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Photofragment translational energy spectroscopy was used to study the dissociation dynamics of a
range of electronically excited OClO(A 2A2) vibrational states. For all levels studied, corresponding
to OClO(A 2A2←X 2B1) excitation wavelengths between 350 and 475 nm, the dominant product
~.96%! was ClO~2P!1O(3P). We also observed production of Cl1O2 with a quantum yield of up
to 3.960.8% near 404 nm, decreasing at longer and shorter wavelengths. The branching ratios
between the two channels were dependent on the OClO(A 2A2) excited state vibrational mode. The
Cl1O2 yield was enhanced slightly by excitingA

2A2 levels having symmetric stretching1bending,
but diminished by as much as a factor of 10 for neighboring peaks associated with symmetric
stretching1asymmetric stretching. Mode specificity was also observed in the vibrationally state
resolved translational energy distributions for the dominant ClO~2P!1O(3P) channel. The
photochemical dynamics of OClO possesses two energy regimes with distinctly different dynamics
observed for excitation energies above and below;3.1 eV ~l;400 nm!. At excitation energies
below 3.1 eV~l.400 nm!, nearly all energetically accessible ClO vibrational energy levels were
populated, and the minor Cl1O2 channel was observed. Although at least 20% of the O2 product is
formed in the ground (X 3Sg

2) state, most O2 is electronically excited (a
1Dg). At E,3.1 eV, both

dissociation channels occur by an indirect mechanism involving two nearby excited states,2A1 and
2B2 . Long dissociation time scales and significant parent bending before dissociation led to nearly
isotropic polarization angular distributions~b;0!. At excitation energies above 3.1 eV~l,400 nm!,
the Cl1O2 yield began to decrease sharply, with this channel becoming negligible atl,370 nm. At
these higher excitation energies, the ClO product was formed with relatively little vibrational energy
and a large fraction of the excess energy was channeled into ClO1O translational energy. The
photofragment anisotropy parameter~b! also increased, implying shorter dissociation time scales.
The sharp change in the disposal of excess energy into the ClO products, the decrease of Cl1O2
production, and more anisotropic product angular distributions atE.3.1 eV signify the opening of
a new ClO1O channel. From our experimental results and recentab initio calculations, dissociation
at wavelengths shorter than 380 nm to ClO1O proceeds via a direct mechanism on the optically
preparedA 2A2 surface over a large potential energy barrier. From the ClO~2P!1O(3P)
translational energy distributions,D0~O–ClO! was found to be less than or equal to 59.060.2
kcal/mol. © 1996 American Institute of Physics.@S0021-9606~96!00242-5#

I. INTRODUCTION

Experimental studies of competitive dissociation path-
ways following electronic excitation of small molecules pro-
vide important insight into the topography of excited state
potential energy surfaces. For most simple triatomics,~NO2,
SO2, FNO, H2O, etc.! more than one chemical channel at
commonly studied wavelengths is ruled out by thermo-
dynamics.1 However, there exists several small molecules
which have, in addition to simple bond fission, decomposi-
tion channels involving the breaking and forming of more
than one chemical bond. Formaldehyde is a benchmark sys-
tem where two chemically distinct channels coexist,~i.e.,
H1HCO and H21CO!, and extensive experimental and
theoretical work has provided considerable insight into the
dynamics of these reactions.2–4 Although there have been

several studies of H2 elimination from alkenes5 and HCl loss
from halogenated hydrocarbons,6,7 molecular elimination
channels in heavier systems8,9 not involving at least one hy-
drogen atom is quite rare.

An interesting prospect in the excited state dynamics of
molecules having multiple channels is to enhance a particu-
lar dissociation channel by selective excitation of the reac-
tant. Bond selective photochemistry was demonstrated in
CH2BrI by selecting an ultraviolet excitation wavelength cor-
responding primarily to as*←s transition localized on the
C–Br bond.10 It was possible to preferentially break the
stronger C–Br bond, leaving the weaker C–I bond relatively
intact. Crim’s group11,12 and others13,14 have carried out ex-
tensive studies of bond and mode specific chemistry using
vibrational overtone excitation followed by electronic exci-
tation to an excited potential energy surface. In many cases,
the reactant vibrational excitation was selectively channeled
into the product’s vibrational degree~s! of freedom, and in
favorable cases vibrationally mediated photodissociation fa-
cilitated access to regions of the excited potential energy

a!Author to whom correspondence should be addressed at Department of
Chemistry, Baker Laboratory, Cornell University, Ithaca, New York
14853-1301. Electronic mail: HFD1@Cornell.edu
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surface favoring fission of a particular bond. For example,
ultraviolet photodissociation of HOD~4nOH! led to preferen-
tial OH bond fission, producing.15 times more OD than
OH.12

The existence of vibrational structure in the electronic
absorption spectra of fast evolving states provides another
approach to studying the role of parent vibrational motion in
molecular photodissociation. Reisler and co-workers15 have
demonstrated that parent ClNO bending is preferentially
channeled into NO product rotational excitation, and studies
of CH3ONO photodissociation has shown that reactant NO
stretching vibrations are preferentially deposited into product
NO vibrations.16,17Recent studies of SO2

18 photodissociation
have revealed the existence of mode specific SO vibrational
distributions from different SO2C(

1B2) vibrational levels.
Hepburnet al.19 demonstrated that the electronic state distri-
bution of the sulfur atom product from CS2 photodissociation
depends on which band in the1B2(

1Su
1←X 1Sg

1) absorp-
tion spectrum is pumped.

The studies mentioned above have demonstrated that se-
lective excitation of well defined vibrational levels in predis-
sociative excited states may have profound effects on prod-
uct rotational, vibrational, and electronic state distributions.
To date however, there have been few examples in which
chemical branching ratios are strongly affected by initial
nuclear motion. Earlier, mode specific Cl1O2:ClO1O
branching ratios from different initial OClO(A 2A2) vibra-
tional levels were illustrated.20 Relative to pure symmetric
stretching modes~n1,0,0!, the Cl yield was slightly enhanced
for combination bands containing one quantum ofbending
~n1,1,0! and significantly diminished for neighboring OClO
levels havingasymmetric stretchingexcitation ~n121,0,2!.
The Cl1O2 yields from OClO photodissociation reached a
peak near 400 nm, with yields of 3.9%, 3.0%, and 0.4% for
the ~5,1,0!, ~5,0,0!, and ~4,0,2! levels, respectively~Fig. 1!.
This mode specificity, leading to nearly an order of magni-
tude change in Cl1O2 yields for neighboring OClO(A 2A2)
levels, is striking in light of the fact that the levels span an
energy range of only a few hundred wave numbers.21 Since
OClO fluorescence is negligible in this wavelength range due
to picosecond dissociation time scales,21–27 and since no
other channels~e.g., Cl1O1O! are thermodynamically
accessible,28–30 the ClO1O yields ranged from 96.1% for
OClO ~5,1,0! to 99.6% for OClO~4,0,2!. Apparently, asym-
metric stretching in the initially prepared parent OClO mol-
ecule enhances simple bond fission forming ClO1O, thereby
diminishing Cl1O2 production.

The decline in Arctic and Antarctic ozone due to chemi-
cal reactions catalyzed by atmospheric chlorine has sparked
considerable interest in the chemistry of halogen oxides.31–37

The concentration of ClO and OClO in the Antarctic strato-
sphere reaches levels nearly two orders of magnitude higher
than normal, and these levels anticorrelate with O3

abundance.32 It has been generally assumed32 that near ultra-
violet excitation of OClO results in O–ClO bond fission
~Fig. 2!

OClO~X 2B1!→OClO~A 2A2!→ClO~X 2P!1O~3P!.
~1!

Since the newly generated O atom may combine with atmo-
spheric O2 to reform ozone, this channel leads to a net null
cycle in the atmospheric ozone budget. However, the alter-
native channel regenerates a reactive Cl atom

OClO→Cl~2P!1O2~
3Sg

2 ,1Dg ,
1Sg

1!. ~2!

This channel leads to net destruction of atmospheric
ozone.38–41 According to recent estimates, if the quantum

FIG. 1. OClO absorption spectrum~204 K!, from Ref. 45. Upper figure:
Most intense peaks correspond to progression in symmetric stretching,n1.
Lower figure: OClO(A 2A2) vibrational assignments near 400 nm showing
combination bands with one quantum of bending~n2! and/or two quanta of
asymmetric stretching~2n3! excitation. Vibrational assignments from
Ref. 21.

FIG. 2. Energy level diagram for OClO ground and excited states, and its
photodissociation products.
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yield for channel 2 was.0.1 across the entire OClO absorp-
tion spectrum, it would contribute as much as several percent
to the currently observed levels of ozone depletion.41 How-
ever, the relevance of OClO photodissociation to the balance
of ozone remains uncertain in the absence of complete quan-
tum yield measurements over a range of excitation wave-
lengths.

The nature of the OClO excited state potential energy
surfaces and the coupling between them controls the branch-
ing between ClO1O and Cl1O2 production.

42–44 Spectro-
scopic studies21–26,45have shown that theA 2A2←X 2B1 ab-
sorption linewidths increase steadily withy1 ~symmetric
stretch! abovey153 in electronically excited OClO(A 2A2)
due to decreasing excited state lifetimes. Interestingly, the
linewidths associated with excitation of symmetric stretching
1bending ~n1,1,0!, or symmetric stretching1asymmetric
stretching~n1,0,2!, were broader atn153–7 than those due
to symmetric stretching excitation~n1,0,0! alone.

21 Although
this suggests that the dissociation dynamics might be vibra-
tionally mode specific, to date there have been no systematic
studies of OClO photochemistry as a function ofA 2A2 vi-
brational level.

In matrix isolation experiments at low temperature, Ar-
kell and Schwager,46 and others,47–49reported that photolysis
of OClO led to formation of ClOO. Unlike symmetric OClO
which can be readily synthesized and studied, the ClOO per-
oxy isomer remains poorly characterized because of its ex-
treme reactivity due to a very weak Cl–O2 bond ~D054.5
kcal/mol!.50 Arkell and Schwager46 suggested that the ClOO
isomer resulted from recombination of the ClO1O fragment
pairs in the matrix cage. Note that unlike OClO, the ClOO
isomer is transparent atl.300 nm and will rapidly accumu-
late under conditions of steady state photolysis, giving the
appearance that OClO→ClOO isomerization is dominant
even if ClO1O are the nascent products. Under collision free
conditions in the gas phase however, recombination of the
fragments is not possible and the experimental branching
ratios between ClO1O and Cl1O2 must reflect the primary
photochemistry.

To date, most previous studies in the gas phase39,40,51–56

and in solution57 have focused on the most intense absorp-
tion peaks atl<360 nm, whereA 2A2 symmetric stretching
levels, n1>10 are populated. Femtosecond time resolved
studies55 as well as ClO product state distributions54 have
been reported for a number of OClO excitation wavelengths
between 308 and 351 nm. Ruhl, Vaida, and co-workers39

photodissociated gaseous OClO using a focused dye laser
near 360 nm. Absorption of additional photons from the
same pulse led to multiphoton ionization of the products.
Although it was concluded that ClO(v854–6)1O(3P)
were the primary products, several features in the Cl1 action
spectrum near 362 nm were taken as evidence for Cl1O2
production but the quantum yield was not determined.
Lawrence and Apkarian51 later studied the photodissociation
of OClO in a gas cell at wavelengths in the range 359–368
nm, and were unable to see any evidence for Cl1O2 forma-
tion. They set an upper limit to the Cl quantum yield of
,531024 ~0.05%! in this wavelength region.

Subsequently, Bishenden, and Donaldson~BD!52,53have
investigated the photodissociation of OClO near 360 nm us-
ing 211 REMPI at 235 nm for detection of the Cl atomic
product. They concluded that Cl atomsare formed upon
single photon excitation of OClO near 360 nm, initially re-
porting a Cl yield of 0.15~15%!. We have studied OClO
photodissociation dynamics using photofragment transla-
tional energy spectroscopy.20 In addition to the dominant
ClO1O channel, we also observed Cl1O2 from photodisso-
ciation of OClO, but only at longer wavelengths near 400
nm. In agreement with Lawrence and Apkarian51 we were
unable to see any evidence for this channel near 360 nm, but
as expected did observe strong ClO1O signal. We reported
an upper limit of 0.2% for the Cl1O2 yield atl;360 nm and
concluded that the ClO1O channel accounts for.99.8% of
the absorption cross section.

BD has subsequently revised their earlier value of 15%
to be an upper limit, with a lower limit being a few percent.53

They have also reported that the ClO1O quantum yield near
360 nm was enhanced by excitation of combination bands
having two quanta of asymmetric stretching~8,0,2! or
~9,0,2!. Although this seems similar to our earlier observa-
tions of mode specific branching ratios at longer wave-
lengths, in our case the enhancement of ClO1O was accom-
panied by a diminished yield of Cl1O2, and vice versa.

20 In
the report by BD, on the other hand, the Cl REMPI spectra
matched the OClO absorption spectrum for all OClO
(A 2A2) levels near 360 nm. They thus concluded that the
Cl1O2 yield wasconstant~i.e., at least a few percent! while
the ClO1O yield was wavelength dependent.53 This result is
difficult to rationalize however, since fluorescence must be
negligible due to picosecond dissociation time scales, and
other dissociation channels are thermodynamically closed.
Since product flux must be conserved, enhancement in one
dissociation channel should be accompanied by a decrease in
the other.

Ab initio calculations on the ground and excited elec-
tronic states of OClO were first carried out by Gole in
1980.42 His calculations confirmed that the photochemical
dynamics of OClO involves interactions between several dif-
ferent excited electronic states. From earlier spectroscopic
studies, it was known that absorption between 220 and 460
nm ~Fig. 1! corresponds primarily to the parallel
A 2A2←X 2B1 transition.

22–26The 2B2 and
2A1 states lie at

energies slightly below the preparedA 2A2 state.42,43 Al-
though the2A1←X 2B1 transition should be a dipole al-
lowed, direct2B2←X 2B1 excitation is symmetry forbidden.
The2A1 , if accessed, should be strongly coupled by vibronic
interactions to the ‘‘dark’’ strongly bent2B2 state which,
according to Gole, could subsequently undergo concerted re-
arrangement in the matrix forming the peroxy Cl–O2 isomer.
Thus, direct excitation to the2A1 state followed by vibronic
coupling to the2B2 was suggested as a possible mechanism
for ClOO production, rather than geminate ClO1O
recombination.42 Although subsequent spectroscopic
studies21,45have indicated that the2A1 state carries no oscil-
lator strength in the near UV, as discussed in the next para-
graph, recent theoretical work43 confirms the indirect in-
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volvement of the2A1 state in OClO photodissociation.
Recently, Peterson and Werner carried outab initio cal-

culations on OClO→ClO1O,43 and in a second paper, spe-
cifically address OClO→Cl1O2.

44 Cuts of their potential en-
ergy surface43 are reproduced in Fig. 3. Due to the existence
of a potential energy barrier for dissociation to ClO1O along
the A 2A2 asymmetric stretching coordinate, the low lying
A 2A2 levels are bound along all three normal modes and
dissociation requires the involvement of other states. From
the recent calculations, it was concluded that theA 2A2 is
coupled primarily to the2A1 by spin–orbit interactions.
OClO(2A1) can subsequently dissociate through a nearly lin-
ear configuration to ClO~2P!1O(3P). Another decay mecha-
nism for the 2A1 state involves vibronic coupling to the
strongly bent2B2 due to the presence of a conical2A1 /

2B2

intersection. OClO(2B2), in turn can decay by two alterna-
tive paths, to either ClO~2P!1O(3P) or Cl(2P)
1O2(X

3Sg
2 ,a 1Dg ,b

1Sg
1).43,44

II. EXPERIMENT

A. The molecular beam apparatus

The experimental apparatus employs a molecular beam
source which can be rotated through an angle of 90° in a
vertical plane perpendicular to the~horizontal! laser axis.58

The seeded supersonic molecular beam, described below,
was collimated by two skimmers separated by a region of
differential pumping, and was crossed by the unfocused out-
put ~;3 mm diam! from an excimer-pumped Lambda-Physik
FL2002 dye laser~0.5–10 mJ, 20 ns, 50 Hz!. A fraction of
the photodissociation products recoiled out of the molecular
beam into an electron bombardment ionizer located 36.8 cm
away from the interaction region. After ionization by 200 eV
electron impact, positive ions were extracted into a quadru-
pole mass filter~Extrel! and counted by a Daly-type ion de-
tector. A multichannel scaler, triggered by the laser pulse,

was used to record the product time of flight spectra at vari-
ous angles between the molecular beam and detector.

B. The OClO molecular beam

OClO was generated by passing 5% Cl2/He at ;760
Torr through a U tube containing NaClO2 and glass beads, as
described elsewhere.20,59Note that OClO is known to be ex-
plosive under certain conditions and should be handled with
great care. The mixture flowed through Teflon tubing to a
piezoelectric driven pulsed molecular beam source.60 After
the NaClO2 column was operated for some time, the
Cl2→OClO conversion efficiency decreased and significant
Cl2 contaminant appeared in the beam. After some experi-
mentation using various NaClO2 samples, this behavior was
attributed to the drying of the column over the course of the
experimental run. Apparently, the heterogeneous conversion
of Cl2 to OClO requires the presence of some H2O. The
conversion efficiency could be increased reliably to;100%
by presaturating the Cl2/He mixture with water by bubbling
through room temperature water and then flowing this mix-
ture through the NaClO2 tube. Since the presence of water
vapor was undesirable due to OClO–H2O cluster formation,
the OClO/H2O/He mixture was passed through a210 °C
trap to remove H2O before entering the molecular beam
source.

For TOF data recorded at small angles between the beam
and detector axis, some time dependent background was ob-
served in experiments using the pulsed beam when the laser
was turned off. This signal results from the time dependent
intensity fluctuation of OClO background near the beam axis
due to the pulsed nature of the beam. When this signal was
present, parallel experiments were conducted with the laser
on and off and difference spectra were employed for the
analysis.

FIG. 3. Cuts of OClO potential energy surfaces calculated by Peterson and Werner, reproduced from Ref. 43. Left figure: Dependence of potential energy on
Cl–O bond length for fixed valence angle of 117.4°. Center figure: Dependence of potential energy on OClO valence angle for fixed Cl–O bond length of
2.95a0 . Right figure: The effect of asymmetric bond length distortion forrOCl52.95a0 anduOClO5117.4°.
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C. Data analysis

The product time of flight spectra were analyzed using a
version of the programCMLAB261 running on a personal com-
puter. The data analysis involved an iterative forward convo-
lution method, described elsewhere.61~a! Using the known ap-
paratus functions and the measured molecular beam velocity
distribution, a trialP(E) and CM angular distribution~b
parameter!62,63was used to calculate the TOF distribution for
a fragment mass at a given molecular beam-detector angle.
The calculated TOF were compared to the experimental data
and then an improvedP(E) was generated to better simulate
the data. This procedure was continued iteratively using data
obtained at several detector angles until good agreement was
achieved between the experimental and simulated TOF.

The photofragment anisotropy62,63 ~b parameter! was
measured for a number of excitation wavelengths. To reduce
saturation effects, TOF spectra were obtained at low pulse
energies~<0.5 mJ!. The polarization of the laser was rotated
with respect to the detector axis using a quartz double
Fresnel rhomb~Optics for Research!. TOF spectra were re-
corded and then integrated for different polarization angles
in 30 degree increments.

III. RESULTS AND ANALYSIS

A. Primary channels from (5,1,0) level

Time of flight ~TOF! data was recorded with the mass
spectrometer set at Cl1, ClO1, O1, and O2

1 . Because the
detector is located away from the molecular beam axis, only
the photofragments are detected in our experiments. The
Newton diagram in velocity space for the Cl-containing frag-
ments from dissociation of OClOA 2A2 ~5,1,0! at 404 nm is
shown in Fig. 4. Excitation at 404 nm~Fig. 2! prepares
OClO(A 2A2) levels lying 11.7 kcal/mol aboveD0~O–ClO!;
ClO(X 2P) may be produced in vibrational levels up to
v954. We observe Cl1 signal (m/e535) from two different
sources. The dominant source is from fragmentation of ClO
~from ClO1O channel! in the electron bombardment ionizer,
and the minor source is from the Cl1O2 channel. Since the

reaction OClO→Cl(2P3/2)1O2(X
3Sg

2) is nearly thermo-
neutral~Fig. 2!, and because a large potential energy barrier
exists along the reaction coordinate, a relatively large trans-
lational energy release is anticipated. For each excitation
wavelength, TOF data was obtained for each product species
at several different angles and the entire data set was used in
the analysis. By observing both momentum matched coun-
terfragments~i.e., ClO1O or Cl1O2! and by determining the
TOF at several different angles, we can monitor both product
channels with comparable sensitivity and can directly mea-
sure the Cl1O2:ClO1O branching ratios.

The TOF data obtained with the mass spectrometer
tuned tom/e551 ~ClO1! and m/e535 ~Cl1! at 20° is
shown in the upper panels of Fig. 5. The solid lines are the
calculated TOF based on the optimized product translational
energy distributionP(E), described below. The large slow
component at 200–600ms is identical to that seen for ClO1

and results from fragmentation of ClO to Cl1 in the ionizer.
The small, fast contribution seen at;120ms in the Cl data is
from the Cl1O2 channel. In the inset to the Cl TOF at 20°
~Fig. 5!, the vertical scale for the Cl1O2 peak is expanded by
a factor of 15 atT5140–200ms. The bottom panel of Fig. 5
shows the O2

1 TOF resulting from the Cl1O2 channel. Fig-
ure 6 shows the O1 TOF recorded at 40° and 70°. This signal
results exclusively from O atoms from the ClO1O channel
since the ClO is constrained tou,40°. Contribution from
fragmentation of O2 ~from the Cl1O2 channel! to O1 in the
detector is negligible.

The entire data set for each wavelength was fitted to a
single P(E) for each channel. TheP(E) for the ClO1O
channel was primarily derived from the O1 data since the
TOF for the faster light fragment showed the most resolvable
structure. The solid lines in the TOF spectra were calculated

FIG. 4. Newton diagram in velocity space for Cl-containing fragments re-
sulting from decomposition of OClOA 2A2 ~5,1,0! prepared at 404 nm.
Arrow denotes initial OClO beam velocity, and circles are calculated recoil
velocities for formation of ground vibrational state fragments.

FIG. 5. Upper: ClO product TOF spectrum~20°! recorded atm/e551 for
OClOA 2A2 ~5,1,0! level. Middle: Cl product TOF spectrum recorded under
identical conditions. Dominant slower peak results from fragmentation of
ClO to Cl in ionizer. Inset shows expanded vertical scale~315! and Cl1O2

yield. Bottom: O2 TOF spectrum recorded under identical experimental con-
ditions. In all figures, solid line is optimized fit to experimental data.
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using the translational energy distributions@P(E)’s# shown
in Fig. 7. The maximum calculated translational energies for
formation of vibrationally excited diatomic molecules are in-
dicated. The structure in theP(E) for the ClO1O(3P) chan-
nel clearly corresponds to a progression in ClOX 2P (v9).
From conservation of energy:

Ephoton1Eint,OClO5D0~O–ClO!1Etrans,ClO1O1Eint,ClO

1Eint,0 . ~3!

Pulsed expansion of 10% OClO in He at 1 atm should result
in substantial rotational cooling. Since the laser was tuned to
peaks assigned to the OClO A 2A2(y1 ,y2 ,y3)
←X 2B1(0,0,0) transition, hot-band contributions are negli-
gible soEint,OClO;0. For all spectra reported here, the laser
was tuned to OClO peaks corresponding to absorption of the
35Cl isotope.21 At l.274 nm only O(3PJ) is thermodynami-
cally accessible: The ground spin–orbit state of oxygen atom
is 3P2 and excited levels lie at 158 cm21 (3P1) and 227
cm21 (3P0).

28 The O(3P) fine structure splitting is smaller
than the spacing between ClO product vibrational energy
levels ~850 cm21! and the two ClO(X 2P1/2,3/2) spin–orbit
levels ~350 cm21!.29 Thus we are only able to resolve ClO
vibrational structure but some finer detail can be partially
resolved at low translational energies where our resolution is
greatest~e.g., Fig. 7!. Since we resolve ClO vibrational
structure, the data can be used to check for possible depen-
dence of the ClO fragmentation pattern on its vibrational
level. From momentum conservation, the O atom carries the
sameP(E) information as the ClO fragment. If highly vibra-
tionally excited ClO levels were, for example, more exten-

sively fragmented in the ionizer, the observed intensities of
the slowest ClO products would be smaller than predicted
from a P(E) derived independently from the O atom TOF.
Since good agreement was found between theP(E) derived
from the O and ClO TOF data, we conclude that the ClO
fragmentation pattern is not very sensitive to vibrational
level for v51–5, apparently because this level of ClO in-
ternal excitation is relatively small and ClO1 is a rather
strongly bound ion.

TheP(E) for the Cl1O2 channel~Fig. 7, lower! is struc-
tured, showing two distinct components. Since the only ac-
cessible excited Cl atomic state28 is 2P1/2 at 881 cm21, the
structure and width of theP(E) primarily reflects the O2
internal state distribution. In Fig. 7, the maximum transla-
tional energy for formation of various vibrational levels of
O2(X

3Sg
2), O2(a

1Dg), and O2(b
1Sg

1) are indicated. By
energy conservation, the contribution at 41,E,67 kcal/mol
must correspond to production of Cl1O2(X

3Sg
2). As dis-

cussed later, the sharp rise below 41 kcal/mol is attributed to
dominant production of O2(a

1Dg).
Figure 8 shows the Cl1 TOF spectrum showing the rela-

tive contribution for both channels while varying the pho-
tolysis laser pulse energy. The signal intensity is proportional
to the pulse energy from 0.5–10 mJ/pulse, as expected for a
one photon process. More importantly, theshapeof the TOF
and the relative contribution from the two channels were
constant over this range of laser energies, demonstrating that
multiphoton effects are negligible under our experimental

FIG. 6. O atom TOF spectra recorded at indicated angles for ClO1O chan-
nel from~5,1,0! level. Structure corresponds to vibrational excitation of ClO
counterfragment.

FIG. 7. Translational energy distributions for O(3P)1ClO and Cl(2P)1O2

channels fromA 2A2 ~5,1,0! level. The calculated maximum relative trans-
lational energies for production of internally excited diatomics are indicated.
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conditions using an unfocused nanosecond dye laser.

B. ClO:Cl detection sensitivity

The relative detection sensitivity for ClO and Cl was
determined directly by photodissociation64 of ClOCl,

ClOCl→Cl~2P!1OCl~2P!. ~4!
The TOF data for ClO1 and Cl1 resulting from 423 nm
photodissociation of ClOCl at 20° and 50° is shown in Fig. 9.
As expected, one peak was seen in the ClO TOF, whereas
two peaks appeared form/e535 ~Cl1!. The slower peak at
Cl1 results from fragmentation of ClO in the ionizer, and the
fast peak in the Cl1 TOF results from the Cl atom recoiling
from ClO. TheP(E) for the ClO1Cl channel, obtained by
fitting all three TOF spectra, is shown in Fig. 10. The anisot-
ropy parameter~b! was found to be;21.0 by measuring the
Cl signal intensity as a function of laser polarization angle
~Fig. 10, upper!. This result is consistent with recent
calculations65 indicating that the absorption in this wave-
length region corresponds to a perpendicularB1←A1 transi-
tion.

According to Eq.~4! equal numbers of Cl and ClO prod-
ucts must be formed from ClOCl photolysis. After fitting the
two peaks to a singleP(E) and after properly accounting for
the differing transformation Jacobians between the lab and
CM reference frames for the two fragments, we obtain the
relative detection sensitivitySexpt50.32 for the ClO and Cl
fragments from ClOCl dissociation. Using this quantity, the
measured ClO fragmentation pattern, and the relative contri-
butions for the two channels in the Cl TOF from OClO pho-
todissociation, we may calculate the Cl:ClO branching ratios
for OClO photodissociation.

The relative detection sensitivity8,66Sexpt is given byFIG. 9. ClO and Cl TOF spectra for ClOCl photodissociation at 423 nm.

FIG. 8. Power dependence for Cl TOF spectra recorded at 20° for photo-
dissociation of OClOA 2A2 ~5,1,0!.

FIG. 10. Photodissociation of ClOCl. Top: Dependence of ClO signal in-
tensity with laser polarization angle. Bottom: ClO1Cl product translational
energy distribution for photodissociation of ClOCl at 423 nm.
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Sexpt5
s ion~ClO!

sion~Cl)
3
F~Cl1/ClO!

F~Cl1/Cl!
50.32. ~5!

In Eq. ~5!, sion~ClO! and sion~Cl! are the 200 eV electron
impact ionization cross sections for ClO and Cl, respectively.
The fraction of ionized ClO fragments to yield Cl1 is
F~Cl1/ClO! and the fraction of ionized Cl fragments yielding
Cl1 is F~Cl1/Cl!51. Since all of the parameters in Eq.~5!
may be determined directly~see below!, we may also calcu-
lateS ~Scalc! using values fors andF, and compare it to our
experimental value~Sexpt!. By monitoring the ClO fragment
from OClO photodissociation at Cl1, ClO1, and O1, we
found that F~Cl1/ClO!50.24. The following empirical
relationship8,66,67 relates the peak ionization cross section,
sion~Å

2! to molecular polarizability,a ~Å3!:

s ion536Aa218. ~6!

Using the known68 atomic polarizabilities and approximating
the ClO polarizability as the sum of its constituent atomic
polarizabilities, we calculatesClO543.3 Å2 and sCl534.0
Å2. Inserting these quantities into Eq.~6!, we find that
Scalc50.30, which is within 20% of the experimental value.
We have used the experimental value~Sexpt! in all calcula-
tions below.

C. Determination of Cl:ClO branching ratio

The Cl:ClO branching ratio from OClO photolysis was
determined from them/e535 ~Cl1! TOF spectra. The rela-
tive contributions from the two channels in the Cl1 TOF data
at 20°~Fig. 5, middle! provides the apparent branching ratio
~Rapp!, uncorrected for the detection sensitivities atm/e535.
For OClO~5,1,0!, Rapp50.125. The actual branching ratioR
is obtained fromRappby multiplication by the detection sen-
sitivity S(50.32):

R5
f~Cl1O2!

f~ClO1O
5Rapp3S. ~7!

In Eq. ~7!, f~Cl1O2! andf~ClO1O! are the photochemical
quantum yields. After insertingRapp and S, we find that
R50.040 for OClO~5,1,0!. Since OClO fluorescence is neg-
ligible at these wavelengths due to picosecond dissociation
timescales,24,25 f~Cl1O2!1f~ClO1O!50.9921.0, so we
conclude f~Cl1O2!50.039 and f~ClO1O!50.961. The
relative Cl1O2 quantum yields for different OClO vibra-
tional levels should be accurate to within610%. From the
good agreement between the experimental and calculated
value ofS, the uncertainty in the relative detection efficiency
for Cl and ClO is also610%. Thus the total uncertainty in
our Cl1O2 quantum yield should not exceed620% of the
stated value.

D. Mode specificity at l>400 nm

The O1 TOF ~40°! for the cluster of OClO(A 2A2
←X 2B1) absorption peaks near 410 nm are shown in Fig.
11. Except for the laser wavelength, the data for each TOF
spectrum was obtained under identical experimental condi-
tions. The significantly different shapes for each TOF reflect

the strong dependence of ClO vibrational distribution on the
initial OClO(A 2A2) vibrational level. In Fig. 12, the Cl1

TOF spectra recorded at 20° are shown for the same group of
OClO absorption peaks—in the insets the vertical scale is
expanded by a factor of 15 to reveal structure in the TOF for
the Cl1O2 channel. The Cl1O2 yields are tabulated in Table
II. The data was fitted using the same procedure outlined
above, using data shown in Figs. 11 and 12, as well as that
obtained at other angles. The optimized translational energy
distributions for the ClO1O channel are shown in Fig. 13.
As shown in Fig. 12, although the Cl yield under the~5,1,0!
peak is slightly greater than that seen under the~5,0,0!, this
channel is nearly absent under the~4,0,2!. Thus, near 400
nm, the Cl1O2 yield is strongly diminished by parent OClO
asymmetric stretching excitation. Note however that the
shapesof the Cl1O2 TOFs are nearly independent of the
OClO vibrational mode, indicating that the O2 internal state
distributions are not significantly dependent on OClOA 2A2
vibrational level. Indeed, theP(E) obtained for the Cl1O2
channel from the~5,1,0! level ~Fig. 7, lower! also provided a
satisfactory fit for the~5,0,0! and ~4,0,2! TOF spectra.

From the translational energy distributions such as those
shown in Fig. 13, we have estimated the ClO vibrational
energy distributions from each OClO(A 2A2) state. In cases
where the vibrational structure is fairly well resolved@e.g.,
~5,1,0!#, vibrational distributions were determined from the
relative areas under each vibrational component. In other
cases, the ClO1O P(E) distributions were each fit to a sum
of Gaussians. The widths of the vibrational contours in the

FIG. 11. TOF spectra~40°! recorded atm/e516 ~O1! for OClO A 2A2

~5,0,0!, ~4,0,2!, ~5,1,0!, and ~4,1,2!. Solid line is calculated fit to the data
usingP(E) shown in Fig. 13.
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P(E) are a convolution of the ClO rotational, ClO spin–
orbit, and O spin–orbit distributions. Since these individual
contributions are unknown, ClO rotational distributions can-
not be extracted from our data. The approximate ClO vibra-
tional energy distributions are summarized in Tables I and II,
together witĥ f v&, the fraction of available energy deposited
into ClO vibration

^ f v&5
SvNvEv

Eavl
. ~8!

In Eq. ~8!, Nv is the relative yield of each vibrational levelv
of energyEv above zero~for v50!, and Eavl is the total
available energy whereEavl5Ehn2D0~O–ClO!.

The O1 TOF for the cluster of OClO peaks near 420 nm
is shown in Fig. 14. Again, the ClO internal state distribu-
tions are strongly dependent on the initial OClO vibrational
mode ~Fig. 15!. As shown in Fig. 16, the yield of Cl1O2
products decreases somewhat, and can only barely be seen in
the unexpanded TOF spectra. Interestingly, the Cl1O2 chan-
nel is not diminished to as large an extent under the~3,0,2!
relative to its neighbors as it was for the~4,0,2!. Also, the
yield under the~3,1,2! is significant, in contrast to the~4,1,2!
where very little Cl1O2 was observed. Furthermore, the
Cl1O2 yield for the ~4,0,0! level seems anomalously small
relative to that for the~3,0,0! and~5,0,0! levels. The shape of
the Cl1O2 component for the~3,1,2! band is similar to that
seen for the~5,0,0! and ~5,1,0!, with the intensity of the

fastest component near 110ms ~O2,X
3Sg

2! approximately
half that of the slower component~O2,a

1Dg!. However, for
the ~4,0,0! and~4,1,0! bands, the intensities of both of these
peaks are nearly identical showing that the yield of ground
state O2(X

3Sg
2) relative to excited (a 1Dg) has increased

for these OClO(A 2A2) vibrational levels.
At longer wavelengths, we observed a steadily decreas-

ing contribution from the Cl1O2 channel. As summarized in
Tables I and II, a relatively large fraction of available energy
continues to be channeled into ClO vibrational excitation at
these longer wavelengths. The O1 TOF spectra in Fig. 17
was obtained by excitation of the~1,1,0!, ~1,0,0!, and~0,0,0!
bands near 470 nm; theP(E) is shown in Fig. 18. Although
weak OClO(A 2A2) fluorescence has been previously
observed25,26 in this wavelength region, photodissociation is
known to occur on the picosecond time scale.23–27 This,
combined with our observation of strong ClO1O signal with
negligible production of Cl1O2 shows that ClO1O is domi-
nant even for the vibrationless~0,0,0! level. Owing to the
relatively small absorption cross sections and small Cl yields
near theA 2A2 band origin, we have not attempted to study
the Cl1O2 channel near 470 nm.

FIG. 12. TOF spectra~20°! recorded atm/e535 ~Cl1! for OClO A 2A2

~5,0,0!, ~4,0,2!, ~5,1,0!, and~4,1,2!. Solid line is calculated fit. Note that the
Cl1O2 channel is strongly suppressed forA 2A2 levels having asymmetric
stretching excitation.

FIG. 13. Translational energy distributions for O(3P)1ClO channel from
A 2A2 ~5,0,0!, ~4,0,2!, ~5,1,0!, and~4,1,2! levels. The calculated maximum
relative translational energies for production of internally excited ClO is
indicated.
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FIG. 14. O1 TOF recorded at 40° for OClO absorption peaks near 410 nm.

TABLE I. ClO vibrational state distributions from various OClO levels.

Band
E

~cm21!
Eavl

~cm21!

ClO vibrational populations~% in v8!

^ f v&n1 n2 n3 0 1 2 3 4 5

0 0 0 21 016 372 100 ••• ••• ••• ••• ••• 0.00
1 0 0 21 724 1080 60 40 ••• ••• ••• ••• 0.31
1 1 0 22 007 1363 50 50 ••• ••• ••• ••• 0.31
2 0 0 22 423 1779 38 62 ••• ••• ••• ••• 0.29
2 1 0 22 704 2060 24 51 25 ••• ••• ••• 0.41
3 0 0 23 117 2473 39 33 25 3 ••• ••• 0.31
2 0 2 23 280 2636 13 47 37 3 ••• ••• 0.26
3 1 0 23 393 2750 17 52 28 3 ••• ••• 0.36
4 0 0 23 804 3160 21 17 46 16 ••• ••• 0.42
3 0 2 23 958 3314 17 49 22 12 ••• ••• 0.33
4 1 0 24 077 3433 11 28 37 21 4 ••• 0.44
3 1 2 24 225 3581 11 23 36 15 15 ••• 0.47
5 0 0 24 486 3842 23 16 24 25 12 ••• 0.41
4 0 2 24 633 3989 34 36 10 15 5 ••• 0.25
5 1 0 24 754 4110 17 24 25 13 20 ••• 0.39
4 1 2 24 896 4252 36 18 18 11 16 ••• 0.30
6 0 0 25 162 4518 42 22 12 10 14 ••• 0.24
5 0 2 25 304 4660 50 29 4 6 10 ••• 0.17
6 1 0 25 425 4781 25 21 21 15 17 1 0.32
5 1 2 25 564 4920 43 32 4 10 11 ••• 0.19
7 0 0 25 832 5188 26 42 12 6 10 4 0.23
6 0 2 25 970 5326 17 45 16 9 6 6 0.24
7 1 0 26 093 5449 17 37 20 8 7 11 0.28
6 1 2 26 229 5585 15 38 24 10 6 7 0.26
8 0 0 26 497 5853 14 46 16 12 12 ••• 0.23

TABLE II. ClO vibrational state distributions and Cl yields from various
OClO levels.

Band ClO vibrational populations~% in v8!

^ f v& Cl ~%!n1 n2 n3 0 1 2 3 4 5

0 0 0 100 ••• ••• ••• ••• ••• 0.00 •••
1 0 0 60 40 ••• ••• ••• ••• 0.31 •••
2 0 0 38 62 ••• ••• ••• ••• 0.29 1.8
3 0 0 39 33 25 3 ••• ••• 0.31 2.9
4 0 0 21 17 46 16 ••• ••• 0.42 0.9
5 0 0 23 16 24 25 12 ••• 0.41 3.2
6 0 0 42 22 12 10 14 ••• 0.24 2.0
7 0 0 26 42 12 6 10 4 0.23 0.6
8 0 0 14 46 16 12 12 ••• 0.23 0.6
1 1 0 50 50 ••• ••• ••• ••• 0.31 •••
2 1 0 24 51 25 ••• ••• ••• 0.41 1.0
3 1 0 17 52 28 3 ••• ••• 0.36 2.6
4 1 0 11 28 37 21 4 ••• 0.44 2.1
5 1 0 17 24 25 13 20 ••• 0.39 3.9
6 1 0 25 21 21 15 17 1 0.32 2.4
7 1 0 17 37 20 8 7 11 0.28 1.4
2 0 2 13 47 37 3 ••• ••• 0.26 1.0
3 0 2 17 49 22 12 ••• ••• 0.33 1.3
4 0 2 34 36 10 15 5 ••• 0.25 0.4
5 0 2 50 29 4 6 10 ••• 0.17 1.3
6 0 2 17 45 16 9 6 6 0.24 0.5
3 1 2 11 23 36 15 15 ••• 0.47 2.5
4 1 2 36 18 18 11 16 ••• 0.30 1.0
5 1 2 43 32 4 10 11 ••• 0.19 1.3
6 1 2 15 38 24 10 6 7 0.26 1.1
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E. Determination of D0(O–ClO)

Provided that at least some of the ClO photofragments
are formed in their ground rovibrational states and that some
ground state O(3P2) is produced, by measuring the maxi-
mum translational energy at a well defined excitation energy
we obtain a strict upper limit forD0~O–ClO!.58 Substituting
Eint,OClO;0 into Eq.~3!, and assuming that the fastest prod-
ucts correspond to production of internally cold
ClO~2P3/2!1O(3P2):

D0~O–ClO!5Ephoton2Etrans,max,ClO1O. ~9!

Since OClOA 2A2 ~0,0,0! lies only very slightly above
D0~O–ClO!, the maximum measured ClO1O translational
energy release from this level should correspond to produc-
tion of internally cold ClO1O, facilitating an absolute deter-
mination of D0~O–ClO!. Using Eq. ~9!, D0~O–ClO! was
consistently calculated to be 59.060.2 kcal/mol for decay of
OClO vibrational levels ranging from 1 to 13 kcal/mol above
D0~O–ClO!. Since the thermochemistry of the ClO and O
are very well established,28,69 we can calculate the standard
enthalpy of formation for OClO at 0 K. According to the
JANAF tables,28 DHf

+ (Cl) 5 119.6216 0.006 kJ/mol~0 K!
andDHf

+ (O) 5 246.796 0.10 kJ/mol~0 K!. Spectroscopic
studies on the ClO radical69 led to a value for
D0~Cl–O!5265.3860.033 kJ/mol, and soDHf

+ (ClO)
5 101.03 6 0.14 kJ/mol ~0 K!. Using our value for

D0~O–ClO!, DHf
+ (OClO) ~0 K!5100.961.0 kJ/mol~24.12

60.24 kcal/mol! and using the heat capacity correction from
the JANAF tables,28 DHf

+ (OClO) ~298 K!598.4361.0 kJ/
mol ~23.5360.24 kcal/mol!. Our result is in good agreement
with a recent determination70 of DHf

+ (OClO) ~298 K!596.65
64.18 kJ/mol, but considerably reduces the uncertainty.

Using D0~O–O!, D0~Cl–OO!, D0~ClO!, and D0~O

FIG. 15. Translational energy distributions for O(3P)1ClO channel from
A 2A2 ~4,0,0!, ~3,0,2!, ~4,1,0!, and~3,1,2! levels.

FIG. 16. Cl1 TOF recorded at 20° for OClO absorption peaks near 410 nm.

FIG. 17. O1 TOF recorded at 20° for OClO absorption peaks near 470 nm.
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–ClO!, the enthalpy of isomerization@reaction~10!# may be
computed

OClO~X 2B1!→ClOO~X 2A8!,

DH~0 K!520.3060.25 kcal/mol. ~10!

Although the enthalpies of formation of the two isomers are
nearly identical, they are separated by a large potential en-
ergy barrier.44

F. Photodissociation at l<400 nm

In Fig. 19, the O1 TOF spectra~30°! for the cluster of
peaks near 395 nm are shown. The slow contribution in the
O1 TOF data near 300ms results from fragmentation of the
ClO product to O1 in the ionizer. Note that the O1 TOF
spectra are very similar for all initial OClO vibrational lev-
els; i.e., the ClO vibrational energy distributions are not as
strongly dependent on OClO vibrational mode as was the
case at lower excitation energies. The translational energy
distributions for the ClO1O channel is shown in Fig. 20.
Note that the ClO vibrational distributions for all levels ex-
cept~6,1,0! are much colder than at longer wavelengths, with
the dominant ClO vibrational level nowv950,1 with a large
translational energy release. Indeed, the fraction of excess
energy channeled into ClO vibration decreases sharply from
0.41 for the~5,0,0! level to 0.21 for OClO~6,0,0!. ~Tables I
and II! Apparently, the ClO products become vibrationally
cold with dominant production ofv50 andv51 at wave-
lengths shorter than 390 nm. In addition, the relative contri-
bution from the Cl1O2 channel begins to diminish. For ex-
ample, upon tuning from the~5,0,0! level to ~6,0,0!, the Cl
yield decreases from 3.2% to 2.0%. Similarly, the yield de-
creases from 3.9% to 2.4% upon tuning from~5,1,0! to

~6,1,0!. These general trends continue as the excitation en-
ergy is further increased. As can be seen in Fig. 21, the
Cl1O2 channel is only barely observable from OClO vibra-
tional levels near 375 nm, even in the expanded figures.

G. Polarization dependence studies

The polarization angular dependence for the O atom
products from the ClO1O channel is shown in Fig. 22 for a
range of OClO(A 2A2) vibrational levels. The CM product
angular distribution is given62,63 by

f ~u!5~1/4p!@11bP2~cosu!#, ~11!

whereP2~cosu! is the second order Legendre polynomial in
cosu. In Eq. ~11!, b can range from 2.0 for a purely parallel
dissociation to21.0 for a perpendicular process, andb50
indicates an isotropic CM angular distribution. The ClO1O
product polarization angular distributions were nearly isotro-
pic ~b;0! at wavelengths longer than 400 nm for OClO
vibrational levels having zero quanta of asymmetric stretch-
ing. For example, the~5,0,0! angular distribution is isotropic
to within the signal to noise ratio. The angular distribution
recorded for the neighboring~4,0,2! level, however, is
slightly anisotropic, withb;0.1.

We have not carried out a detailed study of the polariza-
tion dependence for the ClO1O channel over a wide range
of wavelengths since, as explained below~Sec. IV C!, most
of the polarization dependence is washed out due to the rela-
tively long dissociation time scales and strongly bent OClO

FIG. 18. ClO1O translational energy distributions for OClO vibrational
levels near 470 nm.

FIG. 19. O1 TOF recorded at 30° for OClO absorption peaks near 395 nm.
Slower peak neart5280 ms results from fragmentation of ClO to O1 in
ionizer.
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geometry. However, a few conclusions are obvious from the
polarization measurements for the ClO1O channel shown in
Fig. 22:~i! We always observe positive values forb, consis-
tent with the parallel polarized nature of the
(A 2A2←X 2B1) electronic transition.~ii ! b steadily in-
creases upon tuning to the blue but remains much less than
the limiting value of 2.0 even at 360 nm.~iii ! For a given
excitation energy, dissociation of OClO(A 2A2) combination
bands having asymmetric stretching excitation leads to more
anisotropic ClO1O angular distributions than those associ-
ated with pure symmetric stretching.

We looked for a polarization dependence of the Cl prod-
ucts from the Cl1O2 channel at wavelengths near 400 nm
where it contributed most strongly and therefore provided
the highest signal to noise ratio. However, no dependence of
the Cl product intensity on polarization angle was observed
to within the signal to noise ratio of the experiment. Conse-
quently, b50 ~an isotropic angular distribution! was as-
sumed in analyzing the Cl1O2 data at all wavelengths. At
shorter wavelengths~near 380 nm!, where the OClO life-
times are decreasing~as evidenced by more strongly aniso-
tropic ClO1O distributions!, the Cl1O2 yield became very
small. Although no polarization dependence of the Cl1O2
signal was observed, due to the very weak signal level a
slightly anisotropic distribution would have been undetect-
able in our experiment. Furthermore, in order to obtain good
signal to noise ratios without prohibitively long data accu-

mulation times, relatively high laser powers~.1 mJ! were
required. Under such conditions, saturation effects could di-
minish any small anisotropy present in the Cl1O2 angular
distribution.

If the Cl1O2 distribution was actually slightly aniso-
tropic atl,400 nm, our assumption thatb50 would have
led to a small error in our determination of the Cl:ClO
branching ratios. Most of the experimental data was recorded
using a vertically polarized laser beam, with the direction of
the electric vector perpendicular to the axis of the detector.
Assuming that Cl1O2 results from concerted unimolecular
dissociation of OClO from a near-C2v transition state~i.e.,
from a symmetric transition state having a compressed OClO
bond angle!, the Cl1O2 products are most likely to recoil
preferentially along theC2v axis. Since the direction of the
(A 2A2←X 2B1) transition dipole is perpendicular to the
C2v axis, an anisotropic Cl1O2 CM angular distribution
would peak perpendicular to the polarization angle~b,0!,
leading to an enhanced signal level near the axis of the de-
tector. Thus, if the Cl1O2 angular distribution was slightly
anisotropic, our assumption thatb50 would have led to a
small overestimate of the Cl:ClO branching ratio. However,
in view of the long dissociation timescales where the Cl1O2
channel is operative, we believe that the magnitude of any
such error would be considerably smaller than the stated
20% error limit.

H. ClO and Cl TOF spectra near 360 nm

We have examined the dissociation dynamics near 360
nm in considerable detail. In particular, we looked for the

FIG. 20. ClO1O translational energy distribution for ClO1O channel from
indicatedA 2A2 levels.

FIG. 21. Cl1 TOF spectra~30°! for OClO peaks near 380 nm showing
absence of Cl1O2 channel.
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Cl1O2 channel first discussed by Vaidaet al.39 and subse-
quently described by Bishenden and Donaldson.52,53 The Cl
yield reported by the latter workers range from a lower limit
of a few percent to as high as 15%. The ClO and Cl TOF
spectra, obtained at 30° for the~10,0,0! band at 360 nm are
shown in Fig. 23. The dye laser beam was vertically polar-
ized, 3 mm diam., and 1 mJ/pulse. The dominant features at
t5200–600ms have the same shape, and are identical after
accounting for the slightly different transmission times of the
two different masses through the mass filter. The Cl TOF
corresponds to the Cl1 daughter ions resulting from frag-
mentation of ClO~produced from the ClO1O channel! upon
electron impact ionization. In the inset to the Cl TOF spec-
trum in Fig. 23, the vertical axis is expanded by a factor of
100 to enhance the region where Cl1O2 channel is most
likely to be observed. The solid line in the inset in Fig. 23 is
the calculated TOF assuming a yield of 0.2% for Cl1O2
production, using the Cl1O2 P(E) determined at 404 nm,
and that shown in Fig. 24 for the ClO1O channel. Since the
observed contribution lies below the solid line, the Cl1O2
product channel that we observed near 404 nm cannot ac-
count for more than 0.2% in this wavelength region.

As shown in the inset in Fig. 23~solid points!, some
very weak fast Cl signal appears to be present nearT5100–
130ms, lying below our upper limit of 0.2%. However, the
power dependence studies shown in Fig. 25 suggest that this
fast contribution results primarily from a multiphoton effect.
The dominant, broad feature in the Cl TOF spectra, peaking
at t5255ms, maintains constant shape with increasing laser
pulse energy. Since this dominant contribution depended lin-
early on laser pulse energy~up to;2.5 mJ/pulse!, it corre-
sponds to a single photon process. At pulse energies above
2.5 mJ, the general shape of this dominant contribution
remained nearly constant, even though we calculated
~using the known absorption cross sections! that the
(A 2A2←X 2B1) transition must be strongly saturated. In the
insets to Fig. 25, the solid line corresponds to the calculated
contribution for the Cl1O2 channel assuming a yield of
0.2%. Since our experimental data~solid points! shows that
the contribution from the faster componentincreasesrelative
to the dominant 255ms peak at higher pulse energies, it must

FIG. 22. Dependence of ClO1O channel~monitored at O1! to laser polar-
ization angle for variousA 2A2 vibrational levels.

FIG. 23. TOF spectra for ClO and Cl resulting from excitation to the
~10,0,0! peak near 360 nm. Dominant Cl1 peak is daughter ion from frag-
mentation of ClO in electron impact ionizer detector. Inset: Vertical scale
expanded by factor of 100. Solid line in the inset is calculated contribution
assuming 0.2% yield of Cl1O2.

FIG. 24. ClO1O translational energy distribution [P(E)] for products from
decomposition of~10,0,0! vibrational level prepared by excitation at 360
nm.
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result from a multiphoton process; likely photodissociation
of vibrationally excited ClO by a 360 nm photon. The data
obtained at 1 mJ/pulse~Figs. 24 and 25! indicates that the
upper limit to the Cl1O2 yield is 0.2%. We have not at-
tempted to reduce this limit further due to the decreased sig-
nal to noise ratio at smaller laser pulse energies and the ex-
pectation that an upper limit of 0.2% for the Cl1O2 channel
already renders it insignificant from an atmospheric stand-
point. As discussed below, polarization dependence studies
failed to turn up any evidence for production of Cl1O2 at
other polarization angles.

We have considered the possibility that a channel pro-
ducing Cl1O2 near 360 nm might involve a different reac-
tion mechanism than at the longer wavelengths, possibly pro-
ducing highly internally excited O2. If this were the case,
less energy would be available for Cl1O2 translational en-
ergy and these products might be constrained to angles
within 30° of the OClO molecular beam and would not ap-
pear in Figs. 23 or 25. To investigate this possibility, we
have recorded the ClO and Cl TOF spectrum at an angle of
13° from the molecular beam, as shown in Fig. 26. Again,
the solid line is the calculated TOF using theP(E), in Fig.
24. If Cl1O2 was formed with low CM translational energy
release, their laboratory velocities (v) would be comparable
to the OClO beam velocity~;1260 m/s!, and would appear
atT;315ms. Although our ability to detect products formed
with low CM velocities (u) is considerably enhanced by the
v2/u2 factor in the CM→LAB product intensity transforma-
tion, no significant Cl1 contribution was observed in excess

of that expected from fragmentation of ClO in the ionizer.
It is appropriate to consider whether or not it is possible

for Cl1O2 to be constrained to beam-detector angles even
smaller than 13°, and still remain undetected in our experi-
ment. At 360 nm, the excess energy available to the Cl1O2
products from OClO photodissociation is 26,100 cm21

~;74.5 kcal/mol!. For Cl1O2 products to escape detection at
13° would require that they be formed withEtrans,0.7 kcal/
mol. For the Cl(2P3/2)1O2 channel, translational energies
below 0.7 kcal/mol would require that the O2 be formed with
73.8–74.5 kcal/mol of internal excitation, implyingexclusive
production of O2~X

3Sg
2, v519, J524–30!, O2~a

1Dg ,
v513, J.39!, O2~a

1Dg , v514, J50–10!, O2~b
1Sg

1,
v59, J.40! or O2~b

1Sg
1, v510, J50–11!.28,29 We be-

lieve that such narrow O2 rovibrational state distributions,
peaking within 0.7 kcal/mol of the maximum available en-
ergy, is exceedingly unlikely. Therefore, Cl1O2, if pro-
duced, could not escape detection in our experiment because
of insufficient recoil energy. There has been considerable
reference in the literature to ‘‘photochemical isomerization’’
of OClO to ClOO following electronic excitation of OClO
near 360 nm.38–41 Under collisionless conditions in the gas
phase, if the ClOO isomer~D0Cl–OO54.5 kcal/mol! were
formed, it would rapidly dissociate to Cl1O2 or isomerize
back to OClO and decay to ClO1O. Radiative processes are
too slow for appreciable production of bound ClOO in the
gas phase.

The polarization angular dependence observed for the
Cl1 resulting from decomposition of OClO~10,0,0! prepared
at 360 nm was shown in Fig. 22. The solid line fit to the data
indicatesb50.260.1. A positive value forb is consistent
with the parallel nature of the OClO(A 2A2←X 2B1) transi-
tion which is believed to carry all of the oscillator strength in
this wavelength region.21,45 The polarization dependence of
the Cl1 TOF spectra from OClO~10,0,0! was also found to
be consistent withb50.260.1, as expected since the signal
results exclusively from fragmentation of ClO to Cl1 in the
ionizer. As shown in Fig. 27, the shapes of the Cl TOF

FIG. 25. Cl TOF spectra from decay of~10,0,0! vibrational level recorded at
various laser pulse energies. Shape of dominant contribution~t5220–700
ms! is independent of energy~one photon process!. Fast contribution~t
5100–200ms! increases at higher pulse energy~multiphoton process!.
Solid line corresponds to upper limit of 0.2% for Cl1O2 channel, deter-
mined at 1 mJ/pulse.

FIG. 26. ClO and Cl TOF spectra recorded at 13° for decay of~10,0,0!
vibrational level. TOF spectra are identical, with no contribution observed
for Cl1O2 channel.
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spectra recorded at various laser polarization angles re-
mained nearly constant and no additional components attrib-
utable to Cl1O2 production was observed at any polarization
angle for OClO~10,0,0!.

In Fig. 28, the time of flight distributions for O atoms
from the ClO1O channel is shown for neighboring OClO
vibrational levels near 370 nm. Note that there are consider-
able differences in the shapes of these TOF spectra. The
ClO1O internal state distributions are thusmode specific,
albeit less so than at wavelengths near 400 nm. The transla-
tional energy distributions derived from this data are shown
in Fig. 29. In all four spectra, the translational energy distri-
butionsP(E) peak near 13 kcal/mol, indicating that a large
fraction of the excess energy appears in ClO1O translational
energy release. This behavior contrasts that for wavelengths
near 400 nm where a relatively large fraction of excess en-
ergy appears as ClO vibrational energy, with most thermo-
dynamically accessible ClO levels populated. As shown in
Figs. 30 and 31, near 360 nm the ClO is also produced in low
vibrational levels (v51–3), with very little contribution for
v>4 ~Etrans,10 kcal/mol!. In the translational energy distri-
butions shown in Figs. 29 and 31, we have normalized the
P(E) distributions for neighboring levels to unit area since
~as discussed below!, fClO1O.0.998. A notable observation
in Fig. 29 is that the ClO internal state distribution from
OClO ~8,0,2! is narrower than the others, peaking more
sharply at 13.5 kcal/mol, withP(E) reaching 0.23. However,
for all of the neighboring OClO vibrational levels shown in
Fig. 29, theP(E) remains well below 0.20. As shown in

Figs. 30 and 31, we observed analogous behavior for the
absorption peaks near 360 nm, with the~9,0,2! level leading
to a more sharply peaking translational energy distribution.
We conclude that at 360–370 nm, asymmetric stretching ex-
citation in the initially preparedA 2A2 levels leads to nar-
rower ClO rovibrational energy distributions.

IV. DISCUSSION

A. Dynamics at l>380 nm

Due to a substantial potential energy barrier for dissocia-
tion of the ‘‘bright’’ A 2A2 surface to ClO1O ~Fig. 343!
along the asymmetric stretching coordinate, the photodisso-
ciation of OClO atE,3.1 eV must be indirect, involving
interactions with one or more lower lying states.43 The nar-
row linewidths of the absorption features in this energy re-
gion indicates that dissociation time scales are many
picoseconds.21–27 This long decay lifetime, combined with
substantial bending of the parent OClO molecule~see below!
leads to product angular distributions which are nearly iso-
tropic ~b50!.

Detailed linewidth studies by McDonald and Innes,23

and later by Michielsenet al.22 showed that decay lifetimes
are independent of rotational level but dissociation of theF1
spin component (J5N1 1

2) is approximately twice as fast as
that forF2 (J5N2 1

2). It was argued
23 that the groundX 2B1

electronic state was unlikely to be the perturber because even

FIG. 27. Cl TOF spectra at various laser polarization angles,up . up50°
corresponds to laser polarization along the detector axis.up590° corre-
sponds to vertical laser polarization. Shape of TOF spectra is nearly the
same for each polarization angle with no evidence for Cl1O2 channel.

FIG. 28. O1 TOF spectra~60°! from indicatedA 2A2 vibrational levels near
370 nm. Note that the shapes for different vibrational levels are different,
with narrowest TOF for2A2 ~8,0,2!.
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near theA 2A2 ~0,0,0! origin, theX 2B1 level density would
be high and this should tend to smooth out any dependence
of linewidth on spin component. It was concluded that the
dissociation mechanism involves spin–orbit interactions be-
tween theA 2A2 and the nearby2B2 or

2A1 states. The in-
sensitivity of linewidth on OClO rotational level,22,23 was
taken as evidence that the perturbing levels have nuclear ge-
ometries similar to theA 2A2 .

Analysis of high resolution spectra near theA 2A2 band
origin showed that the linewidths associated with bending
~n2! were more than twice as broad as pure symmetric
stretching. However, linewidths were independent of sym-
metric stretching level~n1! for n150–3.22,23 The optically
preparedA 2A2 and the nearby2B2 form a Renner–Teller
pair, becoming orbitally degenerate (2Pg) in their linear
configurations. Since interactions between Renner–Teller
pairs are expected to be enhanced by bending, the2B2 was
favored as the spin–orbit perturber in the early studies.22,23

However, the recentab initio calculations43 indicate that the
2B2 interacts directly with theA 2A2 only at considerably
higher energies, whereas the2A1 crosses theA

2A2 near the
A 2A2 equilibrium angle. It was thus concluded43 that the
2A1 is the spin–orbit perturber of theA 2A2 .

As shown in Fig. 3, Peterson and Werner’s
calculations43 show that the2A1 , like theA

2A2 , is bound at
E,3.1 eV with respect to dissociation to ClO1O along the
asymmetric stretching coordinate for bond angles near equi-
librium ~100°!. However, those theoretical calculations~see
Fig. 3! indicated the existence of a very small barrier to

FIG. 29. Translational energy distributionsP(E) for ClO1O channel indi-
catedA 2A2 vibrational levels pumped near 370 nm, normalized to unit area.
Mode specific ClO vibrational distributions are evident with enhanced con-
tribution for Etrans;13 kcal/mol from the~8,0,2! level.

FIG. 30. O1 TOF spectra~60°! from indicated OClO vibrational levels near
360 nm. Note that the shapes for different vibrational levels are different,
with narrowest TOF forA 2A2 ~9,0,2!.

FIG. 31. Translational energy distributionsP(E) for ClO1O channel from
indicatedA 2A2 vibrational levels pumped near 360 nm, normalized to unit
area. Mode specific ClO vibrational distributions are evident with enhanced
contribution forEtrans;14 kcal/mol from the~9,0,2! level.

8158 H. F. Davis and Y. T. Lee: Photodissociation dynamics of OClO

J. Chem. Phys., Vol. 105, No. 18, 8 November 1996
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

129.174.21.5 On: Tue, 23 Dec 2014 15:14:15



linear OClO along the2A1 bending coordinate, with the en-
ergy of linear OClO lying lower than the bent form. The
height of the barrier to achieve linearity~for fixed OClO
bond length! appeared to lie very close to the energy of the
A 2A2 origin ~;2.8 eV!.43 The calculations indicated that
dissociation to ClO1O can subsequently proceed via a
nearly linear2A1 transition state with the height of the bar-
rier for dissociation estimated to be lower than that to
achieve linearity. Our results are consistent with these con-
clusions. Our finding that ClO1O production is by far the
dominant channel for allA 2A2 levels down to the~0,0,0!
level confirms that the2A1 lies belowA

2A2 ~0,0,0!. Further-
more, our observation of strong ClO1O signal even from
OClO ~0,0,0! indicates that interactions between the2A1 and
A 2A2 are significant in the region of theA

2A2 origin, con-
sistent with a crossing between these levels near theA 2A2

minimum.
At excitation energies below 3.1 eV~l.400 nm!, the

ClO is formed vibrationally excited with large populations of
nearly all thermodynamically accessible vibrational levels.
The width of each vibrational peak in the TOF spectra is a
convolution of the ClO rotational and spin orbit distribution,
and is further broadened by the distribution of O(3P) spin–
orbit levels. The ClO(X 2P1/2,3/2) spin–orbit levels are sepa-
rated by 350 cm21 and the excited spin–orbit O(3PJ) levels
lie at 158 cm21 (J51) and 227 cm21 (J50). Since we are
unable to resolve these fine structure levels, the ClO rota-
tional distributions cannot be obtained from the widths of the
vibrational envelopes for the ClO1O P(E). However, from
the fact that each vibrational contour peaks well away from
the maximum theoretical translational energy, it is clear that
the ClO rotational distributions peak well away fromJ950.
Because the ClO vibrational spacing~;2.4 cm21 at low v9!
is clearly well resolved in our TOF data, the ClO rotational
envelopes must be considerably narrower than the 350 cm21

vibrational spacing. We thus conclude that at excitation
wavelengths longer than 400 nm, the ClO products are
formed vibrationally hot with only a modest degree of rota-
tional excitation.

Michielsen and co-workers found that decay lifetimes at
n150–3 were independent of symmetric stretching level
~n1!.

22 Their additional finding that OClO predissociation
rates are enhanced by parent bending is clearly important to
unravelling the dynamics in the low energy region. Peterson
and Werner43 compared one dimensional cuts of the symmet-
ric stretching potentials for the four OClO electronic states at
fixed angles of 106.4° and 117.4°, corresponding to the equi-
librium bond angles for the preparedA 2A2 and ground
2B1 state, respectively. They noted that OClO bending has a
strong effect on the energies of theA 2A2/

2A1 crossings,
consistent with the observation that OClO decay lifetimes
are diminished with bending excitation. An additional reason
for the enhancement seen with parent bending is that initial
A 2A2 bending provides nuclear motion facilitating increased
access to regions of the2A1 surface favorable to decay to
ClO1O. As noted above, this corresponds to nearly linear
nuclear configurations where the potential energy barrier is
lowest. Our observation of highly vibrationally excited ClO

with modest rotational excitation in this low energy region of
the OClO absorption spectrum appears to support the hy-
pothesis that a large fraction of the ClO1O products origi-
nate from a nearly linear OClO(2A1) transition state.

As noted in the results section, theP(E) for the Cl1O2

channel is bimodal~Fig. 7!. From energy conservation, the
fastest component, lying in the energy range 41–67 kcal/
mol, must correspond to production of ground state O2

X 3Sg
2 in vibrational levels ranging fromv951–6. The rise

near E541 kcal/mol corresponds exactly to the expected
maximum translational energy release for O2 a

1Dg (v950)
or O2 X 3Sg

2 (v956). Since it seems unlikely that the
O2(X

3Sg
2) vibrational energy distribution would be so bi-

modal and highly inverted to rise sharply abovev56, we
attribute the rise belowE541 kcal/mol to formation of O2
a 1Dg (v950). We conclude that approximately 20% of the
O2 is ground state (X 3Sg

2) formed in vibrational levels be-
tween 0 and 5. From the sharp rise below 41 kcal/mol, the
dominant O2 products are in the electronically exciteda

1Dg

state. The exact location of this peak indicates that the
O2(a

1Dg) is primarily formed inv950–4. Note that the
maximum in theP(E) for the Cl1O2 channel lies at 32
kcal/mol, slightly higher than the maximum allowed transla-
tional energy release for production of Cl1O2(b

1Sg
1), rul-

ing out the possibility that the sharp rise corresponds to these
products. Of course, some contribution from this channel
may be hidden under the dominant Cl1O2(a

1Dg) peak at
slightly lower translational energies.

Owing to the presence of a conical intersection between
the2A1 and

2B2 states near the minimum in the2A1 bending
potential, vibronic interactions mediated byb2 asymmetric
stretching should be appreciable.43 The 2B2 electronic state
is an optically dark level, not accessible by a direct dipole
transition from the ground state. As discussed
elsewhere,42–44 all available evidence indicates that Cl1O2
production primarily involves decomposition from2B2 lev-
els. Due to the OvO bonding and Cl–O antibonding char-
acter of theb2 orbital, the

2B2 is strongly bent with an equi-
librium OClO angle of ;90°.43 In C2v symmetry,
OClO(2B2) correlates to Cl(2P)1O2(a

1Dg), consistent
with our finding thata 1Dg is the dominant electronic state
of the O2 products. However, the 20% yield of O2(X

3Sg
2)

observed in our experiment indicates thatC2v symmetry is
broken to some degree, facilitating a crossing to the ground
electronic state as the products separate.

An interesting observation is that the O2 translational
energy distributions were essentially identical for many
A 2A2 levels. For example, we were able to fit the Cl1O2
distributions from the~5,0,0!, ~4,0,2!, and~5,1,0! levels with
the sameP(E). This relative insensitivity to initial vibra-
tional state suggests that the O2 state distributions are prima-
rily determined rather late in the decomposition process, as
the Cl1O2 are departing. However, a survey of the Cl TOF
spectra over a wider range of excitation wavelengths does
reveal some interesting effects. As can be seen in Fig. 16, for
example, at slightly lower energies near the~4,1,0!, the rela-
tive contribution from the slower, O2(a

1Dg) channel is
nearly the same as the faster O2(X

3Sg
2) peak. Thus the
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yield of electronically excited O2(a
1Dg) relative to the

ground state diminishes as the excitation energy is decreased
towards that of the potential energy barrier for this channel.
This is predicted by the theoretical calculations.44 As dis-
cussed by Peterson and Werner, the potential energy barrier
for Cl1O2 production on the2B2 surface is strongly depen-
dent on OClO geometry, with substantial decrease in the
barrier height for non-C2v geometries.

44 The relative contri-
bution of ground state O2(X

3Sg
2) therefore increases upon

decreasing the excitation energy towards the top of the po-
tential energy barrier as a larger fraction of products result
from non-C2v trajectories.

The possibility that OClO symmetric bending might lead
to a dramatic enhancement in Cl1O2 production rates has
been raised21~b! in connection with the atmospheric signifi-
cance of OClO photochemistry. It was suggested that the
absence ofA 2A2 peaks associated with two quanta of bend-
ing ~e.g., 5,2,0! might be attributable to extreme broadening
of those peaks due to very short lifetimes resulting from
rapid decomposition to Cl1O2. We have looked for en-
hanced Cl1O2 production at the calculated band positions
for A 2A2 ~5,2,0! and ~4,2,0!, but saw no evidence for sig-
nificant Cl1O2 at these wavelengths. This, along with our
finding that ClO1O remained dominant for all OClO levels
~including those with bending!, shows that the Cl1O2 chan-
nel is never greatly enhanced withA 2A2 bending excitation.
Thus the lack of activity for OClO combination bands having
two quanta of bending is more likely explained by symmetry
effects operative in the three normal modes, as discussed
qualitatively by Brandet al.71

The mode specific Cl:ClO branching ratios observed in
this work are entirely consistent with the recent calculations
by Peterson and Werner.44 Although their calculations reveal
the existence of a low-lying transition state for Cl1O2 pro-
duction on the strongly bent2B2 surface, a second transition
state was also found, leading to production of ClO1O via
the asymmetric stretching coordinate. It is thus not surprising
that any asymmetric stretching excitation in the initially pre-
paredA 2A2 levels strongly diminishes Cl1O2 production in
favor of ClO1O. Clearly, the nuclear motion associated with
the initially prepared OClO vibrational modes plays a critical
role in controlling the identity of the products. Only those
2B2 levels very nearC2v reach Cl1O2. Any asymmetric
vibrational excitation strongly promotes decay to ClO1O,
consistent with the shorter dissociation time scales and there-
fore, more strongly anisotropic angular distributions, as well
as strongly diminished Cl1O2 yields.

B. Change in dynamics near 400 nm

Upon tuning to wavelengths shorter than 400 nm, sig-
nificant changes are observed in both product channels.
Whereas most energetically accessible ClO vibrational en-
ergy levels are populated with strongly mode specific distri-
butions at longer wavelengths, upon tuning to shorter wave-
lengths the ClO becomes vibrationally cold, with most
excess energy channeled into relative translational energy. In
this same energy region, the Cl1O2 channel diminishes sig-

nificantly. Interestingly, Richard and Vaida observed a con-
siderable increase in the OClO absorption linewidths above
3.1 eV.21 In particular, a plot of the absorption linewidths
@Ref. 21~b! Fig. 3# shows a rapid increase from 0.3 cm21 for
A 2A2 ~5,0,0! to ;0.9 cm21 for A 2A2 ~7,0,0!.

All of the changes noted above clearly indicate the onset
of a new ClO1O decomposition mechanism atE.3.1 eV.
Our experimental observations and the theoretical
calculations43,44 provide strong evidence that this change is
associated with the opening of the ClO1O channel on the
A 2A2 surface. At energies above the barrier to ClO1O, the
direct adiabatic coupling to the ClO1O continuum increases
sharply, and dissociation time scales decrease. The photo-
chemical dynamics and branching ratios are governed by the
strength of the coupling of the preparedA 2A2 state to the
available decay channels.43,44 As the reaction rate constant
for dissociation to ClO1O on the brightA 2A2 surface in-
creases, the nonadiabatic behavior ultimately leading to
Cl1O2 production becomes negligible and so this channel
closes. The large translational energy release and production
of vibrationally cold ClO are signatures of the existence of a
substantial potential energy barrier for ClO1O production
with strong ClO–O repulsion in the exit channel. Our data
indicates that ClO produced from OClO photodissociation
near 360 nm is in low vibrational levels (v951–3), with
negligible production ofv9.4. This clearly disagrees with
previous conclusions that the ClO is primarily formed in
v954–6 in this wavelength region.39,40

C. Polarization dependence studies

Photodissociation of OClO near 360 nm leads to produc-
tion of ClO1O with a translational energy distribution peak-
ing near 13 kcal/mol~Fig. 31!, corresponding to a most prob-
able center of mass O atom velocity of 2360 m/s. The effect
of the initial tangential velocity of the O atom due to OClO
parent rotation is thus negligible in the present case. How-
ever,b is reduced considerably from the maximum possible
value of 2.0, primarily because the direction of O atom prod-
uct recoil~along the Cl–O bond axis! does not lie along the
axis of the transition dipole. OClO is a strongly bent mol-
ecule with an equilibrium bond angle of 117.4° for the
groundX 2B1 state, and 106.2° for the excitedA

2A2 level.
21

The OClO (A 2A2←X 2B1) transition moment lies parallel
to the OClO a axis, i.e., in the OClO plane perpendicular to
theC2v axis. Thus the Cl–O bond axis, along which the O
atom departs, lies 31°–37° from the direction of the transi-
tion dipole moment. The second factor which diminishesb is
that the OClO parent molecule has a dissociation lifetime of
at least several hundred femtoseconds21–27so the parent mol-
ecule will undergo a fraction of a rotation before dissociat-
ing, as in NO2 photodissociation.

63

The photofragment anisotropy parameter~b! is related to
parent lifetime~t! by the following expression:63

b52P2~cosx!S 11v2t2

114v2t2D . ~12!
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In Eq. ~12!, x is the angle between the recoil velocity vector
of the fragment and the parent transition dipole moment, and
v is the frequency of parent rotation. EstimatingT515 K
and using the moment of inertia for OClO, we calculate
v56.431011 s21. The ground state OClO bond angle~u
5117.4°! corresponds tox531.3° and that of the excited
state~u5106.2°! corresponds tox536.9°. Upon substituting
these values into Eq.~12!, it is apparent that the large value
of x leads to substantial reduction inb. Indeed, even in the
limit of t50 ~instantaneous dissociation!, assuming dissocia-
tion from a ground state geometry~x531.3°!, the maximum
value for b is 1.19. If the molecule dissociates from the
excited state geometry~x536.9°! the maximum inb is only
0.92. Thus becausex likely has a range of values as OClO
undergoes strong bending after excitation, it is impossible to
reliably extract OClO lifetime information from our anisot-
ropy measurements using Eq.~12!. However, if we assume
that OClO dissociates from a geometry close to that of the
excitedA 2A2 state~106.2°!, the followingb values are cal-
culated:b50.72 ~t5500 fs!; b50.49 ~t51 ps!. Our ob-
served value of 0.260.1 near 360 nm would be consistent
with a dissociation time scale exceeding 1 ps for OClO
~10,0,0!. As expected, this is somewhat longer than those
measured directly by Zewail’s group in experiments which
were at considerably higher excitation energies~l,350
nm!.55

D. Nature of the mode specificity near 360 nm

Following our report20 of mode specific Cl:ClO yields
near 400 nm, a similar effect was reported by BD near 360
nm.53 Specifically, the enhanced ClO intensities from OClO
~8,0,2! and ~9,0,2! was taken as evidence that the quantum
yields for this channel are enhanced with OClO asymmetric
stretching excitation. Surprisingly, the Cl REMPI spectra re-
sembled the OClO absorption spectrum, leading those work-
ers to conclude that the Cl1O2 yield was constant. This con-
clusion, if correct, together with conservation of product flux
dictates the existence of another photochemical channel
which decreaseswhen OClO asymmetric stretching levels
are excited. However, since the following arguments lead to
the conclusion thatfCl1O2

1fClO1O > 0.9998 near 360 nm,
no other photochemical channels can be significant:~i! The
quantum yield for OClO(A 2A2) fluorescence is negligible
~i.e., ,231024! due to picosecond dissociation time
scales.21–27 ~ii ! Formation of Cl1O1O is energetically
closed.28 ~iii ! The ClOO(2A9) isomer~D054.5 kcal/mol50!,
if produced, would be formed aboveD0 and would rapidly
dissociate to Cl1O2. ~iv! OClO(A 2A2) levels excited near
360 nm lie above the barrier for dissociation to ClO1O.
Other OClO electronic states~2A1 ,

2B2 , or X
2B1! are dis-

sociative at these energies43 so metastable or fluorescent
OClO levels cannot be significant. From these consider-
ations, we conclude that.99.98% of the excitation events
lead to Cl1O2 or ClO1O. Since only two channels are op-
erative, enhancement in the ClO1O yieldmustbe accompa-
nied by a decrease in Cl1O2 production, independent of re-
action mechanism~s!. This is equivalent to saying that the

partial absorption cross sections for the two competing chan-
nels must add to the total OClO absorption cross section.
Since this requirement is not fulfilled in Ref. 53, the claim of
mode specific Cl:ClO branching ratios near 360 nm must be
in error.

Flesch and co-workers56 have carried out a photodisso-
ciation study of OClO and its molecular aggregates. They
detected ClO following OClO photodissociation by single
photon ionization at 10.91 eV, just above the adiabatic ClO
ionization potential of 10.87 eV. They, like BD, observed
enhanced ClO signal from OClO vibrational modes having
asymmetric stretching excitation~n1,0,2! near 360 nm. How-
ever, they attributed this behavior to different ClO vibra-
tional energy distributions from each OClO parentA 2A2
vibrational level.56 They postulated that since ClO ionization
cross sections are likely to depend on vibrational level, the
ClO detection sensitivities will not be constant for ClO prod-
ucts from different parent OClO vibrational states.

Our work confirms that the ClO vibrational distributions
from OClO photodissociation at 360–370 nm are indeed
mode specific. Most notably, the ClO translational energy
distributions are narrower and more sharply peaking for
OClO asymmetric stretching levels than for neighboring
peaks. The exact peak locations in theP(E) shown in Fig.
29 indicates that decay of OClO~8,0,2! leads to enhanced
production of ClO(v952,J9,1512) or ClO(v951,J9.3512),
relative to neighboring OClO absorption peaks. Similar be-
havior is seen for OClO~9,0,2!, as shown in Fig. 31. Since
there is no resolvable structure in the OClO~8,0,2! or ~9,0,2!
P(E)’s, and because the O(3PJ) spin–orbit distributions are
unknown, we cannot distinguish between production of ClO
v51 and 2 from theP(E)’s shown in Figs. 29 and 31.
However, it is clear from our data that ifthe most probable
ClO levels are monitored state specifically~e.g., using 211
REMPI! while scanning the OClO excitation laser at 360–
370 nm, the ClO signal will appear to be enhanced for OClO
~8,0,2! and ~9,0,2!, relative to neighboring peaks. Such be-
havior results from the narrowerP(E) and sharper peaking
of the ClO rovibrational state distribution, rather than from
increased ClO:Cl branching ratios.52,53Since the ClO absorp-
tion cross section into the dissociativeA(2P) continuum72,73

should not vary significantly for ClO (v951–3), a constant
fraction of ClO products are photolyzed by the 235 nm probe
laser producing a Cl REMPI spectrum which follows the
OClO absorption spectrum, as reported in Ref. 53.

V. CONCLUSIONS

We have studied the photodissociation of OClO using
photofragment translational energy spectroscopy and have
obtained branching ratios for the two photochemical chan-
nels over a wide range of wavelengths. The dominant chan-
nel ~>96%! is production of ClO1O. Although the vibra-
tional distributions of the ClO product are strongly
dependent on the initial OClO vibrational level, atl.400
nm essentially all thermodynamically accessible vibrational
levels are produced. The preferential formation of vibra-
tionally excited ClO is rationalized in terms of the recentab
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initio calculations which indicated that the brightA 2A2 state
is bound with respect to dissociation atE,3.1 eV but inter-
acts via spin orbit coupling to a nearby2A1 which dissociates
to ClO1O via a nearly linear transition state. The Cl1O2
channel, which to date has received considerable attention
due to its potential for atmospheric ozone depletion, was
clearly observed but plays only a minor role. As expected
from orbital symmetry considerations, the O2 was primarily
formed in thea 1Dg state, suggesting that the mechanism
involves concerted decomposition from an OClO transition
state nearC2v symmetry.

Our finding that the Cl:ClO branching ratios are en-
hanced slightly with bending excitation but strongly dimin-
ished with asymmetric excitation in the initially prepared
A 2A2 levels is entirely consistent with the recentab initio
calculations by Peterson and Werner which revealed the ex-
istence of two transition states for dissociation on the dark
strongly bent2B2 surface.

44 Although one relatively low en-
ergy transition state led to production of Cl1O2 along the
symmetric bending coordinate, a second lower frequency
transition state led to ClO1O via asymmetric stretching.
Any asymmetric motion in OClO2B2 is thus expected to
strongly enhance dissociation to ClO1O, thereby diminish-
ing the yield of Cl1O2.

At excitation energies above 3.1 eV~l,400 nm!, the
Cl1O2 channel was found to diminish strongly with the
ClO1O yield reaching approximately unity atl,380 nm.
This observation, combined with the sharp decrease in ClO
vibrational excitation, large translational energy release, and
more anisotropic product angular distributions reflect the on-
set of a new OClO dissociation mechanism. This new
mechanism, which opens in the higher energy region near
the A 2A2←X 2B1 Franck–Condon maximum, involves di-
rect dissociation ofA 2A2 levels over a large potential en-
ergy barrier.
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