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The photodissociation dynamics of OClO in the near ultraviolet~UV! was investigated in a state
specific and energy selective manner. At a dissociation wavelength of 308 nm, OClO(X̃ 2B1) was
excited to the OClO(Ã 2A2(18,0,0)) state, from which it decays into ClO(X 2P3/2,1/2) and
O(3P2,1,0). The nascent oxygen fragments were detected spin selectively by resonant enhanced
multiphoton ionization and time of flight measurements~REMPI-TOF!. Based on the measurements
and the conservation of energy and linear momentum, the internal energy of the ClO partner
fragment was obtained. On average, more than 60% of the available energy is transferred into
internal excitation of the ClO radical. Nearly the whole internal energy is vibrational energy with
vibrational levels populated up to the energetic limit. Besides, the internal energy depends on the
oxygen spin-orbit state because the fraction of highly excited ClO fragments increases with
increasing total angular momentumJ. The bimodal behavior of the fragment energy distribution
indicates two different dissociation pathways, in which one leads to ClO radicals excited up tov
510 and the other one up tov515. Furthermore, the decay is anisotropic, which was proved by
polarization experiments. This is a hint for a short decay time estimated to be in the order of a few
hundred femtoseconds. ©1997 American Institute of Physics.@S0021-9606~97!02148-X#
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INTRODUCTION

Photodissociative reactions play an important role in
mospheric chemistry. As Cl and ClO radicals are crucia
involved in stratospheric ozone depletion, there is great
terest in the photolysis of OClO. The near ultraviolet a
visible photodissociation of the OClO molecule leads to t
product channels, one producing O and ClO radicals and
other one generating Cl and O2 products:

OClO1hn→O~3PJ!1ClO ~1!

→Cl~2PJ!1O2. ~2!

In gas phase photodissociations, the first channel is prefe
with a quantum yield of about 95%. Incoherent results ha
been obtained on the quantum yield of the second chann1,2

Davis and Lee3 published a yield of 3.9%60.8% at 404 nm
and less than 0.2% at wavelengths smaller than 370
agreeing well with results lately obtained in our laborator4

where a different detection scheme was used. Theref
channel 2 clearly is a secondary process in the studied w
length regime. The main channel, 1, has been investigate
determining the vibrational and rotational population of t
nascent ClO fragment. The state specific detection of ClO
based on early spectroscopic work by various groups ana
ing spectra obtained in the microwave,5 infrared ~IR!,6 and
the vacuum ultraviolet~VUV !7 region, characterizing the
electronically excitedC 2S state and theX 2P i ground state.
In addition, there are laser induced fluorescence~LIF!,8,9

REMPI,10,11 and femtosecond real-time probing12 experi-
ments. Based on some of those measurements, Coxon13 cal-
culated the molecular constants of ClO in its ground a
excited state forv50 andv51. The spectroscopic constan
of the ground level were completed by Burkholderet al.,14
10582 J. Chem. Phys. 107 (24), 22 December 1997 0021-9606/9
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who observed infrared spectra of the fundamentalv
51←v50) and first overtone (v52←v50) bands of the
ClO (X 2P3/2,2P1/2) radical.

Baumgärtel and Gericke15 showed that the two-photon
LIF technique is a powerful method in detecting nascent a
completely state-resolved ClO because the two-photon e
tation eliminates the tedious creation of VUV photons, wh
the fluorescence observation in the VUV by means of a s
blind photomultiplier dramatically improves the signal
noise ratio. Davis and Lee16 studied the dissociation dynam
ics of OClO at wavelengths between 350 and 475 nm.
wavelengths shorter than 400 nm they observed a releas
the excess energy essentially in relative translation and no
vibration, whereas at wavelengths longer than 400 n
nearly all thermodynamically accessible levels are popula
They supposed that most of the internal ClO energy is sto
in vibration and less in rotation.

Delmdahlet al.17 successfully employed the two-photo
LIF excitation when investigating the state-to-state OC
photodissociation from theÃ 2A2 ~18,0,0! and ~11,0,0! lev-
els of the symmetric stretch motion where the symme
stretch motion is transferred into the dissociative asymme
stretch motion on theÃ 2A2 surface leading to the O an
ClO products. For the dissociation originating from th
~18,0,0! state, Delmdahlet al.17 found extremely vibra-
tionally excited ClO. The conclusion of this work was th
the energy above the dissociation barrier of the2A2 state is
essentially transferred into ClO vibration. This observation
confirmed by measurements of Huberet al.,18 who observed
the ClO energy distribution when OClO is excited into t
n159 to n1518 levels. They used photofragment trans
tional energy spectroscopy and detected the ClO fragm
with a conventional quadrupole mass spectrometer.

Though the OClO photodissociation has been inve
7/107(24)/10582/10/$10.00 © 1997 American Institute of Physics
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10583Roth, Maul, and Gericke: Photodissociation dynamics of OClO
gated with the REMPI technique19,20and the O atom is easily
accessed by REMPI,21,22 the experimenters concentrated
measuring ClO and Cl fragments, but no oxygen fragm
analysis has been performed. In this work, for the first ti
REMPI spectra of the oxygen fragments are presen
formed by dissociation of OClO (Ã 2A2(18,0,0)) upon ex-
citation at 308 nm. We state selectively probed all spin-o
states of oxygen O(3PJ) with ~211!-REMPI at wavelengths
around 225 nm. Analyzing state specific velocity distrib
tions by time of flight measurements, kinetic and intern
energies of the ClO partner fragment are obtained, tak
into account the conservation of energy and linear mom
tum. Thus, the energetics and the~joint partner! product state
distributions of the photodissociation process can comple
be characterized, especially with respect to the dissocia
pathways leading to spectroscopically dark, highly vib
tionally excited ClO fragments. Furthermore, new dissoc
tion pathways were found with a rise in excitation energy
their dissociation geometry, decay time, and spatial distri
tion is still unknown. In addition, we present high resoluti
REMPI spectra of the spectroscopically accessible C
which were investigated by Vaidaet al.23 at lower resolu-
tion. In order to obtain some information on the dissociat
time, polarization measurements were performed, and the
fluence of the polarization vector of the probe laser on
shape of the TOF profile, reflecting the spatial fragment d
tribution, was analyzed.

The generation of highly vibrationally excited ClO in th
photodissociation of OClO is of great importance in atm
spheric chemistry because of possible subsequent ClO r
tions with constituents of the atmosphere.

Choo and Leu24 suggested the following reactions of v
brationally excited ClO with Cl and O3:

ClO~v.2!1Cl→Cl21O, ~3!

ClO~v@0!1O3→ClO1O21O. ~4!

Similarly, the UV dissociation of O3 at 226 nm (O3

1hn(226 nm!→O21O) is known25 to produce highly vi-
brationally excited O2(X

3Sg
2 ,v>26) molecules, which

could be a so far neglected source in the atmospheric oz
production via the reaction,

O2~v>26!1O2→O31O~3P!. ~5!

Furthermore, a vibrationally excited oxygen molecule can
dissociated by near UV radiation, whereas O2 in its ground
level requires VUV26 radiation. As a result of the higher flu
of near UV light in the atmosphere, this oxygen dissociat
pathway becomes important for atmospheric chemistry.

Due to the formation of extremely vibrationally excite
ClO radicals, reactions with the atmospheric molecules O2 or
N2 become possible, and in this case the reaction rate
well exceed the relaxation rate.

EXPERIMENT

The OClO molecule was generated according to
method of Derby and Hutchinson.27 A bulb containing a gas
mixture of about 10% Cl2 and 90% N2 was coupled to a
J. Chem. Phys., Vol. 107, N
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column filled with NaClO2 and Raschig rings. While the ga
flowed through the column, OClO and NaCl were produc
The gas was transferred into the reaction chamber with
further purification. The cell was evacuated by two oil diff
sion pumps~Leybold, 500 l/s! and a turbomolecular pump
~Leybold Heraeus 360 CSV, 360 l/s! to a base pressure o
1024 Pa. The OClO gas was expanded into the react
chamber by a pulsed nozzle~General Valve! which was op-
erated at a stagnation pressure of 200–600 mbar and a p
duration of typically 250ms. At a repetition rate of 10 Hz
the background pressure was 1023Pa with the nozzle in op-
eration. From linewidth measurements with CO, the par
molecule temperature could be estimated to be about 10
Thus, the internal energy of OClO is negligible.

The molecular beam propagates perpendicularly to
axis of our time of flight spectrometer, which is described
detail elsewhere.28 At the end of the spectrometer, micro
channel plates in chevron configuration are used to enha
the ion signal. The TOF spectrometer can be operated
three different ways.

First, in the drift mode the ions drift through the spe
trometer with a total lengths50.57m only because of thei
initial recoil velocity. The signal is monitored with a multih
time-to-digital converter~FAST 7885! with a time resolution
of 5 ns per channel, stored in a data buffer~FAST MCD/PC!
and transferred to a personal computer. The drift mode
rectly yields the velocity distributionFv(v) from the mea-
sured TOF profileFT

D(t) via the relation

Fv~v !5FT
D~ t !•t2. ~6!

Second, in the acceleration mode, the ions are acce
ated along a region of 0.19 m (5s/3) by a homogeneous
electric field of variable strength. In the present measu
ments the electric field was fixed at 2600 V/m. The accele
tion region is followed by a field free drift region of twic
the length of the acceleration region. The shape of the t
porally broadened ion signal was monitored by a digital tra
sient wave form recorder~LeCroy 9450!. The acceleration
mode yields the distributionFvx

(vx) of the velocity compo-
nent vx along the spectrometer axis from the TOF profi
FT

A(Dt) via the linear relationship

vx5c8•Dt, ~7!

where c858s/3t0
258eUA /m accounts for the acceleratio

voltageUA, the spectrometer lengths, particle massm, and
chargee. Dt5t2t0 is the deviation from the center of th
acceleration profile.

Equation ~7! holds in all practically relevant cases
where the acceleration energy is large compared to the in
kinetic energy of the observed fragment:

e•UA@Ekin5 1
2mv2. ~8!

Fv(v) is easily obtained fromFvx
(vx) if the spatial fragment

distribution is known.
Third, in the Doppler mode the electric field is so larg

that one cannot measure any difference in arrival time.
stead the total intensity of the ion signal is integrated b
o. 24, 22 December 1997
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10584 Roth, Maul, and Gericke: Photodissociation dynamics of OClO
boxcar integrator and averager~Stanford Research Syste
SR 250! and digitized by an A/D converter while the laser
tuned over the Doppler line. In the Doppler mode the dis
bution Fvy

(vy) is obtained, similarly as in the precedin
paragraph, from the Doppler broadened line shapeD(Dn)
via the relation,

vy5
cDn

n0
, ~9!

wherec is the speed of light,vy is the velocity componen
along the laser beam,n0 is the center of the Doppler line, an
Dn5n2n0 is the frequency deviation from the line center.
the dissociation process is isotropic,Fvx

(vx) andFvy
(vy) are

equal.
The high temporal resolution of TOF profiles obtained

the drift mode allows a very accurate determination of
underlying velocity distribution. The acceleration profil
compensate for the decreasing spectrometer transit effici
for low kinetic energies, although at the expense of tempo
resolution. Thus, operating the spectrometer in both mo
combines the respective advantages and yields highly a
rate, complete velocity distributions.29

An excimer pumped dye laser system~Lambda Physik
LPX 605i @XeCl 308 nm#, LPD 3000! delivered the photoly-
sis and probe pulses. A small part of the pump light w
coupled out by a beam splitter and was used to photolyze
molecule. An optical delay line formed the jitter-free timin
between photolysis and probe pulse. The laser pulses w
electronically delayed with respect to the molecular be
~Stanford Research System DG 535!.

The oxygen fragments O(3P2,1.0) in their different spin-
orbit states were probed by~211!-REMPI in the wavelength
region of 225 nm. In order to obtain this wavelength we us
Coumarin 47~440–484 nm, 5–10 mJ/pulse! and ab-barium
borate~BBO! crystal for second harmonic generation~50–
200 mJ/pulse!. The light pulses counterpropagated in the
action chamber and both intersected the spectrometer
perpendicularly. The molecular beam intersected the pr
pulse in an angle of 54°. In order to determine anisotro
effects in the photodissociation of OClO we polarized t
photolysis laser parallel and perpendicular to the spectr
eter axissW. The polarization of the analyzing dye laser lig
was always maintained parallel to the spectrometer axis

The photolysis and probe pulse were focused in the
action chamber. The photolysis light was focused by a 1
mm lens in the Doppler and the acceleration mode, whe
for the drift mode a 100 mm lens was used. The probe pu
was focused by a 80 mm lens for the acceleration and d
profiles, for the Doppler profiles by a 135 mm lens.

The other partner fragment ClO was detected in
Doppler mode only by a one-color experiment with RD
360 ~342–373 nm, 7–10 mJ/pulse! as laser dye. In that cas
OClO photolysis and ClO detection occur at the same wa
length. Since the flight times of35ClO and37ClO differ by
their masses, isotope specific spectra were observed sim
neously by adjusting two boxcar gates at the respective
J. Chem. Phys., Vol. 107, N
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rival times. The signals were normalized by measuring
probe laser intensity.

RESULTS

In the photodissociation of OClO the oxygen fragment
formed in its3PJ ground state, where its angular momentu
quantum number has the valuesJ50,1,2. The energy levels
of these states are separated by 158 and 227 cm21 as it is
indicated by the term scheme in Fig. 1. Using transitio
3p 3PJ←2p 3PJ with DJ50, we detected the differen
spin-orbit states by~211!-REMPI. The O(3P2) state was
probed at 225.572, O(3P1) at 225.974, and O(3P0) at
226.149 nm.

Conservation of linear momentum and energy allow
calculation of maximum oxygen recoil velocity. The ava
able energyEav is the difference between photolysis ener
hn and dissociation energyED (19 311 cm21),30 added to
the internal energy of the parent molecule,Eint~OClO): Eav

5hn (308 nm)2ED1Eint~OClO). In the molecular beam
the parent molecule is jet cooled, and thus its internal ene
Eint~OClO) is negligible and a value ofEav513 157 cm21 is
calculated. The available energy is distributed into the
netic energyEkin and internal energyEint of the fragments.
The kinetic energy of the ClO fragment is that of the oxyg
fragment weighted by the fragment mass ratio, which is
consequence of the conservation of linear momentum.
internal energyEint~O) of the oxygen atom is given by th
spin-orbit state energies~see Fig. 1!,

Eav5Eint~O)1S 11
mO

mClO
DEkin~O)1Eint~ClO). ~10!

FIG. 1. Term scheme of the oxygen atom which contains the~211!-REMPI
transitions of every spin-orbit state. The energy levels are not scaled.
o. 24, 22 December 1997
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10585Roth, Maul, and Gericke: Photodissociation dynamics of OClO
The oxygen velocity is at its maximum when the ClO radic
has no internal energy. Thus, the maximum velocities
O(3P2), O(3P1), and O(3P0) are 3870, 3847 and 3836 m/
respectively.

In Fig. 2 the drift profiles of the oxygen in its spin-orb
states (O(3PJ),J50,1,2) are shown. Of the three peaks, t
main peak is caused by photolysis of OClO at 308 nm. If
ascending slope of this peak at short flight times is extra
lated to the time axis, the maximum O recoil velocity can
determined. The obtained value of 39006100 m/s is in good
agreement with the calculated values according to Eq.~10!.

The first peak in Fig. 2, corresponding to a value of 52
m/s, is oxygen formed in the photolysis of OClO by a phot
of 225 nm~probe pulse!, and the second peak represents
fast oxygen radicals generated in the secondary photolys
308 nm, where a second photon dissociates the ClO fragm
into Cl and O. In this case the total oxygen velocity is giv
by the sum and difference of the ClO parent molecule vel
ity as a consequence of the primary photolysis and the o
gen velocity of the secondary photolysis. The slow oxyg
radicals obtained via secondary photolysis cannot be dis

FIG. 2. Drift profiles of oxygen in different spin-orbit states (O3PJ ,J
50,1,2) containing three peaks. The first peak corresponds to photolys
OClO at 225 nm, the second one to secondary photolysis of ClO at 308
and the main peak to photolysis at 308 nm.
J. Chem. Phys., Vol. 107, N
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guished from the oxygen fragments formed in primary ph
tolysis because of their low intensity.

At a first glance there is no remarkable difference b
tween the profiles, so that the velocity distribution seems
be independent of the spin-orbit state. However, these d
profiles are not sensitive to slow recoil velocities and relia
conclusions can only be drawn when the acceleration pro
are taken into account. The results of these measurement
shown in Fig. 3. These profiles were measured using un
larized probe light, so that possible anisotropic effects of
fragmentation process on the profiles are strongly reduced
contrast to the profiles of O(3P1) and O(3P0), the O(3P2)
profile shows an increase of intensity in the middle of t
peak, which indicates the preferred formation of slow ato
generated in theJ52 state.

In order to test any anisotropic behavior of the dissoc
tion process we polarized the photolysis laser parallel
perpendicular to the spectrometer axissY. For an isotropic
dissociation pattern the profiles should have the same
pearance. However, the obtained profiles presented in F
and Fig. 5 differ significantly, which is an indication of a
anisotropic fragmentation. Moreover, this proves that the d

of
m
FIG. 3. TOF profiles obtained by acceleration of the generated oxy
fragments with an electric field~Ub5500 V, unpolarized photolysis!. For
O(3P2) the highest contribution of slow O fragments is observed.
o. 24, 22 December 1997
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10586 Roth, Maul, and Gericke: Photodissociation dynamics of OClO
sociation has to be fast because otherwise the anisotr
effects would be strongly reduced due to parent molec
rotation. The transition dipole moment of OCl
(Ã 2A2←X̃ 2B1) lies in the molecular plane, parallel to th
line connecting the two oxygen atoms. Under the assump
that the dissociation is very fast, the valence angle of
ground state is maintained in the excitation. If the O fra
ment recoils from the center of mass of the ClO partner,
velocity vector forms an angle of 17.6° with respect to t
dipole moment~see Fig. 6!. Consequently, the O fragmen
are mainly generated perpendicular to the spectrometer
sW if the photolysis light is polarized perpendicular tosW, and
the signal intensity at the line center will be increased~Fig.
4!. On the other hand, if the photolysis pulse is polariz
parallel tosW, the O atoms are mainly formed in or against t
direction of sW ~Fig. 5!. Consequently, there is a dip in th
center of the acceleration profile.

The angle dependent velocity distributionFv(u,v) can
be described byFv(v) and a term containing the anisotrop
parameterb:

Fv~u,v !}
Fv~v !

v
@11bP2~cosu!#, ~11!

FIG. 4. Acceleration profiles measured with the photolysis light being
larized perpendicular to the spectrometer axis, where the oxygen fragm
are preferentially generated perpendicular to the spectrometer axis.
J. Chem. Phys., Vol. 107, N
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if no correlation betweenb andFv(v) exists.31 P2(cosu) is
the second Legendre polynomial of the polar angleu with
respect to the transition dipole momentm. The second term
in brackets has to vanish to obtain a distribution independ

-
nts
FIG. 5. Acceleration profiles measured with the photolysis light polariz
parallel to the spectrometer axis, where the oxygen fragments are pref
tially generated in or against the direction of the detector.

FIG. 6. Recoil angle of the O fragment calculated under the assumption
the angle of the ground level remains constant during fragmentation and
O fragment recoils from the center of mass of the ClO fragment.
o. 24, 22 December 1997
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10587Roth, Maul, and Gericke: Photodissociation dynamics of OClO
of the spatial distribution of the fragments. Since the anis
ropy parameter exhibits a value different from zero, the L
endre polynomial has to fulfill the condition

P2~cosum!5 1
2~3 cos2 um21!50, ~12!

where um554.7° is the so-called magic angle. In order
obtain the acceleration profiles of the magic angle, profile
both polarizations were normalized separately to equal a
and summed up with suitable factors according to a pro
dure first described by Huber and co-workers.32 The result is
shown in Fig. 7.

Based on the acceleration and drift profiles, the veloc
distribution of every state is calculated and the results
presented in Fig. 8. All obtained distributions show bimod
behavior, but the velocity distribution of the O(3P2) contains
more slow ions than that of the O(3P0) or O(3P1).

The obtained velocity distributions can be used to cal
late Doppler profiles. These calculated Doppler profiles
in good agreement with the measured ones, indicating
conformance between the drift, acceleration, and Dop
profiles. Integration of Doppler profiles obtained und
equal conditions yields a population relation
O(3P2):O(3P1):O(3P0)50.53: 0.32: 0.15, which is compa
rable to a statistical distribution~0.56: 0.33: 0.11!.

FIG. 7. Calculated acceleration profiles based on the profiles obtaine
polarizing the photolysis light parallel and perpendicular to the spectrom
axis.
J. Chem. Phys., Vol. 107, N
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In order to test whether the high vibrational excitation
the ClO radical is directly measurable in detecting ClO itse
we observed REMPI one-color spectra of ClO in the wa
length region of 338–356 nm, which are presented in Fig
The spectra are normalized to the laser intensity and are
tope specific because of the difference in mass of35ClO and

by
er

FIG. 8. O(3PJ) velocity distributions received by the combination of acce
eration and drift profiles.

FIG. 9. One-color spectra of35ClO and 37ClO with the natural isotope
relation35Cl:37Cl53:1 reflected in the intensity of the lines.
o. 24, 22 December 1997
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10588 Roth, Maul, and Gericke: Photodissociation dynamics of OClO
37ClO. The signal intensity of both isotopes reflects the na
ral isotope relation of35Cl:37Cl53:1. The vibrational bands
are assigned in Fig. 9. The2P3/2 spin system is energeticall
higher than the2P1/2 spin system and is less populated. T
observed ClO is vibrationally excited up tov53, while the
intensity of the vibrational bands decreases with increas
v. Comparatively few rotational lines are observed, so
rotational excitation is low. This behavior is comparable
the results of Vaidaet al. at 339–342 nm, but the rotationa
lines are monitored with much better resolution.23 Unfortu-
nately, unfavorable Franck–Condon factors do not allow
rect monitoring of the ClO fragments forv.5, as is shown
in earlier LIF measurements.15 Therefore, the analysis for th
highly vibrationally excited states of ClO has to rely on t
O atom observations.

DISCUSSION

The observed velocity distributions of the O(3P2),
O~3P1), and O(3P0) products are bimodal in characte
which is also reflected in the energy distributions. The sl
oxygen fragment corresponds to a ClO fragment with
tremely high internal energy. The contribution of slow io
increases with increasingJ from 20% for O(3P0) to 32% for
O(3P2), so that together with the O(3P2) state the highes
portion of highly excited ClO radicals is found. Using E
~10! and the kinetic energy of the O fragments, the inter
energy of the ClO fragment is calculated. The computed
ternal energy distributions are presented in Fig. 10.
found ClO fragments with extremely high internal energy
about 8000 and 12 500 cm21, respectively, in agreemen
with Delmdahl et al..17 The decay of a molecule is influ
enced by the potential surfaces of its electronic levels. Fig
11 shows cuts throughab initio potential surfaces calculate
by Peterson and Werner with respect to symmetric
asymmetric bond length distortion and variation of the v
lence angle.33 If the bond lengths are varied asymmetrical
the molecule takes onCs symmetry, otherwiseC2v symme-
try. Both symmetries are described with different notatio
In Fig. 11 theCs notation is used, whereas in the text we w
useC2v notation. The alternative notation is added in brac
ets to facilitate the comparison. TheÃ 2A2 and2B2 surfaces
are bonding with respect to both the symmetric OClO d
tancer ClO and the valence anglew because of their potentia
minimum. If the molecule fragments via theÃ 2A2@2A9# and
2A1@2A8# surfaces with respect to asymmetric bond len
distortion RClO , it has to overcome an energy barrier. T
potential surface of theÃ 2A2 state exhibits a barrierEb with
respect to theRClO coordinate. If the excitation energy i
sufficiently high, the dissociation could follow a dissociatio
channel, where a vibrational predissociation along thev3 co-
ordinate takes place. Although the molecule is initia
bound in theÃ 2A2 level along the symmetric stretchin
modev1 , a small coupling betweenv1 andv3 is enough to
change into the asymmetric system while the energy is tra
J. Chem. Phys., Vol. 107, N
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formed into asymmetric core movement. As soon as eno
energy is transferred into the asymmetric bond length dis
tion to overcome the barrier, the OClO can fragment into
vibrationally excited ClO and an O radical.

FIG. 10. Internal energy distribution of ClO for different O(3PJ) partner
fragments. Remarkable is the bimodal behavior and the increasing fra
of highly internally excited ClO products with increasingJ of the partner
atom.

FIG. 11. Cuts throughab initio potential energy surfaces calculated b
Peterson and Werner~Ref. 33! for variation of the symmetric stretch coor
dinateRClO , the bending coordinatew, and the asymmetric stretch coord
nater ClO .
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TABLE I. State selective energy partitioning for the different O(3PJ) states.

Spin-orbit
state

Fraction of the
total oxygen

signal
Eint~O)/Eav

Eint~O!@cm21]
Eint~ClO)/Eav

Eint~ClO!@cm21]
Ekin~O)/Eav

Ekin~O!@cm21]
Ekin~ClO)/Eav

Ekin~ClO!@cm21]

O(3P2) 0.53 0% 70% 23% 7%
0 cm21 9122 cm21 3071 cm21 964 cm21

O(3P1) 0.32 1% 66% 25% 8%
158 cm21 8696 cm21 3275 cm21 1028 cm21

O(3P0) 0.15 2% 63% 27% 8%
227 cm21 8337 cm21 3496 cm21 1097 cm21

average 0.6% 67.7% 24.2% 7.5%
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The minimum of the2A1 surface with respect to th
valence angle is obtained for a value of 180° whereas
minimum of the Ã 2A2 level corresponds to an angle o
107°. A change of the valence angle induces a torque wh
should be reflected in high rotational energy. Since only l
rotational energy was observed in the experiment, a deca
the 2A1 surface is improbable. An intramolecular transitio
from the Ã 2A2 surface to the ground levelX̃ 2B1 and a
subsequent decay should lead to a statistically distribu
ClO fragment energy which is also in contrast to t
experiments,17 and therefore the mechanism is equally u
likely.

Characteristic for our measurements are the extrem
high internal energy of ClO and the anisotropic distributi
of the products. The anisotropic behavior indicates a
decay, i.e., the lifetime of excited OClO is less than a ro
tional period of the molecule. Otherwise the origina
aligned molecules would lose their alignment by rotatio
The average time of rotationTr is given by

Tr52pA( i ~u i /3!RT, ~13!

whereu i are the moments of inertia,R is the gas constant
and T is the temperature.34 With a temperature of 10 K, a
rotational period of about 15 ps is calculated, which is
upper limit. Using the linewidths of the absorption spectru
at 296 K measured by Wahneret al., the lower limit of the
lifetime of the OClO~18,0,0! state could be estimated t
about 0.2 ps.35

The bimodal behavior of the internal energy distributi
refers to different dissociation channels. Because of the
decay it is probable that the OClO molecule directly dis
ciates on the excitedÃ 2A2 potential surface if the excitation
energy overcomes the barrier. This should be reflected
highly vibrationally excited ClO radicals, which comes fro
the initial vibrational excitation of OClO. In that case th
excited OClO molecule nearly decays under a perpendic
geometry. The equilibrium angle of theÃ 2A2 state is about
118°. Therefore, the oxygen radical could hardly transfer
brational energy into ClO while it is repelled.

One can estimate the rotational energy of the ClO fr
ment by different model calculations. If the parent molec
OClO does not rotate, the mean rotational energy can
calculated from the zero point motion of thev2 vibration:
J. Chem. Phys., Vol. 107, N
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8v2

mCl1mO~12cosw0!

mClO
, ~14!

wherev2 is the energy of the bending vibrational modev2 ,
and w05117.7° is the bending angle of the OClO groun
level.36 Based on Eq.~14! we calculate a value of 65 cm21.

In the impulsive model, a triatomic moleculeABC de-
cays because of an instantaneous development of a repu
force between the departing atomA, and the atomB it was
initially bound to. This force is directed along the breakin
bond. Therefore, a torque on the diatomBC around its center
of mass is induced. ConsequentlyBC is rotationally excited
and the rotational angular momentum is directed perpend
lar to the molecular plane. The third atomC is not involved
in the dissociation process. According to the impulsi
model, the limitations of which are shown by Schinke,37 the
rotational energy can be calculated by:

Erot5Eav

sin2 w0mO
2

~mO1mCl!
22mO

2 cos2 w0
. ~15!

We obtain a rotational energy of 1037 cm21. Both calcula-
tions indicate that the rotational energy is small compared
the total internal ClO energy of about 8900 cm21, agreeing
with the results of Huberet al., which are based on a rota
tional energy of 650 cm21.18

The energy difference (hn-Eb) between excitation en
ergy hn and barrierEb is mainly transformed into interna
energy of the ClO fragment. The remaining kinetic energy
the fragments is equal to (Eb2ED). We observed a mean
internal ClO energy of 8900 cm21, which corresponds to a
vibrational excitation aroundv510. That way an energy bar
rier of 23 500 cm21 results from dissociation energy and k
netic energy. The conclusion that the surplus energy (hn
2Eb) is released as ClO vibration is supported by rec
experimental results. Huberet al. observed an increase o
internal ClO energy with increasing available energ
whereas the average translational energyEkin ~ClO1O! re-
mains constant, ranging from 4200 to 4600 cm21.18 Delm-
dahl et al. examined the OClO dissociation of th
(Ã 2A2(11,0,0)) state where the OClO molecule was exci
at 351 nm.17 From the energy balance they expected C
radicals vibrationally excited tov53, which was manifested
by their measurements. In our experiment we observed
percentages of the available energy which were transferre
o. 24, 22 December 1997
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TABLE II. ClO fragments with sufficient energy to react with N2.

Spin-orbit state

Fraction of the
total oxygen

signal

Percentage of ClO radicals
following the second dissociation

pathway

Percentage of ClO radicals
with an internal energy higher

than 8500 cm21

O(3P2) 0.53 32% 62%
O(3P1) 0.32 24% 54%
O(3P0) 0.15 20% 49%
average 27.6% 57.5%
ar
tic
e

h
e

b
f

st
n.
e
rg
xc

n
rg
he

th
ta

te

re
r
fo

s
ac
ib

o

e
n

dard
nd
g

of

a-
dy-
eir
is,

ble

F

d
-
to
o-
el-
e
ays
g
t as

e

n-
ra-

n is
of a

ns
h as
-
tom

or-
mis-
internal and kinetic energy shown in Table I. The main p
of about 68% is found in internal ClO excitation. The kine
energy is nearly constant and its value is in good agreem
with that of Huberet al..18

While the first maximum~at low internal energy! of the
ClO internal energy can be explained by this decay mec
nism on theÃ 2A2 surface, it seems very unlikely that th
second maximum~at high internal energy! can be explained
by a decay on the same surface.

The second dissociation mechanism might presuma
occur on the2B2@2A8# surface. At an excitation energy o
32 468 cm21, the potential surfaces of theÃ 2A2 and 2A1

levels are close together and the crossing is smooth~see Fig.
11!. Thus, a fastÃ 2A2←2A1 transition can be expected. A
possibly following vibronic, and, therefore, likewise fa
coupling with the2B2@2A8# surface leads to the dissociatio
On this surface the molecule decays at a bending angl
about 180° that presumably causes high vibrational ene
If it is assumed that the energy difference between the e
tation energy and the minimum of the2B2@2A8# surface de-
termines the internal energy of the ClO fragment, the inter
energy could receive nearly the whole available ene
(Eav513 157 cm21). Thus, the observed second peak in t
energy distribution at about 12 500 cm21 is favorably ex-
plained by this decay mechanism.

The amount of ClO fragments being generated via
second dissociation pathway depends on the spin-orbit s
of the O partner atom and increases with increasingJ. We
calculated the contribution of each spin-orbit state by in
grating the internal energy from 11 000 cm21 to Eav and nor-
malizing it to the total internal ClO energy. The results a
shown in Table II. In the O(3P2) state, 32%, in the othe
states, 24% and 20% respectively, of the ClO fragments
low the second dissociation pathway.

The high vibrational excitation of the ClO radical allow
reactions which are normally thermally prevented by the
tivation energy, and endothermic reactions become poss
A reaction with chlorine and ozone@see Eqs.~3! and ~4!# is
unlikely because relaxation measurements of ClO (v<6)
with N2 indicate that the vibrational relaxation rate is to
high to allow a significant amount of ClO (v) reactions.
However, the reaction with N2 is energetically allowed for
v.9, according to

ClO~v@0!1N2→N2O1Cl, DHr58500 cm21, ~16!

with the Cl product itself catalyzing the ozon
decomposition.38,39 The calculation of the standard reactio
J. Chem. Phys., Vol. 107, N

n 2002 to 134.169.41.178. Redistribution subject to A
t

nt

a-

ly

of
y.
i-

al
y

e
te

-

l-

-
le.

enthalpy is based on recommended values of the stan
enthalpy of formation for reactants in their respective grou
states.40 We computed the portion of ClO radicals havin
enough energy to follow the reaction with N2; the results are
also summarized in Table II. On average more than 50%
the ClO fragments have sufficient energy to react with N2.

In order to determine the impact of extremely vibr
tionally excited ClO on the atmosphere, the dissociation
namics of other OClO vibrational states with respect to th
spin selective behavior should also be investigated. This
in principle, possible because it only requires another tuna
laser system so that the excitation energy is variable.

CONCLUSION

The OClO dissociation was investigated by REMPI-TO
measurements of the O(3PJ) and ClO(2PV) fragments. The
dissociation leads to highly vibrationally excited ClO an
correspondingly slow O(3PJ) fragments. The bimodal be
havior of the velocity and energy distributions leads us
conclude that the fragmentation follows two different diss
ciation pathways with a broad velocity distribution. Chann
ing the vibrational energy of the excited OClO into th
asymmetric stretch coordinate, the parent molecule dec
via a barrier on theÃ 2A2 potential energy surface, releasin
the difference between photon energy and barrier heigh
ClO vibration. Extremely vibrationally excited ClO is likely
to be produced following conversion of the OClO from th
initially excited 2A2 surface to the2B2 surface, releasing the
total available energy into ClO internal energy. The fragme
tation process is spin selective. The fraction of highly vib
tionally excited ClO increases with increasingJ of the oxy-
gen partner fragment. As an anisotropic spatial distributio
observable, the decay time is expected to be of the order
few hundred femtoseconds.

The extreme internal excitation of the ClO product ope
up new reaction schemes in atmospheric chemistry, suc
the reaction of ClO with N2. Therefore the OClO dissocia
tion needs to be considered as a possible chlorine a
source in the atmosphere.
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