhead positions for 293 and 213 K and at two dif-
ferent spectral resolutions (1 and 20 cm−1) were determined
and are given inTable 1. Four different band progressions
for O35ClO could be identified for both resolutions and all
temperatures though only 293 and 213 K data are given in
the table.

A comparison of the new cross-sections at 293 K with the
study of Hubinger and Nee[20] who worked at significantly
lower spectral resolution shows quite good agreement within
each error limits (±9%, overall,Fig. 2). While all abso-
lute cross-section measurements agree within their respec-
tive uncertainties (overall variation less than±7% compared
to the mean value of about 1.18×10−17 cm2 per molecule),
one should note, however, that the peak cross-sections of
Wahner et al. (who used two independent methods for de-
termining their OClO amounts in the cell) and of Hubinger
and Nee show excellent agreement. If these values are true
the only possible explanation for the 8% difference between
our peak value and those of Wahner et al. and Hubinger
and Nee would be some residual Cl2 in our absorption cell
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Fig. 6. Comparison of the OClO cross-sections of this study at 296 K (lower trace) with an OClO spectrum recorded with the SCIAMACHY FM[27]
(upper trace, shifted for clarity). In order to account for small baseline errors and wavelength errors, and to scale the spectra to each other, a non-linear
least-squares fitting routine was used[36]. Note the good agreement between both spectra. The sharp residual feature around 397 nm is due to uncorrected
straylight at the edge of SCIAMACHY channel 2.

which, however, was not possible to be observed in such
small amounts with our experimental set-up.

In order to be able to interpolate the OClO absorp-
tion cross-sections to intermediate temperatures, the
cross-sections at each wavelength were fitted with a
quadratic polynomial (temperature in◦C) according to
σ(T ) = C1 + C2T + C3T

2. In this way, the coefficients
shown inFig. 8 were determined from a least-squares fit
based on the new measurements. The residuals are<4% in
the entire range 26,000–30,000 cm−1 (340–390 nm). They
are however larger in regions with small cross-sections and
might therefore be at least partly due to small baseline prob-

Fig. 7. The vibrational assignments of the OClO electronic bands of the Ã2A2 system recorded in this study. The assignments are taken from the analysis
of Richard and Vaida[19]. Note that the bands withv3 upper state quanta larger than 2 are very weak in these spectra.

lems in the measurement. The cross-sections derived from
this simple parameter model should therefore be less influ-
enced by baseline errors, since five different measurements
(at different temperatures) were used for the determination
of the polynomial coefficients. The root mean square (rms)
deviation is of the same order for all temperatures and
wavelengths, i.e. between 3 and 6%.

4.1. Spectral analysis

Using the spectra of this study (see the vibrational
assignments inFig. 7) we re-determined the molecular
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Table 1
The observed bandheads and cross-sections of O35ClO

Peak position
(resolution 1 cm−1)
(cm−1)

Cross-section
(resolution 1 cm−1)
(cm2 per molecule)

Peak position
(resolution 20 cm−1)
(cm−1)

Cross-section
(resolution 20 cm−1)
(cm2 per molecule)

Assignment (T = 293 K)
A2A2 system: symmetric stretch

ν3.0.0 23081.6 2.76× 10−18 23095.4 1.90× 10−18

ν4.0.0 23783.1 4.18× 10−18 23783.8 3.01× 10−18

ν5.0.0 24477.3 6.00× 10−18 24460.7 4.50× 10−18

ν6.0.0 25139.8 7.54× 10−18 25143.4 5.77× 10−18

ν7.0.0 25824.6 9.03× 10−18 25814.5 7.50× 10−18

ν8.0.0 26489.6 9.73× 10−18 26479.8 9.17× 10−18

ν9.0.0 27142.3 1.08× 10−17 27139.4 1.05× 10−17

ν10.0.0 27798.5 1.15× 10−17 27798.9 1.13× 10−17

ν11.0.0 28444.7 1.19× 10−17 28446.9 1.16× 10−17

ν12.0.0 29085.8 1.16× 10−17 29089.0 1.13× 10−17

ν13.0.0 29720.0 1.06× 10−17 29719.6 1.04× 10−17

A2A2 system: bend
ν2.1.0

ν3.1.0 23372.7 1.24× 10−18 23373.1 8.86× 10−19

ν4.1.0 24045.3 1.95× 10−18 24049.9 1.49× 10−18

ν5.1.0 24744.9 2.22× 10−18 24721.1 2.14× 10−18

ν6.1.0 25411.3 2.71× 10−18 25403.7 2.47× 10−18

ν7.1.0 26077.7 3.09× 10−18 26074.8 2.82× 10−18

ν8.1.0 26738.7 3.10× 10−18 26734.4 2.98× 10−18

ν9.1.0 27390.7 2.91× 10−18 27393.9 2.86× 10−18

ν10.1.0 28042.6 2.62× 10−18 28047.7 2.55× 10−18

ν11.1.0 28685.1 2.17× 10−18 28689.8 2.14× 10−18

ν12.1.0 29329.5 1.73× 10−18 29326.2 1.65× 10−18

A2A2 system: asymmetric stretch
ν3.0.2 23934.2 1.32× 10−18 23934.2 1.12× 10−18

ν4.0.2 24630.3 2.35× 10−18 24622.7 1.89× 10−18

ν5.0.2 25296.7 3.52× 10−18 25288.0 2.95× 10−18

ν6.0.2 25962.0 4.34× 10−18 25953.3 4.04× 10−18

ν7.0.2 26615.8 4.96× 10−18 26612.9 4.84× 10−18

ν8.0.2 27262.3 5.25× 10−18 27266.6 5.18× 10−18

ν9.0.2 27914.6 4.97× 10−18 27914.6 4.89× 10−18

ν10.0.2 28555.7 4.28× 10−18 28556.8 4.23× 10−18

ν11.0.2 29195.7 3.31× 10−18 29193.2 3.23× 10−18

ν12.0.2 29804.3 2.32× 10−18 29806.4 2.25× 10−18

A2A2 system: asymmetric stretch and bend
ν2.1.2 23532.5 7.62× 10−19 23535.0 4.85× 10−19

ν3.1.2 24211.9 8.42× 10−19 24200.4 6.72× 10−19

ν4.1.2 24892.8 1.08× 10−18 24888.8 9.45× 10−19

ν5.1.2 25560.7 1.47× 10−18 25554.2 1.35× 10−18

ν6.1.2 26215.9 1.72× 10−18 26213.7 1.66× 10−18

ν7.1.2 26871.1 1.86× 10−18 26873.2 1.81× 10−18

ν8.1.2 27522.3 1.83× 10−18 27521.2 1.79× 10−18

ν9.1.2 28168.8 1.58× 10−18 28169.2 1.63× 10−18

Assignment (T = 213 K)
A2A2 system: symmetric stretch

ν3.0.0 23113.5 3.42× 10−18 23101.1 2.21× 10−18

ν4.0.0 23783.1 5.16× 10−18 23783.8 3.57× 10−18

ν5.0.0 24482.4 7.49× 10−18 24460.7 5.23× 10−18

ν6.0.0 25158.2 9.26× 10−18 25149.2 6.71× 10−18

ν7.0.0 25824.6 1.07× 10−17 25820.3 8.70× 10−18

ν8.0.0 26489.6 1.13× 10−17 26485.6 1.05× 10−17

ν9.0.0 27143.0 1.22× 10−17 27145.1 1.19× 10−17

ν10.0.0 27799.6 1.31× 10−17 27798.9 1.28× 10−17

ν11.0.0 28450.1 1.36× 10−17 28446.9 1.33× 10−17

ν12.0.0 29090.5 1.34× 10−17 29089.0 1.31× 10−17

ν13.0.0 29722.5 1.26× 10−17 29725.4 1.22× 10−17
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Table 1 (Continued)

Peak position
(resolution 1 cm−1)
(cm−1)

Cross-section
(resolution 1 cm−1)
(cm2 per molecule)

Peak position
(resolution 20 cm−1)
(cm−1)

Cross-section
(resolution 20 cm−1)
(cm2 per molecule)

A2A2 system: bend
ν2.1.0

ν3.1.0 23376.3 1.50× 10−18 23373.1 1.21× 10−18

ν4.1.0 24073.5 2.34× 10−18 24049.9 1.93× 10−18

ν5.1.0 24744.9 2.80× 10−18 24726.8 2.62× 10−18

ν6.1.0 25418.6 3.31× 10−18 25403.7 2.99× 10−18

ν7.1.0 26084.6 3.80× 10−18 26080.6 3.42× 10−18

ν8.1.0 26739.1 3.65× 10−18 26740.2 3.53× 10−18

ν9.1.0 27394.6 3.42× 10−18 27393.9 3.35× 10−18

ν10.1.0 28047.7 3.05× 10−18 28047.7 2.99× 10−18

ν11.1.0 28691.3 2.56× 10−18 28689.8 2.49× 10−18

ν12.1.0 29336.0 2.00× 10−18 29332.0 1.90× 10−18

A2A2 system: asymmetric stretch
ν3.0.2 23947.3 1.55× 10−18 23934.2 1.33× 10−18

ν4.0.2 24630.3 2.85× 10−18 24622.7 2.21× 10−18

ν5.0.2 25296.7 4.11× 10−18 25293.8 3.40× 10−18

ν6.0.2 25962.0 5.00× 10−18 25959.1 4.61× 10−18

ν7.0.2 26615.8 5.64× 10−18 26618.7 5.51× 10−18

ν8.0.2 27271.0 6.03× 10−18 27272.4 5.90× 10−18

ν9.0.2 27917.9 5.68× 10−18 27920.4 5.58× 10−18

ν10.0.2 28559.3 4.95× 10−18 28562.6 4.87× 10−18

ν11.0.2 29195.3 3.83× 10−18 29199.0 3.77× 10−18

ν12.0.2 29811.1 2.68× 10−18 29806.4 2.61× 10−18

A2A2 system: asymmetric stretch and bend
ν2.1.2 23535.1 7.58× 10−19 23529.3 5.87× 10−19

ν3.1.2 24194.9 9.50× 10−19 24200.4 8.49× 10−19

ν4.1.2 24892.8 1.31× 10−18 24888.8 1.16× 10−18

ν5.1.2 25560.7 1.67× 10−18 25554.2 1.56× 10−18

ν6.1.2 26214.1 1.93× 10−18 26213.7 1.86× 10−18

ν7.1.2 26871.1 2.00× 10−18 26873.2 1.95× 10−18

ν8.1.2 27522.6 1.87× 10−18 27521.2 1.83× 10−18

ν9.1.2 28168.4 1.60× 10−18 28169.2 1.55× 10−18

The observed positions and values for peak absorption cross-sections for various progressions of the A2A2 system of O35ClO for 293 and 213 K at two
different resolutions. The positions correspond to the highest cross-section in each vibrational band (not to the bandheads given inTable 2) and they
vary with the temperature due to the change of the rotational envelope.

Fig. 8. Coefficients from a least-squares fit according toσ(T ) = C1 + C2T + C3T
2 based on the new OClO cross-sections at all temperatures between

293 and 213 K with a resolution of 20 cm−1.
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Table 2
Observed and calculated band centres of O35ClO

Upper
v1

State’s
v2

Quanta
v3

Observeda

(cm−1)
Calculated
(cm−1)

Difference
(cm−1)

3 0 0 23118.0 23121.4 −3.4
2 0 2 23280.0 23278.6 1.4
3 1 0 23393.0 23390.8 2.2
2 1 2 23550.0 23549.4 0.6
4 0 0 23803.0 23806.2 −3.2
3 0 2 23959.0 23958.4 0.6
4 1 0 24072.0 24072.9 −0.9
3 1 2 24227.0 24226.6 0.4
5 0 0 24485.0 24485.7 −0.7
4 0 2 24633.0 24632.9 0.1
5 1 0 24750.0 24749.7 0.3
4 1 2 24896.0 24898.5 −2.5
6 0 0 25162.0 25159.9 2.1
5 0 2 25306.0 25302.2 3.8
6 1 0 25424.0 25421.4 2.6
5 1 2 25564.0 25565.2 −1.2
7 0 0 25832.0 25828.9 3.1
6 0 2 25966.0 25966.3 −0.3
7 1 0 26089.0 26087.7 1.3
6 1 2 26226.0 26226.6 −0.6
8 0 0 26495.0 26492.7 2.3
7 0 2 26623.0 26625.1 −2.1
8 1 0 26748.0 26748.9 −0.9
7 0 2 26881.0 26882.8 −1.8
9 0 0 27151.0 27151.2 −0.2
7 1 2 27277.0 27278.7 −1.7
9 1 0 27404.0 27404.7 −0.7
8 1 2 27532.0 27533.7 −1.1

10 0 0 27803.0 27804.5 −1.5
9 0 2 27928.0 27927.0 1.0

10 1 0 28054.0 28055.4 −1.4
9 1 2 28180.0 28179.4 0.6

11 0 0 28453.0 28452.5 0.5
10 0 2 28568.0 28570.0 −2.0
11 1 0 28698.0 28700.7 −2.7
10 1 2 28824.0 28819.8 4.2
12 0 0 29097.0 29095.2 1.8
11 0 2 29207.0 29207.8 −0.8
12 1 0 29341.0 29340.9 0.1
11 1 2 29457.0 29455.0 2.0
13 0 0 29732.0 29732.8 −0.8

Comparison of the observed and calculated band head positions (in cm−1)
for the strongest progressions of O35ClO, from v1 = 3 to 13, using the
upper state’s constants given inTable 3. The average of the differences
between observed and calculated band head positions is 0.013 cm−1 with
a rms deviation for the 41 band centres of 1.85 cm−1.

a Observed positions are given with an estimated uncertainty of 3 cm−1.

constants for the OClO upper electronic state (seeTables 2
and 3, where the constants are compared with the exper-
imental values by Hubinger and Nee[20] and with the
theoretical values of Peterson[35]). The general agreement
between the different studies is good. It should be noted that
the anharmonicity constantx33 given by Richard and Vaida
[19] was used for this fit. The determined constants repro-
duce the observed spectrum well, and they will be useful for
modeling the OClO absorption spectrum at different tem-

peratures using the corresponding band contours (work in
progress).

4.2. Photolysis studies

The photolysis experiments were carried out to investigate
whether the photolysis of pure OClO leads to a complete
conversion into molecular oxygen and chlorine according to
the following mechanism:

OClO+ hv → O + ClO (I)

O + OClO → O2 + ClO (II)

ClO + ClO → Cl2 + O2 (II)

net : 2OClO+ hv → Cl2 + 2O2 (IV)

If this mechanism was sufficient to reproduce our measure-
ments (with Cl2 and O2 as the only products of OClO pho-
tolysis), it would be a second independent method to deter-
mine OClO absorption cross-sections at 293 K.

In our experiments the photolysis of OClO resulted in
the formation of Cl2. However only 20–80% (depending on
the photolysis conditions) of the initial OClO was converted
into Cl2. Because there were no other initial reactants than
OClO (except for an estimated≤2% residual Cl2 from the
synthesis), these differences can only be explained by the
formation of higher chlorine oxides. Indeed molecules like
Cl2O3 and Cl2O4 were previously detected as products of
the room temperature photolysis of OClO mixtures[37,38].
Unfortunately, because of the limited spectral range in our
observations, there was no possibility of detecting these
higher chlorine oxides above 33,000 cm−1 (wavelengths be-
low 300 nm).

To investigate which chemical reactions are important
in our measurements, chemical model calculations were
carried out using the FACSIMILE© software[39]. All re-
actions available in the literature[37–40] together with
rate constants from the NIST[41] or the JPL kinetic
databases[42] were integrated into the modelling scheme.
The model results were compared to the measurements of
the time-dependent concentrations of OClO and Cl2 in pho-
tolysis experiments extending over more than 10 min. The
photolysis rates for OClO and Cl2 were calculated using
their absorption cross-sections together with the spectrum
of the photolysis lamps.

Different reaction mechanisms were tested to reproduce
the observed processes, i.e. the decrease of OClO, the in-
crease of Cl2 and the chlorine deficit due to the formation of
other final products than Cl2. The first chemical model in-
cluded only reactions and rate coefficients described in the
literature [37,38,41,42]. However this mechanism did not
reproduce the data sufficiently well: the OClO decrease was
slower than observed and instead of increasing the Cl2 a fur-
ther decomposition took place. Consequently, some exten-
sions to the first mechanism were formulated, in particular
concerning the formation and decomposition of the higher
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Table 3
Spectroscopic constants of the A2A2 state of OClO

Upper state’s constant This work (cm−1) Reference[20] (cm−1) Reference[19] (cm−1) Reference[35] (cm−1)

Te 20330.0± 3.8 20962a 20316.9 20265.7b

ω1 709.61± 0.78 735± 10 705.9 720.4
ω2 278.8± 2.2 291± 6 284.2 288.1
ω3

c 421.8± 1.2 433± 2.5 410.5 419.2
x11 −2.624± 0.041 −4.9 ± 0.3 −2.76 −3.61
x12 −2.64 ± 0.22 −3.9 ± 0.7 −3.55 −3.98
x13 −5.10 ± 0.12 −5.0 ± 0.4 −5.47 −50.4
x23 −0.56 ± 0.66 – −2.22 −6.76
x33 13.15d – 13.15 23.69

Vibrational constants of O35ClO from this work, compared to the experimental work of Richard and Vaida[19], of Hubinger and Nee[20], and to the
ab-initio calculation of Peterson[35]. All values are given in cm−1. The values in parentheses indicate 1σ in units of the last digit.

a From extrapolation.
b Calculated by Peterson[35] using theT0 of [19].
c Derived from 2ω3.
d Constant fixed to the value of[19] in the least-squares calculation.

chlorine oxides. However, the observations of OClO and Cl2
alone do not provide the necessary information to validate
these extensions with sufficient accuracy. Therefore, new
photolysis experiments are currently carried out in our lab-
oratory to investigate this issue in more detail, focussing on
the observation of intermediates like ClO, ClOO and ClO3
and the potential final products like Cl2O3 and Cl2O4.

5. Conclusion

In this study the absorption cross-sections of OClO have
been measured at five atmospheric temperatures between
213 and 293 K using high-resolution Fourier-transform spec-
troscopy in the 325–435 nm (23,000–31,000 cm−1) region.
The obtained data is characterised by an accurate wavelength
calibration and high spectral resolution (1.0 cm−1).

The spectra have been vibrationally assigned and molec-
ular constants of the upper electronic state were re-deter-
mined, in good agreement with those of Hubinger and Nee
[19] and Richard and Vaida[20].

The new OClO cross-sections are important for atmo-
spheric remote-sensing using optical spectroscopy in order
to reduce systematic errors in the data retrieval, which are
mainly due to wavelength calibration uncertainties of the
reference spectra and to unmatched instrumental line-shapes
between the atmospheric and the laboratory reference spec-
tra. The new FTS cross-sections have already been success-
fully employed in the analysis of ground- and balloon-based
atmospheric measurements, and they have led to an im-
proved data quality for these and other applications. They
will also be used for modelling the OClÕA − X̃ electronic
bands from molecular constants (work in progress).

All new OClO cross-sections and polynomial coefficients
for temperature interpolation can be obtained as ASCII files
via HTML from the internet (http://www.iup.physik.uni-
bremen.de) or upon request to one of the authors.
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