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Photodissociation dynamics of OCIO

H. Floyd Davis® and Yuan T. Lee
Chemical Sciences Division, Lawrence Berkeley Laboratory and Department of Chemistry,
University of California, Berkeley, California 94720

(Received 25 April 1996; accepted 1 August 1996

Photofragment translational energy spectroscopy was used to study the dissociation dynamics of a
range of electronically excited OCI®(?A,) vibrational states. For all levels studied, corresponding

to OCIO(A 2A,—X 2B;) excitation wavelengths between 350 and 475 nm, the dominant product
(>96%) was CIQ%I)+O(*P). We also observed production of-©D, with a quantum yield of up

to 3.90.8% near 404 nm, decreasing at longer and shorter wavelengths. The branching ratios
between the two channels were dependent on the OCI®(,) excited state vibrational mode. The
Cl+0, yield was enhanced slightly by excitifg A, levels having symmetric stretchirdpending

but diminished by as much as a factor of 10 for neighboring peaks associated with symmetric
stretchingrasymmetric stretchingMode specificity was also observed in the vibrationally state
resolved translational energy distributions for the dominant (&Ip+O(*P) channel. The
photochemical dynamics of OCIO possesses two energy regimes with distinctly different dynamics
observed for excitation energies above and bete®tl eV (\~400 nm). At excitation energies
below 3.1 eV(A\>400 nm), nearly all energetically accessible CIO vibrational energy levels were
populated, and the minor €10, channel was observed. Although at least 20% of th@©duct is
formed in the groundX 32;) state, most Qis electronically excitedg 1Ag). At E<3.1 eV, both
dissociation channels occur by an indirect mechanism involving two nearby excited $gtasd

2B,. Long dissociation time scales and significant parent bending before dissociation led to nearly
isotropic polarization angular distributiof}8~0). At excitation energies above 3.1 év<<400 nm),

the CH0O, yield began to decrease sharply, with this channel becoming negligibke 2320 nm. At

these higher excitation energies, the CIO product was formed with relatively little vibrational energy
and a large fraction of the excess energy was channeled inte-Gl@anslational energy. The
photofragment anisotropy paramet@ also increased, implying shorter dissociation time scales.
The sharp change in the disposal of excess energy into the CIO products, the decreas®pf Cl
production, and more anisotropic product angular distributioris>a8.1 eV signify the opening of

a new CIO+O channel. From our experimental results and reaérihitio calculations, dissociation

at wavelengths shorter than 380 nm to @lO proceeds via a direct mechanism on the optically
prepared A 2A, surface over a large potential energy barrier. From the (4ID+O(P)
translational energy distributionf ,(O-CIO) was found to be less than or equal to 5902
kcal/mol. © 1996 American Institute of PhysidsS0021-960606)00242-3

I. INTRODUCTION several studies of pelimination from alkenesand HCI loss
from halogenated hydrocarbofi$, molecular elimination
Experimental studies of competitive dissociation path-channels in heavier systefrfsnot involving at least one hy-
ways following electronic excitation of small molecules pro- drogen atom is quite rare.
vide important insight into the topography of excited state  An interesting prospect in the excited state dynamics of
potential energy surfaces. For most simple triatom(isg),, molecules having multiple channels is to enhance a particu-
SG,, FNO, H,0, etc) more than one chemical channel at lar dissociation channel by selective excitation of the reac-
commonly studied wavelengths is ruled out by thermo-tant. Bond selective photochemistry was demonstrated in
dynamicst However, there exists several small moleculesCH,Brl by selecting an ultraviolet excitation wavelength cor-
which have, in addition to simple bond fission, decomposi+esponding primarily to @™« o transition localized on the
tion channels involving the breaking and forming of more C—Br bond™® It was possible to preferentially break the
than one chemical bond. Formaldehyde is a benchmark systronger C—Br bond, leaving the weaker C—I bond relatively
tem where two chemically distinct channels coexige., intact. Crim’s group**?and other§* have carried out ex-
H+HCO and H+CO), and extensive experimental and tensive studies of bond and mode specific chemistry using
theoretical work has provided considerable insight into thevibrational overtone excitation followed by electronic exci-
dynamics of these reactioAs! Although there have been tation to an excited potential energy surface. In many cases,
the reactant vibrational excitation was selectively channeled
dAuthor to whom correspondence should be addressed at Department (I]gl?to the prOdUCtS_Vlbr_atlonal deg@ of freedo.m’ a.nd. n
Chemistry, Baker Laboratory, Cornell University, Ithaca, New York favorable cases vibrationally mediated photodissociation fa-
14853-1301. Electronic mail: HFD1@Cornell.edu cilitated access to regions of the excited potential energy
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surface favoring fission of a particular bond. For example,

T T T T T T T T
ultraviolet photodissociation of HOD4v,,) led to preferen- 20 2 é )
tial OH bond fission, producing-15 times more OD than & = = f
OH.*? 5 <

The existence of vibrational structure in the electronic :'o 1.0 ]
absorption spectra of fast evolving states provides another T .
approach to studying the role of parent vibrational motion in £ =
molecular photodissociation. Reisler and co-workehave © %'
demonstrated that parent CINO bending is preferentially 0.0 34';0 3&0 380 400 420 44?0 460
channeled into NO product rotational excitation, and studies Wavelength (nm)
of CH;ONO photodissociation has shown that reactant NO
stretching vibrations are preferentially deposited into product 15 i i :
NO vibrations!®'’ Recent studies of S photodissociation
have revealed the existence of mode specific SO vibrational ™ §
distributions from different SE@(*B,) vibrational levels. E10r ¢ g ]
Hepburnet al*® demonstrated that the electronic state distri- = S )
bution of the sulfur atom product from G$hotodissociation % 05F €< PR
depends on which band in tH8,(*S ;X 'X) absorp- 2 2 a
tion spectrum is pumped. © \ =

The studies mentioned above have demonstrated that se- 0'990 400 410 420 430
lective excitation of well defined vibrational levels in predis- Wavelength (nm)

sociative excited states may have profound effects on prod-
uct rotational, vibrational, and electronic state distributionsFIG. 1. OCIO absorption spectruf204 K), from Ref. 45. Upper figure:

To date however. there have been few examples in WhiCﬁ(‘OSt intense peaks correspond to progression in symmetric stretahing,
! ower figure: OCIOQ 2A,) vibrational assignments near 400 nm showing

chemical branching ratios are strongly affected by initialcompination bands with one quantum of bendimg and/or two quanta of
nuclear motion. Earlier, mode specific €D,:ClIO+0O asymmetric stretching(2v;) excitation. Vibrational assignments from

branching ratios from different initial OCI®( ?A,) vibra-  Ref- 21
tional levels were illustratet. Relative to pure symmetric
stretching modeév;,0,0), the Cl yield was slightly enhanced
for combination bands containing one quantumbehding OCIO(X *By)—OCIO(A *Az) —CIO(X 2H)+O(3P)('1)
(1,1,0 and significantly diminished for neighboring OCIO ) )

levels havingasymmetric stretchingxcitation (,—1,0,2.  Since the newly generated O atom may combine with atmo-
The CHO, yields from OCIO photodissociation reached a SPheric Q to reform ozone, this channel leads to a net null
peak near 400 nm, with yields of 3.9%, 3.0%, and 0.4% forcyc'le in the atmospheric ozone budget. However, the alter-
the (5,1,0, (5,0,0, and (4.0, levels, respectivelyFig. 1). native channel regenerates a reactive Cl atom

This mode specificity, leading to nearly an order of magni- ~ OCIO—CI(*P)+0,(®S ; ,*A4,*3.]). 2
tude change in G+O, yields for neighboring OCIO% 2A,)
levels, is striking in light of the fact that the levels span an
energy range of only a few hundred wave numBérSince
OCIO fluorescence is negligible in this wavelength range due
to picosecond dissociation time scafés?’ and since no
other channels(e.g., CH-O+0) are thermodynamically

This channel leads to net destruction of atmospheric
ozone®®*! According to recent estimates, if the quantum

accessiblé® = the CIO+O yields ranged from 96.1% for o0 OCIO (A2A,) ]
OCIO (5,1,0 to 99.6% for OCIO(4,0,2. Apparently, asym- 0 [ 1
metric stretching in the initially prepared parent OCIO mol- 60 s =
ecule enhances simple bond fission forming €0, thereby g50 [ CIOCTH, v) +O(Py) ]
diminishing CHO, production. = [ g L ]

The decline in Arctic and Antarctic ozone due to chemi- %40 z C1(2PJ)+02(‘>:;) |
cal reactions catalyzed by atmospheric chlorine has sparked &30 - N ]
considerable interest in the chemistry of halogen oxide¥. S0l CICR) +0,('4,) ]

sphere reaches levels nearly two orders of magnitude higher

than normal, and these levels anticorrelate withy O
abundancé? It has been generally assuniéthat near ultra-
vplet excitation of OCIO results in O-CIO bond fission FIG. 2. Energy level diagram for OCIO ground and excited states
(Fig. 2 photodissociation products.

The concentration of CIO and OCIO in the Antarctic strato- 10 I /

or -
oclox ’B))  CICPY+0,(’%;)

, and its
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yield for channel 2 was>0.1 across the entire OCIO absorp- Subsequently, Bishenden, and Donaldé8B)°>>3have
tion spectrum, it would contribute as much as several percenbvestigated the photodissociation of OCIO near 360 nm us-
to the currently observed levels of ozone deplefibhlow-  ing 2+1 REMPI at 235 nm for detection of the Cl atomic
ever, the relevance of OCIO photodissociation to the balancproduct. They concluded that Cl atonase formed upon
of ozone remains uncertain in the absence of complete quasingle photon excitation of OCIO near 360 nm, initially re-
tum yield measurements over a range of excitation waveporting a Cl yield of 0.15(15%). We have studied OCIO
lengths. photodissociation dynamics using photofragment transla-
The nature of the OCIO excited state potential energytional energy spectroscop§.In addition to the dominant
surfaces and the coupling between them controls the branci&lO+O channel, we also observed-3D, from photodisso-
ing between CIG-O and CHO, production**=** Spectro-  ciation of OCIO, but only at longer wavelengths near 400
scopic studied~2®*Shave shown that tha ?A,—X ?B; ab-  nm. In agreement with Lawrence and Apkarfawe were
sorption linewidths increase steadily withy (symmetric  unable to see any evidence for this channel near 360 nm, but
stretch abovev;=3 in electronically excited OCIGY 2A,) as expected did observe strong GlO signal. We reported
due to decreasing excited state lifetimes. Interestingly, than upper limit of 0.2% for the GO, yield atA~360 nm and
linewidths associated with excitation of symmetric stretchingconcluded that the CI®O channel accounts for99.8% of
+bending (»;,1,0, or symmetric stretchingasymmetric the absorption cross section.
stretching(»4,0,2), were broader at;,=3-7 than those due BD has subsequently revised their earlier value of 15%
to symmetric stretching excitatidm,,0,0) alone?! Although  to be an upper limit, with a lower limit being a few percét.
this suggests that the dissociation dynamics might be vibraFhey have also reported that the GO quantum yield near
tionally mode specific, to date there have been no systemati®60 nm was enhanced by excitation of combination bands
studies of OCIO photochemistry as a functionffA, vi- having two quanta of asymmetric stretchir(8,0,2 or
brational level. (9,0,2. Although this seems similar to our earlier observa-
In matrix isolation experiments at low temperature, Ar-tions of mode specific branching ratios at longer wave-
kell and Schwaget® and otherg/~*°reported that photolysis lengths, in our case the enhancement of €@was accom-
of OCIO led to formation of CIOO. Unlike symmetric OCIO panied by a diminished yield of &lO,, and vice vers&’ In
which can be readily synthesized and studied, the CIOO pethe report by BD, on the other hand, the Cl REMPI spectra
oxy isomer remains poorly characterized because of its exnatched the OCIO absorption spectrum for all OCIO
treme reactivity due to a very weak Cl-®ond (Dy=4.5 (A ?A,) levels near 360 nm. They thus concluded that the
kcal/mo)).>° Arkell and Schwagéf suggested that the CIOO Cl+0, yield wasconstant(i.e., at least a few percenwhile
isomer resulted from recombination of the GO fragment  the CIO+O yield was wavelength dependé@itThis result is
pairs in the matrix cage. Note that unlike OCIO, the CIOOQdifficult to rationalize however, since fluorescence must be
isomer is transparent at>300 nm and will rapidly accumu- negligible due to picosecond dissociation time scales, and
late under conditions of steady state photolysis, giving theother dissociation channels are thermodynamically closed.
appearance that OCIOCIOO isomerization is dominant Since product flux must be conserved, enhancement in one
even if CIO+O are the nascent products. Under collision freedissociation channel should be accompanied by a decrease in
conditions in the gas phase however, recombination of théhe other.
fragments is not possible and the experimental branching Ab initio calculations on the ground and excited elec-
ratios between CI®0O and ChO, must reflect the primary tronic states of OCIO were first carried out by Gole in
photochemistry. 198072 His calculations confirmed that the photochemical
To date, most previous studies in the gas pfEel~56  dynamics of OCIO involves interactions between several dif-
and in solution’ have focused on the most intense absorpferent excited electronic states. From earlier spectroscopic
tion peaks ah<360 nm, whereA A, symmetric stretching studies, it was known that absorption between 220 and 460
levels, ;=10 are populated. Femtosecond time resolvechm (Fig. 1) corresponds primarily to the parallel
studies® as well as CIO product state distributiShdave A ?A,«— X 2B, transition’~2° The B, and?A, states lie at
been reported for a number of OCIO excitation wavelengthenergies slightly below the prepardsl?A, state*?*3 Al-
between 308 and 351 nm. Ruhl, Vaida, and co-worRers though the?A;«—X 2B, transition should be a dipole al-
photodissociated gaseous OCIO using a focused dye laskwed, direct?B,— X ?B; excitation is symmetry forbidden.
near 360 nm. Absorption of additional photons from theThe?A,, if accessed, should be strongly coupled by vibronic
same pulse led to multiphoton ionization of the productsinteractions to the “dark” strongly bentB, state which,
Although it was concluded that CI®(=4-6)+O0CP) according to Gole, could subsequently undergo concerted re-
were the primary products, several features in the &ition  arrangement in the matrix forming the peroxy Cl-i€omer.
spectrum near 362 nm were taken as evidence farG;l  Thus, direct excitation to théA; state followed by vibronic
production but the quantum vyield was not determinedcoupling to the’B, was suggested as a possible mechanism
Lawrence and Apkariah later studied the photodissociation for CIOO production, rather than geminate GO
of OCIO in a gas cell at wavelengths in the range 359—368ecombinatiot?  Although subsequent spectroscopic
nm, and were unable to see any evidence for@J forma-  studie$>*®have indicated that th#\, state carries no oscil-
tion. They set an upper limit to the CI quantum yield of lator strength in the near UV, as discussed in the next para-
<5%10 4 (0.05% in this wavelength region. graph, recent theoretical wdrk confirms the indirect in-
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volvement of the’A; state in OCIO photodissociation. was used to record the product time of flight spectra at vari-
Recently, Peterson and Werner carried altinitio cal-  ous angles between the molecular beam and detector.

culations on OCIG-CIO+0,*® and in a second paper, spe-

cifically address OCIO-Cl+0,.* Cuts of their potential en-

ergy sun‘ac_é3 are reprodu_ced in I_:ig. 3_. D_ue to the existenceB_ The OCIO molecular beam

of a potential energy barrier for dissociation to GIO along

the A 2A, asymmetric stretching coordinate, the low lying ~ OCIO was generated by passing 5%,/8e at ~760

A 2A, levels are bound along all three normal modes andl orr throudh a U tube containing NaClCand glass beads, as

dissociation requires the involvement of other states. Frondlescribed elsewhef@>°Note that OCIO is known to be ex-

the recent calculations, it was concluded that £18A, is  plosive under certain conditions and should be handled with

Coup|ed primar”y to theZAl by Spin_orbit interactions. great care. The mixture flowed through Teflon tubing to a

OCIO(A,) can subsequently dissociate through a nearly linfiezoelectric driven pulsed molecular beam soiifcafter

ear configuration to CIGII)+O(®P). Another decay mecha- the NaClQ column was operated for some time, the

nism for the ?A; state involves vibronic coupling to the Cl,—~OCIO conversion efficiency decreased and significant

strongly benB, due to the presence of a conidd,/?B,  Cl, contaminant appeared in the beam. After some experi-

intersection. OCIOB,), in turn can decay by two alterna- mentation using various NaCiGamples, this behavior was

tive paths, to either CIGI)+OCP) or CI(P) attributed to the drying of the column over the course of the

+0,(X 325 ,a 1Ag b 125)_4&44 experimental run. Apparently, the heterogeneous conversion
of Cl, to OCIO requires the presence of somgOH The
1. EXPERIMENT conversion efficiency could be increased reliably~th00%

by presaturating the @He mixture with water by bubbling
through room temperature water and then flowing this mix-
The experimental apparatus employs a molecular bearture through the NaClotube. Since the presence of water
source which can be rotated through an angle of 90° in &apor was undesirable due to OCIO,cluster formation,
vertical plane perpendicular to thaorizonta) laser axis®  the OCIO/HO/He mixture was passed through-al0 °C
The seeded supersonic molecular beam, described belowap to remove HO before entering the molecular beam
was collimated by two skimmers separated by a region ofource.
differential pumping, and was crossed by the unfocused out- For TOF data recorded at small angles between the beam
put (~3 mm diam from an excimer-pumped Lambda-Physik and detector axis, some time dependent background was ob-
FL2002 dye lasef0.5—10 mJ, 20 ns, 50 HzA fraction of  served in experiments using the pulsed beam when the laser
the photodissociation products recoiled out of the moleculawas turned off. This signal results from the time dependent
beam into an electron bombardment ionizer located 36.8 crintensity fluctuation of OCIO background near the beam axis
away from the interaction region. After ionization by 200 eV due to the pulsed nature of the beam. When this signal was
electron impact, positive ions were extracted into a quadrupresent, parallel experiments were conducted with the laser
pole mass filtefExtrel) and counted by a Daly-type ion de- on and off and difference spectra were employed for the
tector. A multichannel scaler, triggered by the laser pulseanalysis.

A. The molecular beam apparatus

50f cl cl :
VA 7 X
r O 0O O O .
S40r .
2
: B A2A2 ZAI 1
A 2A, A,
[.ch - E
2B 2
S 201 2 B, .
N
=a 1
2
S 10 _
w10 X?B, X?B,
0.0F 1t i 1
) DU WD N U T W S N B G | 1 1 1 J 1 I 1 1 1 1
26 28 30 32 34 36 80 100 120 140 160 30 35 40 45 5.0
Iy (Bohr) OCIO Angle (deg) R0 (Bohr)

FIG. 3. Cuts of OCIO potential energy surfaces calculated by Peterson and Werner, reproduced from Ref. 43. Left figure: Dependence of potential energy on
CIl-0 bond length for fixed valence angle of 117.4°. Center figure: Dependence of potential energy on OCIO valence angle for fixed Cl-O bond length of
2.95,. Right figure: The effect of asymmetric bond length distortionrfgg=2.95, and 6yci0=117.4°.
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CICR) +0,(CE) A A ARAne s

40| Clo" |
2py+0 (! \ 0" 10" o i
CCER) + 0 Ag)\ R 20l )
N

00
2 1+
Q(P.I)-l_OZ(Eg) ° + e }

.50 151 39%cl+o0, cr

CIOCTI,) +O(* P)

1000 m/s

— oclot

FIG. 4. Newton diagram in velocity space for Cl-containing fragments re-
sulting from decomposition of OCI@ 2A, (5,1,0 prepared at 404 nm. v e T e
Arrow denotes initial OCIO beam velocity, and circles are calculated recoil 0100 500 300 400500 600
velocities for formation of ground vibrational state fragments. Flight Time, t(usec)

. FIG. 5. Upper: CIO product TOF spectruf®0°) recorded am/e=51 for
C. Data analysis OCIOA 2A, (5,1,0 level. Middle: CI product TOF spectrum recorded under

. . . identical conditions. Dominant slower peak results from fragmentation of
The product time of fllght spectra were analyzed using 10 to Cl in ionizer. Inset shows expanded vertical s¢adé5) and CHO,

. 61 .
version of the prograraMLAB2°~ running on a personal com- yjeld. Bottom: G TOF spectrum recorded under identical experimental con-
puter. The data analysis involved an iterative forward convositions. In all figures, solid line is optimized fit to experimental data.

lution method, described elsewh& Using the known ap-
paratus functions and the measured molecular beam velocity
distribution, a trial P(E) and CM angular distributio8 | caction OCIO-CI(2P,,) +0,(X 337) is nearly thermo-
parametef*®was used to calculate the TOF distribution for e tral(Fig. 2), and because a Iargg potential energy barrier
a fragment mass at a given molecular beam-detector anglgyists along the reaction coordinate, a relatively large trans-
The calculated TOF were compared to the experimental daf@tional energy release is anticipated. For each excitation
and then an_|mproveB(E) was gen_erateo_l to b_etter smulate wavelength, TOF data was obtained for each product species
the data. This procedure was continued iteratively using datg; several different angles and the entire data set was used in
obtained at several detector angles until good agreement wgse analysis. By observing both momentum matched coun-
achieved between the expe_rimental and simulated TOF. terfragmentsi.e., CIO+O or CH0,) and by determining the
The photofragment anisotrofy®* (8 parameter was  ToF at several different angles, we can monitor both product

measured for a number of excitation wavelengths. To reducgnannels with comparable sensitivity and can directly mea-
saturation effects, TOF spectra were obtained at low pulsg e the CHO,:ClO+0 branching ratios.

energieg<0.5 mJ. The polarization of the laser was rotated The TOF data obtained with the mass spectrometer
with respect to the detector axis using a quartz doublg,ned to m/e=51 (ClO*) and m/e=35 (CI*) at 20° is

Fresnel rhomi(Optics for Researdh TOF spectra were re-  ghown in the upper panels of Fig. 5. The solid lines are the
corded and then integrated for different polarization anglegg|cylated TOF based on the optimized product translational

in 30 degree increments. energy distributionP(E), described below. The large slow
component at 200—60@s is identical to that seen for CIO
11l. RESULTS AND ANALYSIS and results from fragmentation of CIO to Cin the ionizer.

The small, fast contribution seen-atl20 us in the Cl data is
from the CHO, channel. In the inset to the ClI TOF at 20°
Time of flight (TOF) data was recorded with the mass (Fig. 5), the vertical scale for the €lO, peak is expanded by
spectrometer set at €l CIO", O, and Q. Because the a factor of 15 afl = 140—200us. The bottom panel of Fig. 5
detector is located away from the molecular beam axis, onlghows the @ TOF resulting from the G+O, channel. Fig-
the photofragments are detected in our experiments. There 6 shows the OTOF recorded at 40° and 70°. This signal
Newton diagram in velocity space for the Cl-containing frag-results exclusively from O atoms from the CI@ channel
ments from dissociation of OCI@ 2A, (5,1,0 at 404 nmis since the ClO is constrained ®<40°. Contribution from
shown in Fig. 4. Excitation at 404 nr(Fig. 2) prepares fragmentation of @ (from the CH-O, channel to O in the
OCIO(A 2A,) levels lying 11.7 kcal/mol abov® o(O—CIO);  detector is negligible.
ClO(X 2IT) may be produced in vibrational levels up to The entire data set for each wavelength was fitted to a
v"=4. We observe Clsignal (n/e=35) from two different  single P(E) for each channel. Th@(E) for the CIO+O
sources. The dominant source is from fragmentation of ClGhannel was primarily derived from the Qdata since the
(from CIO+0O channelin the electron bombardment ionizer, TOF for the faster light fragment showed the most resolvable
and the minor source is from the €D, channel. Since the structure. The solid lines in the TOF spectra were calculated

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

J. Chem. Phys., Vol. 105, No. 18, 8 November 1996
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OCP,) + CIOCTL, )
502 1 o
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FIG. 6. O atom TOF spectra recorded at indicated angles for-CQi@han-
nel from(5,1,0 level. Structure corresponds to vibrational excitation of CIO

counterfragment. ) o
FIG. 7. Translational energy distributions for ®) +CIO and CIEP) +0,

channels fromA 2A2 (5,1,0 level. The calculated maximum relative trans-
) ) o lational energies for production of internally excited diatomics are indicated.
using the translational energy distributioff3(E)’s] shown

in Fig. 7. The maximum calculated translational energies for
formation of vibrationally excited diatomic molecules are in-
dicated. The structure in tHe(E) for the CIO+O(3P) chan-
nel clearly corresponds to a progression in {GII (v").
From conservation of energy:

sively fragmented in the ionizer, the observed intensities of
the slowest CIO products would be smaller than predicted
from a P(E) derived independently from the O atom TOF.
Since good agreement was found betweenR(E) derived
Ephotort Eint,ocio= D o(O—=CIO) + Eyans,cio- ot Eint.cio from the O and CIO TOF data, we conclude that the CIO
‘E 3 fragmentation pattern is not very sensitive to vibrational
int,0- level forv=1-5, apparently because this level of CIO in-
Pulsed expansion of 10% OCIO in He at 1 atm should resulternal excitation is relatively small and CIOis a rather
in substantial rotational cooling. Since the laser was tuned tstrongly bound ion.
peaks assigned to the OCIOA 2A,(vy,vy,v3) TheP(E) for the CH-O, channekFig. 7, lowey) is struc-
—X ?B4(0,0,0) transition, hot-band contributions are negli-tured, showing two distinct components. Since the only ac-
gible sOEj,; ocio~0. For all spectra reported here, the lasercessible excited Cl atomic stdtds 2P,, at 881 cm?, the
was tuned to OCIO peaks corresponding to absorption of thstructure and width of thé®(E) primarily reflects the ©
35Cl isotope?! At A>274 nm only OFP,) is thermodynami- internal state distribution. In Fig. 7, the maximum transla-
cally accessible: The ground spin—orbit state of oxygen atontional energy for formation of various vibrational levels of
is 3P, and excited levels lie at 158 cth (°P;) and 227  O,(X ®%;), Oxa 'Ay), and Q(b 'S ;) are indicated. By
cm ! (3P,).?8 The O@P) fine structure splitting is smaller energy conservation, the contribution atdf < 67 kcal/mol
than the spacing between CIO product vibrational energynust correspond to production of €D,(X 325). As dis-
levels (850 cm 1) and the two CIOX 21'[1,2’3,2) spin—orbit  cussed later, the sharp rise below 41 kcal/mol is attributed to
levels (350 cm™).*® Thus we are only able to resolve CIO dominant production of gfa *A).
vibrational structure but some finer detail can be partially ~ Figure 8 shows the CITOF spectrum showing the rela-
resolved at low translational energies where our resolution itive contribution for both channels while varying the pho-
greatest(e.g., Fig. 7. Since we resolve CIO vibrational tolysis laser pulse energy. The signal intensity is proportional
structure, the data can be used to check for possible depete the pulse energy from 0.5—-10 mJ/pulse, as expected for a
dence of the CIO fragmentation pattern on its vibrationalone photon process. More importantly, #teapeof the TOF
level. From momentum conservation, the O atom carries thand the relative contribution from the two channels were
sameP(E) information as the CIO fragment. If highly vibra- constant over this range of laser energies, demonstrating that
tionally excited CIO levels were, for example, more exten-multiphoton effects are negligible under our experimental
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FIG. 8. Power dependence for Cl TOF spectra recorded at 20° for photo-

dissociation of OCIQA 2A, (5,1,0.

conditions using an unfocused nanosecond dye laser.
B. CIO:CI detection sensitivity

The relative detection sensitivity for CIO and Cl was
determined directly by photodissociatfdrof CIOCI,

ClOCI—CI(?P)+ OCI(?II). (4)

200}

100}

200
Flight Time, t (usec)

FIG. 9. CIO and CI TOF spectra for CIOCI photodissociation at 423 nm.
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FIG. 10. Photodissociation of CIOCI. Top: Dependence of CIO signal in-
tensity with laser polarization angle. Bottom: CKCI product translational
energy distribution for photodissociation of CIOCI at 423 nm.

The TOF data for CIO and CI' resulting from 423 nm
photodissociation of CIOCI at 20° and 50° is shown in Fig. 9.
As expected, one peak was seen in the CIO TOF, whereas
two peaks appeared fon/e=35 (CI"). The slower peak at
CI* results from fragmentation of ClO in the ionizer, and the
fast peak in the Cl TOF results from the Cl atom recoiling
from CIO. TheP(E) for the CIO+Cl channel, obtained by
fitting all three TOF spectra, is shown in Fig. 10. The anisot-
ropy paramete(s) was found to be-—1.0 by measuring the
Cl signal intensity as a function of laser polarization angle
(Fig. 10, upper. This result is consistent with recent
calculation§® indicating that the absorption in this wave-
length region corresponds to a perpendicllar— A, transi-
tion.

According to Eq.(4) equal numbers of Cl and CIO prod-
ucts must be formed from CIOCI photolysis. After fitting the
two peaks to a singl®(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 sensitivit$,,,~0.32 for the CIO and Cl
fragments from CIOCI dissociation. Using this quantity, the
measured ClO fragmentation pattern, and the relative contri-
butions for the two channels in the CI TOF from OCIO pho-
todissociation, we may calculate the CI:CIO branching ratios
for OCIO photodissociation.

The relative detection sensitivit§® S, is given by
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_ 0n(CIO) _F(CI*/CIO) S
e (C) Feren ®

In Eq. (5), 0,,n(CIO) and oi,,(Cl) are the 200 eV electron
impact ionization cross sections for CIO and ClI, respectively.
The fraction of ionized CIO fragments to yield TClis .
F(CI*/CIO) and the fraction of ionized Cl fragments yielding AR
ClI* is F(CI*/Cl)=1. Since all of the parameters in E¢)
may be determined directisee beloy, we may also calcu-
late S (S;,0 using values fowr andF, and compare it to our
experimental valuéS,,,). By monitoring the CIO fragment
from OCIO photodissociation at €] CIO", and O, we
found that F(CI*/CIO)=0.24. The following empirical
relationshif®®®" relates the peak ionization cross section,
gion(A?) to molecular polarizabilityx (A3):

Tion=36\a— 18. (6)

Using the knowf? atomic polarizabilities and approximating
the CIO polarizability as the sum of its constituent atomic
polarizabilities, we calculaterco=43.3 & and 0=34.0 1k
A2 Inserting these quantities into E@6), we find that
Sca=0.30, which is within 20% of the experimental value. 0 amse =
We have used the experimental vali&,,) in all calcula- 0 STTS00 T a0 T 600
tions below. Flight Time, t (j1sec)

S = N W
T

S = N W
T

N(t)

N O N b
T ——

C. Determination of CI:CIO branching ratio
FIG. 11. TOF spectrg40° recorded atm/e=16 (O") for OCIO A 2A,

The CI:CIO branching ratio from OCIO photolysis was (5,0,0, (4,0,2, (5,1,0, and(4,1,2. Solid line is calculated fit to the data
determined from then/e=35 (CI") TOF spectra. The rela- UsingP(E) shown in Fig. 13.
tive contributions from the two channels in the'IOF data
at 20°(Fig. 5, middle provides the apparent branching ratio
(Rapp» Uncorrected for the detection sensitivitiesrae= 35.
For OCIO(5,1,0, Rapp=0.125. The actual branching ratid

the strong dependence of CIO vibrational distribution on the
initial OCIO(A 2A,) vibrational level. In Fig. 12, the ClI
: ; T - TOF spectra recorded at 20° are shown for the same group of
'S _ol_atamed fronR by multiplication by the detection sen- OCIO absorption peaks—in the insets the vertical scale is
sitivity S(=0.32): expanded by a factor of 15 to reveal structure in the TOF for
¢(CI+0y) the CHO, channel. The Ct+O, yields are tabulated in Table
m: app< S. (7?11, The data was fitted using the same procedure outlined
. above, using data shown in Figs. 11 and 12, as well as that
In Eq. (7), $(Cl+0,) and ¢(CIO+O) are the photochemical qptained at other angles. The optimized translational energy
quantum yields. After insertin®Ra,, and S, we find that  gisgriputions for the CIG-O channel are shown in Fig. 13.
R=0.040 for OCIO(5,1,0. Since OCIO fluorescence is neg- ag shown in Fig. 12, although the Cl yield under #%1,0
Ii_gible at th4ezs5e wavelengths due to picosecond dissociatioBeak is slightly greater than that seen under(®#0,0, this
timescales*® ¢(Cl+0y)+$(CIO+0)=0.99-1.0, SO We  channel is nearly absent under tt&0,?. Thus, near 400
conclude ¢(Cl+0,)=0.039 and ¢(ClO+0)=0.961. The ny the k-0, yield is strongly diminished by parent OCIO
relative CH-O, quantum yields for different OCIO vibra- 4qymmetric stretching excitation. Note however that the
tional levels should be accurate to within10%. From the shapesof the CH-O, TOFs are nearly independent of the
good agreement between the experimental and calculate§c|o vibrational mode, indicating that the, @iternal state
value of$S, the uncertainty in the relative detection efficiency jistributions are not significantly dependent on O@IGA,
for Cl and CIO is also_ilo%. Thus the total uncertainty in \;iprational level. Indeed, th®(E) obtained for the GO,
our CHO, quantum yield should not exceed20% of the  cnannel from the5,1,0 level (Fig. 7, lowe) also provided a
stated value. satisfactory fit for thg5,0,0 and(4,0,2 TOF spectra.

From the translational energy distributions such as those
shown in Fig. 13, we have estimated the CIO vibrational
energy distributions from each OCI®(A,) state. In cases

The O° TOF (40° for the cluster of OCIOA 2A,  where the vibrational structure is fairly well resolvelg.,
—X 2B,) absorption peaks near 410 nm are shown in Fig(5,1,0], vibrational distributions were determined from the
11. Except for the laser wavelength, the data for each TOFelative areas under each vibrational component. In other
spectrum was obtained under identical experimental condieases, the CI®O P(E) distributions were each fit to a sum
tions. The significantly different shapes for each TOF reflecof Gaussians. The widths of the vibrational contours in the

app

D. Mode specificity at  A>400 nm
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FIG. 12. TOF spectrd20°) recorded am/e=35 (CI*) for OCIO A 2A, 0 2 4 6 8 10 12 14
(5,0,0, (4,0,2, (5,1,0, and(4,1,2. Solid line is calculated fit. Note that the Trans. Energy, E (kcal/mole)

Cl+0, channel is strongly suppressed #r?A, levels having asymmetric

stretching excitation. ) o
FIG. 13. Translational energy distributions for ¥( +CIO channel from

A %A, (5,0,0, (4,0,2, (51,0, and(4,1,2 levels. The calculated maximum
relative translational energies for production of internally excited CIO is

P(E) are a convolution of the CIO rotational, CIO spin— indicated.

orbit, and O spin—orbit distributions. Since these individual
contributions are unknown, CIO rotational distributions can-
not be extracted from our data. The approximate CIO vibra-
tional energy distributions are summarized in Tables I and llfastest component near 1% (O,,X 325) approximately
together with(f, ), the fraction of available energy deposited half that of the slower compone(®,,a *A ). However, for

into CIO vibration the (4,0,0 and(4,1,0 bands, the intensities of both of these
S N.E peaks are nearly identical showing that the yield of ground
(fo)= % (8)  state Q(X 3%,) relative to excited § 'Ag) has increased
! for these OCIOA 2A,) vibrational levels.
In Eq. (8), N, is the relative yield of each vibrational level At longer wavelengths, we observed a steadily decreas-

of energyE, above zero(for v=0), andE,, is the total
available energy wherg,,=E,,,— Dy(O—-CIO).
The O" TOF for the cluster of OCIO peaks near 420 nm

ing contribution from the C+O, channel. As summarized in

Tables | and Il, a relatively large fraction of available energy

. A . : .~ continues to be channeled into CIO vibrational excitation at

is shown in Fig. 14. Again, the CIO internal state distribu- + R

tions are strongly dependent on the initial OCIO vibrationalthese longer wavelengths. The' QOF spectra in Fig. 17
gly dep was obtained by excitation of th&,1,0, (1,0,0, and(0,0,0

mode (Fig. 195. As shown in Fig. 16, the yield of GIO, ) : -
products decreases somewhat, and can only barely be seenb|?1ndS near 470 nm; tH(E) is shown in Fig. 18. Although

2 .
the unexpanded TOF spectra. Interestingly, the @J chan- weak OC;?_@‘ AZ) quorescence. has beerl pr.eV|.ous!y
nel is not diminished to as large an extent under(®6,2 observe®?®in this wavelength region, photodissociation is

relative to its neighbors as it was for tlt¢,0,2. Also, the Kknown to occur on the picosecond time scate’ This,
yield under the(3,1,2 is significant, in contrast to the,1,2 combined with our observation of strong CHD signal with
where very little C#O, was observed. Furthermore, the negligible production of CtO, shows that CIG-O is domi-
Cl+0, yield for the (4,0,0 level seems anomalously small nant even for the vibrationles®,0,0 level. Owing to the
relative to that for th€3,0,0 and(5,0,0 levels. The shape of relatively small absorption cross sections and small Cl yields
the CH-O, component for th€3,1,2 band is similar to that near theA 2A, band origin, we have not attempted to study
seen for the(5,0,0 and (5,1,0, with the intensity of the the CHO, channel near 470 nm.
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TABLE I. CIO vibrational state distributions from various OCIO levels.

Band £ £ CIO vibrational population$% inv"')
avl
2 vy v3 (em™ em™ 0 1 2 3 4 5 (f.)
0 0 0 21016 372 100 0.00
1 0 0 21724 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 23117 2473 39 33 25 3 0.31
2 0 2 23280 2636 13 47 37 3 0.26
3 1 0 23393 2750 17 52 28 3 0.36
4 0 0 23 804 3160 21 17 46 16 0.42
3 0 2 23958 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 25162 4518 42 22 12 10 14 0.24
5 0 2 25 304 4660 50 29 4 6 10 0.17
6 1 0 25425 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 25832 5188 26 42 12 6 10 4 0.23
6 0 2 25970 5326 17 45 61 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. CIO vibrational state distributions and CI yields from various

OCIO levels. i . : . : R
Band CIO vibrational population®b inv") 3r 4.0,0) ]
mw wm w0 1 2 3 4 5 (f,) Cl(%) 2r 1
1 0 0 60 40 0.31 0 IM
2 0 0 38 62 o+ - e .. 029 18 A
3 0 0 39 33 25 3 - - 031 29 4
4 0 0 21 17 46 16 - - 042 09
5 0 0 23 16 24 25 12 - 041 32 2L
6 0 0 42 22 12 10 14 - 024 20
7 0 0 26 42 12 6 10 4 023 06 = .
8 0 0 14 46 16 12 12 - 023 0.6 2’ N
2 1 0 24 51 25 - . - 041 1.0 2r
3 1 0 17 52 28 3 - .. 036 26 ’
4 1 0 11 28 37 21 4 - 044 21 1-
5 1 0 17 24 25 13 20 -- 039 39
6 1 0 25 21 21 15 17 1 032 24 Op—=er
7 1 0 17 37 20 8 7 11 028 14 -
2 0 2 13 47 37 3 -+ . 026 1.0 oL
3 0 2 17 49 22 12 - .- 033 13
4 0 2 34 36 10 15 5 - 025 04 ik
5 0 2 50 29 4 6 10 - 017 1.3
6 0 2 17 45 16 9 6 6 024 05 0 ; ettt
3 1 2 11 23 36 15 15 - 047 25 A N A
4 1 2 36 18 18 11 16 - 030 1.0 200 400 600
5 1 2 43 32 4 10 11 - 019 13 Flight Time, t (usec)
6 1 2 15 38 24 10 6 7 026 11

FIG. 14. O" TOF recorded at 40° for OCIO absorption peaks near 410 nm.
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FIG. 15. Translational energy distributions for ®) +CIO channel from
A A, (4,00, (302, (4,10, and(3,1,2 levels.

E. Determination of Dy(O-CIO)

FIG. 16. CI' TOF recorded at 20° for OCIO absorption peaks near 410 nm.

D((O-CIO), AH}(OCIO) (0 K)=100.9+1.0 kJ/mol(24.12
+0.24 kcal/mol and using the heat capacity correction from
the JANAF tableg® AH}(OCIO) (298 K)=98.43+1.0 kJ/
mol (23.53+0.24 kcal/ma). Our result is in good agreement
with a recent determinatidhof AH}(OCIO) (298 K)=96.65

Provided that at least some of the CIO photofragmentst4.18 kJ/mol, but considerably reduces the uncertainty.

are formed in their ground rovibrational states and that some
ground state GfP,) is produced, by measuring the maxi-
mum translational energy at a well defined excitation energy
we obtain a strict upper limit fob ,(O—Cl0).%8 Substituting
Eintocio~0 into Eq.(3), and assuming that the fastest prod-

ucts correspond to production of internally cold
CIO(,,) +O(P,):
Do(O—C|O) = Ephoton_ Etrans,max,Cl(}O . (9)

Since OCIOA 2A, (0,0,0 lies only very slightly above
Do(O-ClO), the maximum measured CHID translational
energy release from this level should correspond to produc-
tion of internally cold CICHO, facilitating an absolute deter-
mination of Dy(O-CIO). Using Eg.(9), Dy(O-CIO) was
consistently calculated to be 59:0.2 kcal/mol for decay of
OCIO vibrational levels ranging from 1 to 13 kcal/mol above
Dy(O-CIO). Since the thermochemistry of the CIO and O
are very well establishe®;®® we can calculate the standard
enthalpy of formation for OCIO at 0 K. According to the
JANAF tables?® AH;(Cl) = 119.621+ 0.006 kJ/mok0 K)
andAH3(O) = 246.79% 0.10 kJ/mol(0 K). Spectroscopic
studies on the CIO radi®l led to a value for
D((Cl-0)=265.380.033 kJ/mol, and soAH;(CIO)

= 101.03 = 0.14 kJ/mol (0 K). Using our value for

Using Dy(0-0), Dy(CI-00), Dy(CIO), and Dy(O

12}

Flight Time, t(usec)
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FIG. 17. O" TOF recorded at 20° for OCIO absorption peaks near 470 nm.
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—ClO), the enthalpy of isomerizatigmeaction(10)] may be  FIG. 19. O TOF recorded at 30° for OCIO absorption peaks near 395 nm.
computed _Slo_vver peak neat=280 us results from fragmentation of CIO to*Qin
ionizer.

OCIO(X 2B;)—CIOO(X 2A"),

AH(0 K)=-0.30+0.25 keal/mol. (10 (6,1,0. These general trends continue as the excitation en-
Although the enthalpies of formation of the two isomers areergy is further increased. As can be seen in Fig. 21, the
nearly identical, they are separated by a large potential erf=l+0O, channel is only barely observable from OCIO vibra-

ergy barrie* tional levels near 375 nm, even in the expanded figures.
F. Photodissociation at  A<400 nm G. Polarization dependence studies
In Fig. 19, the O TOF spectra30°) for the cluster of The polarization angular dependence for the O atom

peaks near 395 nm are shown. The slow contribution in th@roducts from the CI@ O channel is shown in Fig. 22 for a
O" TOF data near 30@s results from fragmentation of the range of OCIOA 2A,) vibrational levels. The CM product
CIO product to O in the ionizer. Note that the OTOF  angular distribution is givei?®® by

spectra are very similar for all initial OCIO vibrational lev-

els; i.e., the CIO vibrational energy distributions are not as F(6)=(1/4m)[ 1+ BP(cos 0)], (1D
strongly dependent on OCIO vibrational mode as was thevhereP,(cosé) is the second order Legendre polynomial in
case at lower excitation energies. The translational energgosé. In Eq.(11), 8 can range from 2.0 for a purely parallel
distributions for the CIG-O channel is shown in Fig. 20. dissociation to—1.0 for a perpendicular process, afe-0
Note that the CIO vibrational distributions for all levels ex- indicates an isotropic CM angular distribution. The GIO
cept(6,1,0 are much colder than at longer wavelengths, withproduct polarization angular distributions were nearly isotro-
the dominant CIO vibrational level now'=0,1 with a large  pic (8~0) at wavelengths longer than 400 nm for OCIO
translational energy release. Indeed, the fraction of excessbrational levels having zero quanta of asymmetric stretch-
energy channeled into CIO vibration decreases sharply frormng. For example, thé5,0,0 angular distribution is isotropic
0.41 for the(5,0,0 level to 0.21 for OCIO6,0,0. (Tables |  to within the signal to noise ratio. The angular distribution
and Il) Apparently, the CIO products become vibrationally recorded for the neighboring4,0,2 level, however, is
cold with dominant production of=0 andv=1 at wave- slightly anisotropic, with3~0.1.

lengths shorter than 390 nm. In addition, the relative contri-  We have not carried out a detailed study of the polariza-
bution from the C#O, channel begins to diminish. For ex- tion dependence for the CKXO channel over a wide range
ample, upon tuning from th&,0,0 level to (6,0,0, the CI  of wavelengths since, as explained bel®ec. IV Q, most
yield decreases from 3.2% to 2.0%. Similarly, the yield de-of the polarization dependence is washed out due to the rela-
creases from 3.9% to 2.4% upon tuning frd®,1,0 to  tively long dissociation time scales and strongly bent OCIO
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FIG. 20. CIO+O translational energy distribution for CKID channel from  mylation times relatively high laser powefs1 mJ) were

. . 2 )

indicatedA “A, levels. required. Under such conditions, saturation effects could di-
minish any small anisotropy present in thet@, angular

geometry. However, a few conclusions are obvious from thélistribution. S _ _
polarization measurements for the GO channel shown in If the CI+O, distribution was actually slightly aniso-

Fig. 22:(i) We always observe positive values f@rconsis- ~ ropic atA<400 nm, our assumption th@=0 would have
tent with the parallel polarized nature of the led to a small error in our determination of the CI:CIO

(A 2A,—X 2B,) electronic transition.(i) B steadily in- branching ratios. Most of the experimental data was recorded
creases upon tuning to the blue but remains much less tha#sing a vertically polarized laser beam, with the direction of
the limiting value of 2.0 even at 360 nrfiii) For a given the electric vector perpendicular to the axis of the detector.
excitation energy, dissociation of OCI®(A,) combination ~ASsuming that CtO, results from concerted unimolecular
bands having asymmetric stretching excitation leads to mor@issociation of OCIO from a nedt,, transition statei.e.,
anisotropic CIG-O angular distributions than those associ-rom a symmetric transition state having a compressed OCIO
ated with pure symmetric stretching. bond anglg the CH-O, products are most likely to recoil
We looked for a polarization dependence of the Cl prod-Preferentially along th&,, axis. Since the direction of the
ucts from the C+O, channel at wavelengths near 400 nm (A “A2<X “B,) transition dipole is perpendicular to the
where it contributed most strongly and therefore providedCz, @Xis, an anisotropic GIO, CM angular distribution
the highest signal to noise ratio. However, no dependence ¢yould peak perpendicular to the polarization ang<0),
the Cl product intensity on polarization angle was observedé@ding to an enhanced signal level near the axis of the de-
to within the signal to noise ratio of the experiment. Conse{éctor. Thus, if the CtO, angular distribution was slightly
quently, 3B=0 (an isotropic angular distributignwas as- ~anisotropic, our assumption th#=0 would have led to a
sumed in analyzing the €10, data at all wavelengths. At small overestimate of the CI:CIO branching ratio. However,
shorter wavelengthgnear 380 ny where the OCIO life- in view of the long dissociation timescales where the-O)},
times are decreasin@s evidenced by more strongly aniso- channel is operative, we believe that the magnitude of any
tropic CIO+O distributions, the CHO, yield became very such error would be considerably smaller than the stated
small. Although no polarization dependence of the-O, ~ 20% error limit.
signal was observed, due to the very weak signal level
slightly anisotropic distribution would have been undetect-?_" CIO and CI TOF spectra near 360 nm
able in our experiment. Furthermore, in order to obtain good We have examined the dissociation dynamics near 360
signal to noise ratios without prohibitively long data accu-nm in considerable detail. In particular, we looked for the
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e ] FIG. 23. TOF spectra for CIO and CI resulting from excitation to the
1.0 q for CIO and Cl resulting f itati h
(10,0,0 peak near 360 nm. Dominant Cpeak is daughter ion from frag-

0.5F (6,0,2) ] mentation of CIO in electron impact ionizer detector. Inset: Vertical scale
T expanded by factor of 100. Solid line in the inset is calculated contribution
assuming 0.2% vyield of G10,.
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05 (8,1,0) As shown in the inset in Fig. 28solid pointg, some
~t ] very weak fast Cl signal appears to be present feat 00—
00 . . . . . 130 us, lying below our upper limit of 0.2%. However, the

10 ' ' ' ' ' ! power dependence studies shown in Fig. 25 suggest that this
\// fast contribution results primarily from a multiphoton effect.

The dominant, broad feature in the ClI TOF spectra, peaking

03 (10,00 att=255 us, maintains constant shape with increasing laser
0.0 . . . . . pulse energy. Since this dominant contribution depended lin-
-0 30 60 9% 120 150 180 early on laser pulse enerdup to ~2.5 mJ/pulsg it corre-
Polarization Angle (¢) sponds to a single photon process. At pulse energies above

2.5 mJ, the general shape of this dominant contribution
FIG. 22. Dependence of CHO channelmonitored at O) to laser polar-  remained nearly constant, even though we calculated
ization angle for varioug\ 2A, vibrational levels. (using the known absorption cross sectjorihat the
(A 2A,—X ?B,) transition must be strongly saturated. In the
insets to Fig. 25, the solid line corresponds to the calculated

quently described by Bishenden and Donald@sf.The ClI contribution for the CkO, channel assuming a vyield of

) .. 0.2%. Si i tal datsolid pointg sh that
yield reported by the latter workers range from a lower limit 6. Since our experimental dasolid pointg shows tha

. he contribution from the faster componéntreaseselative
of a few percent to as high as 15%. The CIO and CI TOFt : : L
. to the dominant 25%s peak at higher pulse energies, it must
spectra, obtained at 30° for t£0,0,0 band at 360 nm are ! »S P 'gher pu gies, itmu

shown in Fig. 23. The dye laser beam was vertically polar-
ized, 3 mm diam., and 1 mJ/pulse. The dominant features at
t=200-600us have the same shape, and are identical after
accounting for the slightly different transmission times of the 0.2}
two different masses through the mass filter. The Cl TOF
corresponds to the Cldaughter ions resulting from frag-

mentation of ClQ(produced from the CI® O channel upon o 0.1
electron impact ionization. In the inset to the ClI TOF spec- &
trum in Fig. 23, the vertical axis is expanded by a factor of
100 to enhance the region where+@, 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+Cl, ! L w L
production, using the G1O, P(E) determined at 404 nm, 0 5 10 15 20 25
and that shown in Fig. 24 for the CHO channel. Since the Trans. Energy, E (kcal/mole)
observed contribution lies below the solid line, the+(C|2 FIG. 24. CIO+O translational energy distributiofP[ E)] for products from
product channel that we observed near 404 nm cannot aggcomposition of(10,0,0 vibrational level prepared by excitation at 360
count for more than 0.2% in this wavelength region. nm.

Cl+0, channel first discussed by Vaida al3® and subse-

ClIO(v") + O
8 6 4 2 0

(10,0,0)

0.0
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Flight Time, t (usec) of that expected from fragmentation of CIO in the ionizer.

FIQ. 25. CI TOF spectra fr_om decay (¥0,0,0 \{ibrational Igve! recorded at for g|f(§p$goggaé§r:§tf£2:§etg ngg%&;;ggrlt;gﬁgsselslsn
various laser pulse energies. Shape of dominant contribtie220—700 2
us) is independent of energgone photon processFast contributiont  Smaller than 13°, and still remain undetected in our experi-
=100-200 us) increases at higher pulse energyultiphoton process  ment. At 360 nm, the excess energy available to the @)
Solid line corresponds to upper limit of 0.2% for €0, channel, deter- products from OCIO photodissociation is 26,100 <m
mined at 1 mJ/pulse. .
(~74.5 kcal/ma). For CHO, products to escape detection at
13° would require that they be formed wil,,,<<0.7 kcal/
mol. For the CI¢P,,)+0, channel, translational energies
result from a multiphoton process; likely photodissociationbelow 0.7 kcal/mol would require that the, ®e formed with
of vibrationally excited CIO by a 360 nm photon. The data73.8—74.5 kcal/mol of internal excitation, implyirxclusive
obtained at 1 mJ/puls€Figs. 24 and 2bindicates that the production of Q(X 325, v=19, J=24-30, Oya A,
upper limit to the CkO, yield is 0.2%. We have not at- v=13, J>39), O,a 1Ag, v=14, J=0-10, Oyb 123,
tempted to reduce this limit further due to the decreased sigp=9, J>40) or Oy(b 'S, v=10, J=0-11.7*° We be-
nal to noise ratio at smaller laser pulse energies and the ekeve that such narrow Orovibrational state distributions,
pectation that an upper limit of 0.2% for the8D, channel  peaking within 0.7 kcal/mol of the maximum available en-
already renders it insignificant from an atmospheric standergy, is exceedingly unlikely. Therefore, €0D,, if pro-
point. As discussed below, polarization dependence studieduced, could not escape detection in our experiment because
failed to turn up any evidence for production of43D, at  of insufficient recoil energy. There has been considerable
other polarization angles. reference in the literature to “photochemical isomerization”
We have considered the possibility that a channel proef OCIO to CIOO following electronic excitation of OCIO
ducing CHO, near 360 nm might involve a different reac- near 360 nni®~*! Under collisionless conditions in the gas
tion mechanism than at the longer wavelengths, possibly prgphase, if the CIOO isomegiD,CI-O0=4.5 kcal/mo} were
ducing highly internally excited © If this were the case, formed, it would rapidly dissociate to €O, or isomerize
less energy would be available for-©0, translational en- back to OCIO and decay to CHXO. Radiative processes are
ergy and these products might be constrained to angle®o slow for appreciable production of bound CIOO in the
within 30° of the OCIO molecular beam and would not ap-gas phase.
pear in Figs. 23 or 25. To investigate this possibility, we  The polarization angular dependence observed for the
have recorded the CIO and CI TOF spectrum at an angle oEl* resulting from decomposition of OCICL0,0,0 prepared
13° from the molecular beam, as shown in Fig. 26. Againat 360 nm was shown in Fig. 22. The solid line fit to the data
the solid line is the calculated TOF using tR€E), in Fig.  indicates=0.2+0.1. A positive value forg is consistent
24. If Cl+0, was formed with low CM translational energy with the parallel nature of the OCI®(?A,—X 2B,) transi-
release, their laboratory velocities)(would be comparable tion which is believed to carry all of the oscillator strength in
to the OCIO beam velocity~1260 m/$, and would appear this wavelength regioft*® The polarization dependence of
at T~ 315 us. Although our ability to detect products formed the CI" TOF spectra from OCIC10,0,0 was also found to
with low CM velocities () is considerably enhanced by the be consistent with3=0.2+0.1, as expected since the signal
v2/u? factor in the CM—LAB product intensity transforma- results exclusively from fragmentation of CIO to™Ch the
tion, no significant CT contribution was observed in excess ionizer. As shown in Fig. 27, the shapes of the Cl TOF
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FIG. 28. O" TOF spectrd60°) from indicatedA 2A, vibrational levels near
370 nm. Note that the shapes for different vibrational levels are different,

. L with narrowest TOF fofA, (8,0,2.
spectra recorded at various laser polarization angles re-

mained nearly constant and no additional components attrib-

utable to C#O, production was observed at any polarizationFigs. 30 and 31, we observed analogous behavior for the
angle for OCIO(10,0,0. _ o absorption peaks near 360 nm, with 80,2 level leading
In Fig. 28, the time of flight distributions for O atoms to a more sharply peaking translational energy distribution.

from the CIO+O channel is shown for neighboring OCIO We conclude that at 360—370 nm, asymmetric stretching ex-
vibrational levels near 370 nm. Note that there are considereitation in the initially preparedh 2A, levels leads to nar-

able differences in the shapes of these TOF spectra. Th@wer CIO rovibrational energy distributions.

ClIO+O0 internal state distributions are thmsode specific

albeit less so than at wavelengths near 400 nm. The translay. DISCUSSION

tional energy distributions derived from this data are shownA D _ A>380

in Fig. 29. In all four spectra, the translational energy distri-" ynamics at x> nm

butionsP(E) peak near 13 kcal/mol, indicating that a large Due to a substantial potential energy barrier for dissocia-
fraction of the excess energy appears in €translational tion of the “bright” A A, surface to CIG-O (Fig. 3
energy release. This behavior contrasts that for wavelengtreong the asymmetric stretching coordinate, the photodisso-
near 400 nm where a relatively large fraction of excess eneiation of OCIO atE<3.1 eV must be indirect, involving
ergy appears as ClO vibrational energy, with most thermointeractions with one or more lower lying stafésThe nar-
dynamically accessible CIO levels populated. As shown irrow linewidths of the absorption features in this energy re-
Figs. 30 and 31, near 360 nm the CIO is also produced in lovgion indicates that dissociation time scales are many
vibrational levels ¢ = 1—3), with very little contribution for  picosecond$!~?” This long decay lifetime, combined with
v=4 (E;4,<10 kcal/mo). In the translational energy distri- substantial bending of the parent OCIO moledislee below
butions shown in Figs. 29 and 31, we have normalized théeads to product angular distributions which are nearly iso-
P(E) distributions for neighboring levels to unit area sincetropic (8=0).

(as discussed belgwgc o, >0.998. A notable observation Detailed linewidth studies by McDonald and Inrfés,

in Fig. 29 is that the CIO internal state distribution from and later by Michielseret al?? showed that decay lifetimes
OCIO (8,0,2 is narrower than the others, peaking moreare independent of rotational level but dissociation offhe
sharply at 13.5 kcal/mol, witP(E) reaching 0.23. However, spin component]=N+ 3) is approximately twice as fast as
for all of the neighboring OCIO vibrational levels shown in that forF, (J=N-—2). It was arguetf that the groun 2B,

Fig. 29, theP(E) remains well below 0.20. As shown in electronic state was unlikely to be the perturber because even
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tribution for E,,,¢~13 kcal/mol from the(8,0,2 level.

6- (10,0,0) |
41 ]
2+ ]
0 + ] } }
8- 9,0,2) 1
4L i
ot
\: 0 | ' ¥ ¥ + ] Il + +
Z 3r (10,1,0)
2F ]
s ]
O .
1+ ]
0 AN ':-,.I'.'.’. . x
200 300

100
Flight Time, t (usec)

FIG. 30. O" TOF spectrd60°) from indicated OCIO vibrational levels near
360 nm. Note that the shapes for different vibrational levels are differen
with narrowest TOF foA 2A, (9,0,2.

contribution forE,,,~14 kcal/mol from theg9,0,2 level.

near theA A, (0,0,0 origin, theX 2B, 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 %A, and the nearbyB, or %A, states. The in-
sensitivity of linewidth on OCIO rotational levéf;>® was
taken as evidence that the perturbing levels have nuclear ge-
ometries similar to the\ 2A,.

Analysis of high resolution spectra near théA, band
origin showed that the linewidths associated with bending
(v,) were more than twice as broad as pure symmetric
stretching. However, linewidths were independent of sym-
metric stretching level,) for »,=0-32%22% The optically
preparedA ?A, and the nearbyB, form a Renner—Teller
pair, becoming orbitally degeneratéHg) in their linear
configurations. Since interactions between Renner—Teller
pairs are expected to be enhanced by bending?Bzewas
favored as the spin—orbit perturber in the early stuéfies.
However, the recerdb initio calculation$® indicate that the
2B, interacts directly with theA 2A, only at considerably
higher energies, whereas th&; crosses thé ?A, near the
A 2A, equilibrium angle. It was thus conclud€dhat the
2/, is the spin—orbit perturber of thi 2A,.

As shown in Fig. 3, Peterson and Werner's
calculation&® show that théA,, like theA 2A,, is bound at
E<3.1 eV with respect to dissociation to CKD along the
asymmetric stretching coordinate for bond angles near equi-

tlibrium (1009. However, those theoretical calculatiofsee

Fig. 3 indicated the existence of a very small barrier to
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linear OCIO along théA, bending coordinate, with the en- with modest rotational excitation in this low energy region of
ergy of linear OCIO lying lower than the bent form. The the OCIO absorption spectrum appears to support the hy-
height of the barrier to achieve linearitjor fixed OCIO  pothesis that a large fraction of the CH@ products origi-
bond length appeared to lie very close to the energy of thenate from a nearly linear OCI®4,) transition state.

A 2A, origin (~2.8 e\).** The calculations indicated that As noted in the results section, tR¢E) for the CHO,
dissociation to CIG-O can subsequently proceed via achannel is bimoda(Fig. 7). From energy conservation, the
nearly linear?A, transition state with the height of the bar- fastest component, lying in the energy range 41-67 kcal/
rier for dissociation estimated to be lower than that tomol, must correspond to production of ground statg O
achieve linearity. Our results are consistent with these conX 325 in vibrational levels ranging from”=1-6. The rise
clusions. Our finding that CI®O production is by far the near E=41 kcal/mol corresponds exactly to the expected
dominant channel for alh ?A, levels down to thg0,0,0 maximum translational energy release fogeﬂlA (v"=0)
level confirms that théA, lies belowA 2A, (0,0,0. Further-  or 02 X 32’ (v"=6). Since it seems unIrker that the
more, our observation of strong CIID signal even from O,(X 33 g) V|brat|onal energy distribution would be so bi-
OCIO (0,0,0 indicates that interactions between t#g and  modal and highly inverted to rise sharply above6, we

A 2A, are significant in the region of th& 2A, origin, con-  attribute the rise beloviE=41 kcal/mol to formation of @
sistent with a crossing between these levels nea’Atié, 1Ag (v"=0). We conclude that approximately 20% of the
minimum. O, is ground state X 32 ) formed in vibrational levels be-

At excitation energies below 3.1 efA>400 nm), the tween 0 and 5. From the sharp rise below 41 kcal/mol, the
ClO is formed vibrationally excited with large populations of dominant Q products are in the electronically excitadlAg
nearly all thermodynamically accessible vibrational levels.state. The exact location of this peak indicates that the
The width of each vibrational peak in the TOF spectra is a0,(a 1Ag) is primarily formed inv”"=0-4. Note that the
convolution of the CIO rotational and spin orbit distribution, maximum in theP(E) for the CHO, channel lies at 32
and is further broadened by the distribution of*®J spin—  kcal/mol, slightly higher than the maximum allowed transla-
orbit levels. The CIOX( 1'[1,2 32 Spin—orbit levels are sepa- tional energy release for production of D,(b 12 ), rul-
rated by 350 cm and the excited sp|n orbit @®,) levels  ing out the possibility that the sharp rise corresponds to these
lie at 158 cm® (J=1) and 227 cm' (J=0). Since we are products. Of course, some contribution from this channel
unable to resolve these fine structure levels, the CIO rotamay be hidden under the dominant#,(a 1Ag) peak at
tional distributions cannot be obtained from the widths of theslightly lower translational energies.
vibrational envelopes for the C0O P(E). However, from Owing to the presence of a conical intersection between
the fact that each vibrational contour peaks well away fronthe ?A; and?B, states near the minimum in tRé,; bending
the maximum theoretical translational energy, it is clear thapotential, vibronic interactions mediated by asymmetric
the CIO rotational distributions peak well away frath=0.  stretching should be appreciafeThe 2B, electronic state
Because the ClO vibrational spacifig2.4 cm * at low v") is an optically dark level, not accessible by a direct dipole
is clearly well resolved in our TOF data, the ClO rotationaltransition from the ground state. As discussed
envelopes must be considerably narrower than the 350 cm elsewheré?=** all available evidence indicates that-aD,
vibrational spacing. We thus conclude that at excitationproduction primarily involves decomposition frof, lev-
wavelengths longer than 400 nm, the CIO products arels. Due to the &0 bonding and CI-O antibonding char-
formed vibrationally hot with only a modest degree of rota-acter of theb, orbital, the?B, is strongly bent with an equi-
tional excitation. libium OCIO angle of ~90°* In C,, symmetry,

Michielsen and co-workers found that decay lifetimes atOCIO(°B,) correlates to CHP)+0,(a 1Ag) consistent
1;=0-3 were independent of symmetric stretching levelwith our finding thata A is the dominant electronic state
(v,).2? Their additional finding that OCIO predissociation of the O, products. However the 20% vyield of,(X 32 )
rates are enhanced by parent bending is clearly important tobserved in our experiment indicates tla, symmetry is
unravelling the dynamics in the low energy region. Petersomroken to some degree, facilitating a crossing to the ground
and Wernet® compared one dimensional cuts of the symmet-electronic state as the products separate.
ric stretching potentials for the four OCIO electronic states at  An interesting observation is that the, @ranslational
fixed angles of 106.4° and 117.4°, corresponding to the equienergy distributions were essentially identical for many
librium bond angles for the preparedl 2A, and ground A 2A, levels. For example, we were able to fit the+@,
2B, state, respectively. They noted that OCIO bending has distributions from the5,0,0, (4,0,2, and(5,1,0 levels with
strong effect on the energies of the?A,/2A; crossings, the sameP(E). This relative insensitivity to initial vibra-
consistent with the observation that OCIO decay lifetimegional state suggests that the Sate distributions are prima-
are diminished with bending excitation. An additional reasorrily determined rather late in the decomposition process, as
for the enhancement seen with parent bending is that initiathe CHO, are departing. However, a survey of the Cl TOF
A 2A, bending provides nuclear motion facilitating increasedspectra over a wider range of excitation wavelengths does
access to regions of thé; surface favorable to decay to reveal some interesting effects. As can be seen in Fig. 16, for
ClIO+0. As noted above, this corresponds to nearly lineaexample, at slightly lower energies near thel,0, the rela-
nuclear configurations where the potential energy barrier isive contribution from the slower, fa A ¢) channel is
lowest. Our observation of highly vibrationally excited CIO nearly the same as the fastep(® 32 ) peak Thus the

J. Chem. Phys., Vol. 105, No. 18, 8 November 1996



8160 H. F. Davis and Y. T. Lee: Photodissociation dynamics of OCIO

yield of electronically excited &a lAg) relative to the nificantly. Interestingly, Richard and Vaida observed a con-
ground state diminishes as the excitation energy is decreassitlerable increase in the OCIO absorption linewidths above
towards that of the potential energy barrier for this channel3.1 eV In particular, a plot of the absorption linewidths
This is predicted by the theoretical calculatidfisAs dis-  [Ref. 21(b) Fig. 3] shows a rapid increase from 0.3 chfor
cussed by Peterson and Werner, the potential energy barriér ?A, (5,0,0 to ~0.9 cmi ! for A 2A, (7,0,0.
for Cl+0, production on théB, surface is strongly depen- All of the changes noted above clearly indicate the onset
dent on OCIO geometry, with substantial decrease in thef a new CIO+O decomposition mechanism Bt>3.1 eV.
barrier height for nor€,, geometrie$? The relative contri- Our experimental observations and the theoretical
bution of ground state @X 32;) therefore increases upon calculation&>#* provide strong evidence that this change is
decreasing the excitation energy towards the top of the paassociated with the opening of the CHO channel on the
tential energy barrier as a larger fraction of products resulA ?A, surface. At energies above the barrier to €l0, the
from nonC,, trajectories. direct adiabatic coupling to the CHO continuum increases
The possibility that OCIO symmetric bending might lead sharply, and dissociation time scales decrease. The photo-
to a dramatic enhancement in-8D, production rates has chemical dynamics and branching ratios are governed by the
been raised® in connection with the atmospheric signifi- strength of the coupling of the preparéd?A, state to the
cance of OCIO photochemistry. It was suggested that thavailable decay channel$?* As the reaction rate constant
absence oA ?A, peaks associated with two quanta of bend-for dissociation to CIG-O on the brightA A, surface in-
ing (e.g., 5,2,0 might be attributable to extreme broadening creases, the nonadiabatic behavior ultimately leading to
of those peaks due to very short lifetimes resulting fromCI+0O, production becomes negligible and so this channel
rapid decomposition to GIO,. We have looked for en- closes. The large translational energy release and production
hanced CFO, production at the calculated band positions of vibrationally cold CIO are signatures of the existence of a
for A 2A, (5,2,0 and (4,2,0, but saw no evidence for sig- substantial potential energy barrier for GKO production
nificant CH-O, at these wavelengths. This, along with our with strong CIO—0O repulsion in the exit channel. Our data
finding that CIO+O remained dominant for all OCIO levels indicates that CIO produced from OCIO photodissociation
(including those with bendingshows that the GO, chan-  near 360 nm is in low vibrational levels)(=1-3), with
nel is never greatly enhanced with?A, bending excitation. negligible production ob”>4. This clearly disagrees with
Thus the lack of activity for OCIO combination bands having previous conclusions that the CIO is primarily formed in
two quanta of bending is more likely explained by symmetryv”=4-6 in this wavelength regiof?:*°
effects operative in the three normal modes, as discussed
qualitatively by Brancet al.”*
The mode specific CI:CIO branching ratios observed inc Polarizati .
. . . . . . Polarization dependence studies
this work are entirely consistent with the recent calculations
by Peterson and Werné&t Although their calculations reveal Photodissociation of OCIO near 360 nm leads to produc-
the existence of a low-lying transition state for4@, pro-  tion of CIO+O with a translational energy distribution peak-
duction on the strongly berB, surface, a second transition ing near 13 kcal/molFig. 31), corresponding to a most prob-
state was also found, leading to production of €l0 via  able center of mass O atom velocity of 2360 m/s. The effect
the asymmetric stretching coordinate. It is thus not surprisingf the initial tangential velocity of the O atom due to OCIO
that any asymmetric stretching excitation in the initially pre-parent rotation is thus negligible in the present case. How-
paredA 2A, levels strongly diminishes @10, production in  ever, B is reduced considerably from the maximum possible
favor of CIO+O. Clearly, the nuclear motion associated with value of 2.0, primarily because the direction of O atom prod-
the initially prepared OCIO vibrational modes plays a critical uct recoil (along the CI-O bond axigloes not lie along the
role in controlling the identity of the products. Only those axis of the transition dipole. OCIO is a strongly bent mol-
2B, levels very nearC,, reach Ck0O,. Any asymmetric ecule with an equilibrium bond angle of 117.4° for the
vibrational excitation strongly promotes decay to 610,  groundX 2B, state, and 106.2° for the excitdd?A, level 2
consistent with the shorter dissociation time scales and therdhe OCIO @ ?A,+X 2B,) transition moment lies parallel
fore, more strongly anisotropic angular distributions, as wellto the OCIO a axis, i.e., in the OCIO plane perpendicular to
as strongly diminished GO, yields. the C,, axis. Thus the CI-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 diminisjgas
B. Change in dynamics near 400 nm that the OCIO parent molecule has a dissociation lifetime of
Upon tuning to wavelengths shorter than 400 nm, sig-2t least several hundred femtosecchd¥ so the parent mol-
nificant changes are observed in both product channel§cule will undergo a fraction of a rotation before dissociat-
Whereas most energetically accessible CIO vibrational en"d; as in NQ photodissoc_iatioﬁ?’ .
ergy levels are populated with strongly mode specific distri- ~ 1he photofragment anisotropy paramegris related to
butions at longer wavelengths, upon tuning to shorter waveParent lifetime(r) by the following expressiof’
lengths the CIO becomes vibrationally cold, with most

excess energy channeled into relative translational energy. In B=2P,(cosy) + w7 (12)
this same energy region, the 8D, channel diminishes sig- 2 N 1+20%72)
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In Eq. (12), x is the angle between the recoil velocity vector partial absorption cross sections for the two competing chan-
of the fragment and the parent transition dipole moment, andels must add to the total OCIO absorption cross section.
w is the frequency of parent rotation. Estimatifigc15 K Since this requirement is not fulfilled in Ref. 53, the claim of
and using the moment of inertia for OCIO, we calculatemode specific Cl:ClIO branching ratios near 360 nm must be
0=6.4x10'" s The ground state OCIO bond anglé in error.
=117.49 corresponds tgy=31.3° and that of the excited Flesch and co-worke¥$have carried out a photodisso-
state(6=106.29 corresponds toy=36.9°. Upon substituting ciation study of OCIO and its molecular aggregates. They
these values into Eq12), it is apparent that the large value detected CIO following OCIO photodissociation by single
of y leads to substantial reduction B Indeed, even in the photon ionization at 10.91 eV, just above the adiabatic CIO
limit of =0 (instantaneous dissociatiprmssuming dissocia- ionization potential of 10.87 eV. They, like BD, observed
tion from a ground state geometty=31.39, the maximum enhanced CIO signal from OCIO vibrational modes having
value for B is 1.19. If the molecule dissociates from the asymmetric stretching excitatidm, ,0,2) near 360 nm. How-
excited state geometity=36.99 the maximum inBis only  ever, they attributed this behavior to different CIO vibra-
0.92. Thus becausg likely has a range of values as OCIO tional energy distributions from each OCIO parehtfA,
undergoes strong bending after excitation, it is impossible twibrational leveP® They postulated that since CIO ionization
reliably extract OCIO lifetime information from our anisot- cross sections are likely to depend on vibrational level, the
ropy measurements using Ed.2). However, if we assume CIlO detection sensitivities will not be constant for CIO prod-
that OCIO dissociates from a geometry close to that of theicts from different parent OCIO vibrational states.
excitedA 2A, state(106.29, the following 3 values are cal- Our work confirms that the CIO vibrational distributions
culated: 8=0.72 (=500 f9; B8=0.49 (=1 p9. Our ob- from OCIO photodissociation at 360—370 nm are indeed
served value of 0:20.1 near 360 nm would be consistent mode specific. Most notably, the CIO translational energy
with a dissociation time scale exceeding 1 ps for OClOdistributions are narrower and more sharply peaking for
(10,0,0. As expected, this is somewhat longer than thoséDCIO asymmetric stretching levels than for neighboring
measured directly by Zewail's group in experiments whichpeaks. The exact peak locations in tA€E) shown in Fig.
were at considerably higher excitation energi@s<350 29 indicates that decay of OCI(8,0,2 leads to enhanced
nm).>® production of ClO¢"=2,J"<153) or ClO(v"=1J">35%),
relative to neighboring OCIO absorption peaks. Similar be-
havior is seen for OCIQ9,0,2, as shown in Fig. 31. Since
there is no resolvable structure in the OGE)0,2 or (9,0,2
Following our repo® of mode specific CI:CIO yields P(E)’s, and because the é®,) spin—orbit distributions are
near 400 nm, a similar effect was reported by BD near 36@nknown, we cannot distinguish between production of CIO
nm >3 Specifically, the enhanced CIO intensities from OCIOv=1 and 2 from theP(E)’s shown in Figs. 29 and 31.
(8,0,2 and (9,0,2 was taken as evidence that the quantumHowever, it is clear from our data thattifie most probable
yields for this channel are enhanced with OCIO asymmetricClO levels are monitored state specifically.g., using 21
stretching excitation. Surprisingly, the Cl REMPI spectra re-REMPI) while scanning the OCIO excitation laser at 360—
sembled the OCIO absorption spectrum, leading those work370 nm, the CIO signal will appear to be enhanced for OCIO
ers to conclude that the €10, yield was constant. This con- (8,0,2 and (9,0,2, relative to neighboring peaks. Such be-
clusion, if correct, together with conservation of product flux havior results from the narrowd?(E) and sharper peaking
dictates the existence of another photochemical channeif the CIO rovibrational state distribution, rather than from
which decreasesvhen OCIO asymmetric stretching levels increased ClO:Cl branching ratig%> Since the CIO absorp-
are excited. However, since the following arguments lead tdion cross section into the dissociatié¢°I1) continuund® "
the conclusion thatc.o,* ¢cio+o = 0.9998 near 360 nm, should not vary significantly for ClOu('=1-3), a constant
no other photochemical channels can be significantThe  fraction of CIO products are photolyzed by the 235 nm probe
quantum vyield for OCIOA 2A,) fluorescence is negligible laser producing a Cl REMPI spectrum which follows the
(i.e., <2x10% due to picosecond dissociation time OCIO absorption spectrum, as reported in Ref. 53.
scale}?" (ii) Formation of C#O+O is energetically
closed?® (iii) The CIOOEA") isomer(D,=4.5 kcal/mat©),
if produced, would be formed abo\2, and would rapidly
dissociate to G+O,. (iv) OCIO(A 2A,) levels excited near We have studied the photodissociation of OCIO using
360 nm lie above the barrier for dissociation to Gl1O.  photofragment translational energy spectroscopy and have
Other OCIO electronic stat€8A,, °B,, or X B,) are dis- obtained branching ratios for the two photochemical chan-
sociative at these energfésso metastable or fluorescent nels over a wide range of wavelengths. The dominant chan-
OCIO levels cannot be significant. From these considernel (=96%) is production of CIG-O. Although the vibra-
ations, we conclude that99.98% of the excitation events tional distributions of the CIO product are strongly
lead to CHO, or CIO+0. Since only two channels are op- dependent on the initial OCIO vibrational level, Xt-400
erative, enhancement in the CKD yield mustbe accompa- nm essentially all thermodynamically accessible vibrational
nied by a decrease in €0, production, independent of re- levels are produced. The preferential formation of vibra-
action mechanisf(s). This is equivalent to saying that the tionally excited CIO is rationalized in terms of the recabt

D. Nature of the mode specificity near 360 nm

V. CONCLUSIONS
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initio calculations which indicated that the bright’A, state
is bound with respect to dissociationa& 3.1 eV but inter-
acts via spin orbit coupling to a nearb, which dissociates
to CIO+0 via a nearly linear transition state. The+D,
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