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The state-resolved and

isotope-specific detection of nascent CIO generated from the

photodissociation of GO parent molecules is performed by observing single-colot- 12
resonance enhanced multiphoton ionizatiBEMPI) spectra following excitation in the wavelength
range from 336 to 344 nm; additionally state-resolved detection of nascent CIO is performed by
observing single-color two photon laser-induced fluorescence. The REMPI spectrum is assigned to
the CIOC?S ,v'=0—X?2II,,0=0) transition. The population of rotational states up to
J=130 is evidence of large rotational excitation induced by a strong dependence of the excited

potential energy surfacPES on the Jacobi angle.

Formation of the’Il,, spin-orbit state is

preferred: P(2I1,,,): P(?I15,) =0.30+ 0.05 suggesting significant radiationless transfer from the
excited PES to closely lying neighboring states. The anisotropy parameter for the transition is
determined to bgg=0.35 independent of the CIO quantum state. The principal excited electronic
state is assigned to ¥B,—'A; transition, in agreement with receab initio calculations. The
measuredB value is smaller than the limiting value of 1.0, suggesting dynamic reasons and
simultaneous excitation to more than one PES. A fast and direct fragmentation process is deduced,
where the upper limit for the lifetime of the excited dissociative state is calculated to be 300 fs.
© 2002 American Institute of Physic§DOI: 10.1063/1.1489415

I. INTRODUCTION

The oxides of chlorine play an important role in the

stratospheric chemistry and particularly in the depletion of

the ozone layel~* The molecular constants and ground
state configuration of GD are summarized in Table I. Con-
cerning the photodissociation of L) at short wavelengths

(A=<308 nm) a large number of experimental and theoretical
The dissociation energid3, and threshold wavelengthsy,

data are available. Even though absorption cross sedfions

Do=29580 cm /Ay, =338 nm, (10
ClLO—ClL(3Iy)+OCPy),
Do=231540 cm */\y,,=317 nm, (1d)
ClL,0—2CI(?P;)+ O(3P;),
Do=33710 cm /Ay, =297 nm. (1e)

A=300 nm for many temporary reservoir species are small,have been calculated, based 0 K enthalpy of formation
photolysis is still the most important loss process for thesdlata, for the spin-orbit states with the lowest ene[dfCl)
molecules in the lower stratosphere. In order to complete our 3/2, J(0)=2, andQ}(Cl0)=23/2].**

understanding of the photolysis of stratospheric temporary ~The CbO absorption spectrum is depicted in Fig. 1. Itis
reservoir species, studies of their photodissociation beyongharacterized by a continuous and structureless absorption

308 nm are necessary.
Photofragmentation of @D is possible for excitation

with four different maxima of increasing intensities at 530
nm, 410 nm A), 256 nm C), and 171 nmD). The maxi-

wavelengths below 868 nm. Five different decay channelgnum situated at 256 nm is accompanied by a shoulder at 285

are accessible in the ultraviolétV)/visible (VIS) spectral
range:

ClL,O—CI(?P;)+ CIO(?I1y),

Do=11530 cm /Ay, =868 nm, (1a
CLO—Cly(*24)+0(°Py),
Do=13710 cmM /Ny, =729 nm, (1b)

ClL,LO—Cl('24)+0('Dy),

nm (B). In view of the broad absorption spectrum it is im-
portant to characterize the excitation dynamics gfCCWith
respect to the different absorption bands as well as to char-
acterize the decay dynamics with respect to the competing
photolytic channel$la—(1e). Channel1a) is expected to be
the only decay channel active at dissociation wavelengths
above 338 nm, since channdl) is spin-forbidden, and its
contribution is expected to be negligible for a fast fragmen-
tation process.

Until recently studies of the @D photodissociation dy-
namics have only been performed for wavelengths below
310 nm(cf. Table 1)).1*-*¥ Only, Davis and Lee studied the
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Fig. 1. Using photofragment translational spectroscopy
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TABLE |. Molecular equilibrium constants for ground stateGl r, is the
Cl-0 equilibrium bond lengthg, defines the bond anglef. Fig. 7), w;
(i=1-3) defines the three vibrational mode energies, ArdC are the
rotational constants.

Aures et al.

TABLE Il. Experimental and calculated anisotropy paramgién the pho-
todissociation of GIO+hv— CIO+ Cl for wavelength above 235 nm. Band
designationgcf. Fig. 1) in parentheses indicate minor contributions of an-
other band.

Symmetry group C,, Nexc (NM) 423 340 308 248 235
Ground state A, Band A B B(+C) c c
re (pm 169.587 Bexy ~ —10° 035018 0.4+0.¥F 0.7-15-03" 1.2+0.1°
@, (deg 110.886 0.7+0.2
w, (cm™) 641.9694 Symmetry 1B, B, B, Ay 1AL WA 1A,
w, (cm™Y) 296.0 Bxn -1.0 +1.0 +1.0 (-1.0/0.0 (-1.0/0.0
wy (cm™Y) 686.5398
A (cm™} 1.40" “Reference 13.
B (cm Y 0.12 bThis work.
C (emY 017 ‘References 14 and 15.

9Depending on fragment recoil velocity.

°Reference 16.

‘References 17 and 18.

9Reference 21.

hg* values are limiting values for prompt dissociation and identical ground
and excited state geometries.

aReference 11.
PReference 9.
‘Reference 10.

(PTS for the Cl fragments they found the anisotropy param-

eter 3 to be —1.01 Here, 8 characterizes the spatial frag-

ment distributionP(#) according toP(8)o1+ BP,(cosb), or (1d) were observed. These observations led the authors to
where 6 is the angle of the polarization vector of the disso-suggest the involvement of several excited states in the dis-
ciating laser with the product recoil velocity vector, aRgl  sociation at 248 nm. At 193 nm, photolysis of,0l leads

is the second Legendre polynomtal. Okumura and predominantly to three atomic fragmenfsThe reported
co-workers**® performed PTS experiments for dissociation mean parameter of 0.4 for the oxygen atom was derived
wavelengths of 308, 248, and 193 nm, probing maxBn&,  from a two-point measurement only and should be used with
andD in Fig. 1. At 308 nm(cf. Table Il), only Cl and CIO  some caution in view of the dominance of the three-body
fragments from channglla) were observed, with a single decay channe(le).

broad kinetic energy distributiofKED) and a spatial frag- Tanaka and co-workers performed a photofragment im-
ment distribution that is described by@parameter of 0.4 aging experiment at a dissociation wavelength of 235'hm.
+0.3. At 248 nm, 96% of the total fragments were Cl Production of ground state GRg,) atoms is strongly pre-
+CIlO from channel(1a), but the KED consisted of three ferred over the production of excited spin-orbit state
distinct contributions. The fastest fragments were associate@l* (°P,,,) atoms, described by a branching ratio
with a 8 value of 0.7 0.2, the products at moderate recoil P(?Py,,):P(?Pg,) of 0.08+0.01. The spatial distribution is
velocities were characterized t8~=1.5+0.3, and the slow- characterized by a singl@ parameter of 1.2 0.1 for both

est fragments were described By 1.2+0.2. The remaining fine-structure states, independently of the fragment velocity,
4% dissociated into three fragments, 2%+ O(3P;), indicating the same initially excited potential energy surface
along channe(le). No contribution from channeldb), (1c), (PES for the production of all atomic CI fragments. While
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some discrepancies remain between the experiments pes-parameter, defined through the spatial fragment distribu-
formed at 248 nm and at 235 nm, especially with respect tdion P(6). Based on semiclassical trajectory calculations,
the spatial fragment distribution, it seems plausible that thé’ersico and co-workers predictedBaparameter of 1.7 for
same upper PES is excited for both wavelengths, and that thdissociation on théB, surface?? Accessing a state 0B,
differing dynamics is essentially caused by the amount of theymmetry from arA, state yields a limiting3 parameter of
initially deposited energy in the parent and by the accessed 1.0 for identical ground and excited state geometfasa
region of the PES. Above all, the contribution of the three-bond angle of 110.9° An increase ofg from the limiting
body decay channélLe) is strongly increased. value to higher values can only be due to the topology of the
Most recently, time-of-flight(TOF) experiments with upper PES, whereas a decrease can be caused by more than
resonantly enhanced multiphoton ionizati®EMPI) detec- one factor, i.e., excited PES topology, noninstantaneous dis-
tion of CI(2P5,) and CF(?P,,,) were performed at dissocia- Sociation or simultaneous excitation of different upper poten-
tion wavelengths of 235 and 207 nrh!® Qualitatively the tial energy surfaces.
previously obtained data for 235 nm were confirmed, In this work we use the REMPI technique for CIO de-
whereas at 207 nm an almost isotropic decay was observetgction, which in combination with time-of-flight measure-
characterized byd=0.2+0.2. Here, KEDs of predominantly ments allows us to study the spatial fragment distribution in
slow atomic chlorine fragments are evidence of the threedetail and to extract thg parameter value to a high degree
body decay dominating the dissociation process, resemblingf accuracy. Additionally to the REMPI spectra, we mea-
the results obtained in the 193 nm dissociation. Contrary téured state-resolved single-color two photon laser-induced
the 235 nm dissociation, no spin-orbit state selectivity wadluorescence specti&lIF) of CIO.
observed. Clearly, another electronic state of different sym-  In contrast to conventional fluorescence spectroscopy the
metry must be responsible for the,Ol dissociation in th®  REMPI method offers various advantages: first, it is capable
maximum in the wavelength region below 220 nm. of distinguishing between signals from the two prominent
Few theoretical studies have been performed on the ele€lO isotopes**CIO and®*'CI0).*** Thus, isotopically pure
tronic states of GI0.>?°~?>Sander and co-worketsalcu-  SPectra can be observed, greatly simplifying the complex
lated vertical excitation energies and assigned the calculatdlO spectra and facilitating their interpretation. Second, in-
states to the absorption spectrum maxima. Ahmaximum  €vitable impurities in the sample, especially G|Othat
at 410 nm was assigned togal state, theB shoulder at 285 mlght contribute to the CIO Signal yleld, can be discrimi-
nm to the correspondindB; state, theC maximum at 256 nated against, based on their difference in kinetic energy re-
nm to alB, state, and th® maximum to overlappindA,; lease to the fragments. The content of €I9 especially
and !B, states. This assignment was consistent with all th&rucial in this regard, since its absorption cross section
existing experimental observations compiled above, excepifound 340 nm isr=1.23<10"*" cn¥’, whereas the value
for the observeq3 parameter at 308 nm and the unusually©f the absorption cross section for,Ol is only o=3.58

. . . -, — 20 26
strong intercombination transition at 410 nm. In fact, other<10 e, ] . ] o
calculation®-? resulted in the assignment of thB, state The present article describes the photodissociation of

to the A maximum and the neighborint, state to theB Cl,O in the wavelength range from_336 t_o _344 nm Iea_\ding to
shoulder. While the new calculations fixed the above menC!O+ Cl products. For the photog;ssomatlon of,0l iso-
tioned discrepancies in the long wavelength regime, new dilOP€ Selective spectra fS_f’Clo and*'ClO are measured and
crepancies arose in the short wavelength part of the absorf2" the first time the anisotropy parametgrof the decay
tion spectrum which cannot be resolved at present. around 349 nm is det_ermmed. Aq upper limit for the lifetime
Quantum state resolved data were only available for thé’f the excited d|SSOC|at|ye state is given. The CIO fr:_;lgmerjt
atomic Cl fragment, whereas the quantum states of the CI¢5 complgtely characterized by its rotational and spin-orbit
fragment containing the most detailed information about thet@tes using (2 1) and (2+2) REMPI.
dissociation process were unidentified. In a recent work we
observed for the first time extremely high rotational excita-- EXPERIMENT
tion in the ClO fragments upon the photodissociation of  The CLO dissociation dynamics are studied in a one-
Cl,0 around 340 nm via state-resolved REMPThe rota-  color experiment consisting of two elementary steps. First,
tional population, derived by fitting a Gaussian distributionCl,O is dissociated by absorbing one ultravigléy/) photon
function to the obtained spectra, was strongly inverted peakibetween 336 and 344 nmThe resulting CIO fragment is
ing aroundJ=107.5 having a full width at half maximum then detected via a (21) or a (2+2) REMPI process, de-
(FWHM) of 26.6. The extreme high rotational excitation pending on the waveleng4?®Ground state CIOX?I1,)) is
agrees very well with the prediction of a purely impulsive excited to the upper electron@ state C 23~ X ?I1) by
model. Thus the gradient of the upper potential energy surabsorption of two UV photons and subsequently ionized by
face (PES with respect to the separation coordinate mustone or, respectively, two photons. At wavelengths above 342
dominate the dependence on the-OFClbond angle. This nm the detection process changes from+(@@ to (2+2)
behavior should be typical for relatively large energy releasd(REMPI. The REMPI technique allows a sensitive, isotope-
in a bent heavy-light—heavy triatomic molecule. selective and state-resolved observation of nascent CIO from
A more detailed view on the dynamics evolving the ex-the photodissociation process of,0l when the dye laser is
cited PES and the nature of the excited state can be obtainédned from 336 to 344 nm. For reference;{2) LIF spectra
by studying the spatial fragment anisotropy described by thef CIO were measured by absorption of two UV photons
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with subsequent monitoring of the vacuum-ultraviolet fluo- In order to account for the problem of unwanted CIO
rescence from the excited electronic state to the ground statégnals resulting from the smdll%) CIO, impurities in our
(C23~—X2I,) around 170 nm. samples the following experimental arrangement was em-
The linear TOF spectrometer is described in detailployed. For a photolysis wavelength around 340 nm leading
elsewheré® Basically it consists of a stainless steel tubeto CIO fragments, the available energy, of the dissocia-
evacuated to a base pressure of 4®a equipped with tion for CLO is about 1.8 times the value for GJQwhere
guartz windows for photolysis and probe lasers traversinds,, has been calculated from the difference between the pho-
perpendicular to the single-field TOF spectrometer. For théon energy and the dissociation energfg,, (CIO,)
preparation of gaseous dichlorine monoxide ,@) the =10100 cm '<E,(Cl,0)=17800cm*.  Additionally,
method of Cad$f was used. Remaining chlorine moleculesthe kinetic energy release into the fragments has to be
in the sample were removed by vacuum distillation. Theweighted by the respective masses of the fragments. There-
Cl,0 gas (8x10°—13%x 10° Pa) was mixed with argon to a fore, TOF profiles for CIO generated from the dissociation of
total pressure of TOPa. A pulsed nozzléGeneral Valve Se- Cl,O are significantly broader than profiles from the photoly-
ries 9 was used to expand the gas mixture inside the specis of CIG,. The minimum ratio for the profile widths is
trometer perpendicular to the spectrometer axis. Using rep:alculated to be 1.7 in absence of internal fragment excita-
etition rates of 10 Hz and a stagnation pressureofl@’ to tion. For internal CIO excitation this ratio will be even larger.
1x10° Pa we obtained a background pressure of aboubetting the gate of the boxcar integrator to the outer 30% of
10 2 Pa with the nozzle in operation. the wing of the TOF profile will thus ensure that only CIO
Both the C}O photolysis wavelength and the ClO detec- from the dissociation of GD is measured. For the same
tion wavelength in the range of 336 to 344 nm were deliv-reason contributions from signals originating from,@j
ered by the same tunable dye las@l 3002, Lambda -Arpy clusters can be excluded.
Physik pumped by a XeCl excimer laséRadiant Dyes RD-
EXC-200. p-Terpheny(PTP dissolved in dioxane was used !ll. RESULTS
as laser dye. The pulse duration was 15 ns and the_ dye laser Purity of the sample is of major concern in the present
output(RDS 360-neliwas 3—4 mJ/pulse at a bandwidiv  experiment, especially in view of the small absorption cross
of 0.21 cm (FWHM). The bandW|-dth was determined from gaction for CJO at 340 nm ¢=3.58< 10" 2 cr?).2® Pos-
the convolution procedure described below. T_he dye lasegjple impurities comprise | HOCI, and OCIO. The sample
was focused by 4=300 mm quartz lens. Two microchannel composition was checked by monitoring an UV/VIS absorp-
plates(MCPs, Galileo Longlife with an active diameter of tjon spectrum which is depicted in Fig. 2. Indeed, all species
40 mm mounted in chevron position were used to detect thgjscussed above were present in the sample which was found
ions. For monitoring CIO spectra the output of the MCPsy, consist of 33% Gl, 15% HOCI, 1% OCIO, and 51%
was fed into boxcar averageBtanford Research Systems c|,0. The relatively large content of HOCI and,@loes not
250 and stored in a personal computer after analog/digitajnterfere with the present experiment. The small content of
(A/D) conversion. Since the flight times CIO and*’CIO  oCIO however, results in nonnegligible interference signals.
differ due to their different masses, isotope-specific spectrgherefore, CIO spectra were monitored from integrating the
were observed simultaneously by adjusting two boxcar gategigh-speed part of the TOF profiles only where no CIO con-
at the respective arrival times while scanning the dye lasegipution from CIO, dissociation is present, as described in
The signals were normalized by measuring the probe lasghe previous section. Additionally, ClOdissociation is
intensity. known to predominantly generate CIO fragments in low ro-
The experimental setup used for the state-resolved twomtional states, whereas JC dissociation mainly produces
phOtOﬂ LIF bulk detection of CIO or BrO has been deSCI’ibe%igmy rotationa”y excited fragmen@::‘}l Arguments based
in detail before’* A solar-blind photomultiplieThorn EMI on the rotational excitation of CIO are, therefore, not influ-
9403B), which is not sensitive to the excitation wavelength, enced by CIQ impurities in the sample.
was mounted perpendicular to the laser beam. The output of )
the photomultiplier was fed into a boxcar averag@tanford A. Quantum state population
Research Systems 25@nd stored in a personal computer An overview over the observed CIO REMPI and LIF
after A/D conversion. spectra resulting from the one-color experiment in the disso-
For extractingB parameter values the transient TOF pro-ciation of CLO is represented in Fig. 3. The upper part
file for a selected transition at a fixed laser wavelength washows the LIF spectrum of CIO whereas the middle and
averaged over 1000 shots by a digital oscilloscdmCroy  lower part of the figure depicts the REMPI spectra for the
9450 A, 350 MH2 and saved by a personal computer. The3’CIO and3CIO isotope. Note the scaling of the signal in-
polarization of the laser was rotated by a prism assembly itensities in the isotope selective REMPI spectra, which re-
order to investigate the spatial fragment distribution. Polar{lects the natural abundance ratio of 1:3. The scan range from
ization geometries oiy=0° and 90° were realized wherg 336 to 344 nm covers the rotational branches of CIO
is the angle of the polarization vector of the dissociation(C 23~ ,v’=0—X?[Iz,,0=0) and CIO C2% ,v'=0
laser with the spectrometer axis. TReparameter was deter- « X ?II,,,,v=0). The onset of théll, system at 341.6 nm
mined from a forward convolution procedure taking into ac-is indicated by the bandheads of tReand O branches. The
count the spectrometer response function and the linewidtbther spin-orbit systen?tIl,,,, starts at about 343.6 nm. At
of the probe laser. room temperature both electronic systems are well separated

Downloaded 02 Aug 2002 to 134.169.41.165. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 117, No. 5, 1 August 2002 Excited state dynamics of Cl,O 2145

FIG. 2. UVIVIS absorption spectrum of the £
sample used for the experiments. Measured absorption
spectra(open circles reflect the chemical composition

of the sample given by the sufsolid line) of the im-
purities and the GO content, namely 33% gl(short
dash, 15% HOCI(dot), 1% OCIO (open square sym-
bol), and 51% CJO (short dash dot Data for the ab-
sorption spectra of the pure substances are taken from
Ref. 26.

absorption cross section / 107 cm?

0 ] (
—T T T 1 I T T T T T T T
200 220 240 260 280 300 320 340 360 380 400 420 440

wavelength / nm

(Ag=—321.79 crﬁl),32 In the CLO dissociation, due to the origin of the heavy isotope is redshifted by 0.96 Cnfrom
high rotational excitation, transitions from high rotational the origin of the®*CIO isotope T.=58374.73 cm?). The
states of théIl,,, system overlap with transitions from the molecular constants fa¥CIO were calculated using the con-
211,,, systen?® High rotational excitation is also present in stantp=[ u(3*Cl0)/w(¥Cl0)]*?, i.e., the square root of the
excited vibrational states of CIO obscuring the bandheads afatio of the reduced masses®
the ?I1,,, system at 343.6 nm in the overview of Fig. 3. The The removal of interferences from CJGmpurities can
best be seen in the amplitude ratio of the inteRs®mndhead
at 341.69 nm. The LIF spectrum contains significantly more

] 8 — 71 * 1 T fr 1 1 1 17 population of low rotational states contributing to the band-
= 6 LIF-CIO ] head from the REMPI spectrum. The difference is ascribed
=] 2y i to CIO fragments resulting from the photodissociation of
= 4 ” - CIO, impurities, which are not monitored in the REMPI ex-
% ) . ‘ | Hm_- per_|men_t due to the energy sensitive gating procedure de-
S ‘7 il TP scribed in Sec. II.
£ 0. U ‘ ‘ N In our recent work, related t&8CIO, we have shown that
= 336 337 338 339 340 341 D342 343 344 the population of the high rotational states is strongly in-

3 verted described by a Gaussian distribution peaking at
£ 3] REMPI-"CIO =107.5 with a FWHM 0f AJ=26.67° The new REMPI
; 2] 2 spectra foP’CIO and the LIF spectra, presented in this work,
& 5] 32 confirm our previous findings.
5 1 21-[1/2 Whereas around 340 nm transitions belonging to rota-
o 1Y tional levels of CIO () =0) are excited, for excitation around
£ L T PO T 346 nm, higher vibrational levels of CIO are responsible.
é Uy il e B e e e e A I ay e | However, the intensity of the dye laser around this wave-
= 8336 337 338 339 340 341 342 343 344 length is very low and the REMPI detection scheme changes
2 7 1REMPI-®CIO from (2+1) to (2+2) detection. Both effects are respon-
E sible for the result that REMPI measurements at wavelengths
e beyond 344 nm were not possible. However, our recent LIF
8 ) data confirm a population of vibrational states up #6-3)
% I, with significant rotational excitation of the CIO fragments.
gcg Due to the complex structure of the LIF spectra no quantita-
-g ; . — . sttt tive vibrational populations could be extracted.

359 340 3)11 34',2 343 35,4 The population ratio of the two spin-orbit manifolds
P(?I1,,):P(%ll,,) is obtained from the REMPI spectra for
35C10 and®'CIO from evaluating the bandhead intensities of
FIG. 3. Nascent two-photon REMPI sp‘ectrafétlo and*ClO and LIF  the 23, ~«2[I,, and %3~ 21, transitions. The ratio is
specte 9,10 In the one olorphocissocialon suy dSbeween  given by P(“I1):P (A1) =0.30-0.05 for bot isotopes
vibrational transitions of CIOT2S —X20l,,) and cloc2s-  The experimental value of 0.30 is evidence for a preferred

—X?I;). The bandheads for the two spin manifolds are marked. formation of the?I13, component.

T
338

T
336 337

wavelength / nm
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*Clo (I1,,) v=0,J=1095 . Exp. Ellz be expected for complete fragment excitation. Both profiles
o 2 in Fig. 4 have simultaneously been fitted with the sgéne
parameter. The cross symbols represent the difference be-
tween experiment and simulation. The somewhat larger re-
siduals for large flight time6>9 us) are caused by th€CIO
isotope. Thus, the agreement with the experimental profiles
is excellent and @ parameter of 0.350.15 was determined.
Various profiles at different dissociation wavelengths were
fitted independently but the anisotropy paramegmwas
found to be the samg=0.35+0.15.
The recorded line profiles shown in Fig. 4 were excited
. - . I in the®O,; rotational band {=109.5-107.5) at 338.27 nm.
8,80 8,85 8,90 8,95 9.00 9.05 9.10 The observed flight times confirm the high rotational excita-
time of flight / ps tion of the CIO fragment observed via REMPI and LIF mea-
) _ _ _ surements: The TOF profile width of 140 ns corresponds to a
FIG. 4. Experimental and simulated TOF profiles f8€10 obtained at a o . L
dissociation wavelength of 338.27 nm. Squares represent experimental prg'IO fragment speedo= 1330 ms, I_'e" to a kinetic energy of
files observed with a parallel alignmerEiz) between laser polarizatids ~ Ekin(ClO)=3770 cmi L. Conservation of linear momentum
and the spectrometer axisCircles represent measurements for perpendicu-yields a kinetic energy dE,,(Cl)=5490 cm * for the chlo-
lar alignment EL 2), resp'ectively. The simulation ?s given by t_he sol?d line. yine atom, in the QD center of mass frame. The available
g;?;;?t;ref’sreﬁg:;:se‘z;fﬁrgzcgggﬂeen experiment and simulatiof. Thee!ﬁergyEa\,(CIO) of the CIO fragment is calculated as the
difference from the photon enerdyy =29 560 cm * and the
dissociation energyD,=11530cm?! to be E,[(CIO)
=18030 cm . The internal energ§;,(ClO)=8770 cm !
B. Spatial fragment anisotropy is deduced from the subtraction of the kinetic energy of Cl

A typical TOF profile for a selected rotational transition and ClO from the available energy. For CRDI(y;,v=0)
of 35CIO(I14),) is shown in Fig. 4, which depends on the Ei is only due to _CIO rotation, and a rotational quantum
orientation of the laser polarizatioB with respect to the number J=119.5 is calculated from the constang,
‘7 Di —0° =0.62051cm?, D,=1.328<10°%cm!, and H
spectrometer axig. Different shapes for parallel(=0°) AL AL 3 u
and perpendicularf=90°) polarization geometries are ob- = —-00x10"** cm™ " cited in our previous yvorl%. A very
served. In the perpendicular case the projection of the veloc@©0d agreement is found for thievalues derived from two
ity distribution is rectangular in shape, whereas in the paralindependent measurements of the same fragment, namely
lel case, the wings of the profiles are enhanced. Thus, thom the spectroscopic determination in the REMPI spec-
velocity of the CIO fragments is mainly aligned parallel to frum and from kinematic reasoning based on the TOF experi-
the polarization vectoE and the transition dipole moment MeNts.
m. The TOF profiled=(t) are proportional to the distribution
F(v,) of the velocity component, along the spectrometer IV. DISCUSSION
axis reflecting the projection of the three-dimensional veloc-  |n the UV/VIS spectral range CIOCI shows a broad and
ity distribution onto the spectrometer axis For a single-  structureless spectrum indicating a fast and presumably di-
valued velocity distribution, as is realized for the CIO frag- rect decay. The present one-color REMPI photodissociation
ment from the GO photodissociation, the projection is study has been performed beyond the prominent absorption
described by band, which peaks at 256 nm. Figure 1 depicts a measured
absorption spectruffi (solid line) and multiple Gaussian fits
, (2 in order to represent possible electronic transitions, where
the absorption bands are numberedA)B, C, andD. The
wherev, represents the absolute value of the velotity.is  complexity of the spectrum is caused by the promotion of
the angle between the spectrometer axand the polariza- one of the nonbonding electrons of the Cl atoms to an O—ClI
tion vectorE. P, (x) is the second Legendre polynomiabof  antibonding molecular orbital, accounting for various excited
Figure 4 depicts the best fits to the experimentally observedtates of different symmetry in the molecule. With respect to
profiles for =0° and »=90°, taking into account the ex- the spatial distribution of the productsf. Table Il) recent
perimental response function of 25 ns and the laser linewidtlexperimental result~*® are contradictory in the assign-
of 0.21 cm™. The latter was incorporated into the fitting ments of the electronic excited stafed-??Whereas theA
scheme to account for incomplete detection of CIO frag-band in the GIO absorption spectra around 410 nm was
ments due to large Doppler broadening of the ClO transitionassigned by Nicolaiseet al® to a triplet excited state’B;),
the maximum kinetic energy release into the CIO fragmenthe groups of Del Benet al?° and Tonioloet al?! assign
of 7330 cm! corresponds to a full width Doppler broaden- this transition to a singlet excited state®, symmetry. For
ing of 0.36 cm, which is clearly broader than the laser wavelengths higher than 300 nm the theoretical predictions
linewidth. This linewidth effect is also responsible for the are confirmed by the experiments, yet for higher excitation
almost rectangular shape of the lower trdperpendicular energies the measured anisotropy parameters contradict
polarization geometpyin Fig. 4 where a center peak would theory (cf. Table II).

o Exp. ELz
Y —— Sim.

1
Flv)=5—

50c| 1P

Uz
—) -P5(cosn)
Vo
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The complex spectrum of the two-photd®—0) transi- ~4
tion in Fig. 3 consists of 20 main and satellite branches. 2
Regarding the smallness of the spin-splitting constant w
=—0.0129 cm ! of the upper> state, the one-photon laser 44 1A
. . 1] . . . . B 1
linewidth of 0.21 cm* and the intensity ratios for main and 4.3

satellite lines, it is not expected that the satellite lines are
resolvable for lowJ quanta §<<30). Thus, neglecting the

© 3
i
N>|\>UJ
)
4
Yé
ré
7
S>>

overlap of the?Il,, spin manifolds, the spectrum below A~ 2p 42y
341.6 nm(%1n,;, bandheaylis contributed to by six resolvable 268~ B, —. SN, 2
branches, namely the’O;;, PP11(PO5), 9Q11(P1), Sso

"R11("Q51), °S11(°Ryy), and'S,; branches where satellite \.\ 2p3/2+2n1/2
branches overlapping with the respective main branches are A ‘\\

given in parenthesdsotation®NAJg. g+). In our recent work A

we have simulated the spectrum, obtaining a nonthermal ro- /m
tational distribution, wheré®CIO is essentially found in ro- — XA,

tational states abové=90. Rotational excitation up td Cl-O-Cl Cl + Cl-O

=130.5 was found, for which about 71% of the total rota-

tional population of CIO is situated in between the FWHM FIG. 5. Correlation diagram for the fragmentation of@linto Cl-CIO.

limits of a Gaussian distribution (94@3< 120.5)_ Adiabatic correlations were taken from Tanadaal, (Ref. 16; the given
energies were calculated by Toniab al. (Ref. 21. The!B, and*A, states
are degenerate within accuracy of the calculations. OnlyAestate, which
cannot be reached via a dipole transitiondr, geometry(cf. Fig. 6 cor-

relates with CIO products in thdl,, state.

A. Excited potential energy surface

For the measured REMPI spectra,Glwas excited in
the B band. The assignment of this band has been subject to
dispute in the literature?°=22 However, the GIO ground
state configuration is well established due to bakhinitio
calculations?°-??and photoelectron spectroscopy™®

vation of a significant amount of CIB[1,,,) indicates spin-
orbit interaction during the decay or a transition to ##e
surface from the initially excited PES, the latter being the
XA [A']: ...(2a,)%(9a;)%(7b,)%(3b)%(10a,)°%(8b,)°, likely cause for spin-orbit excitation in view of the proximity

whereC,,, symmetry notation has been used. The symmetr;?f the excited statetf. Fig. 5.

representation irCg is given in brackets. Both unoccupied . ,
(10a,) and (&) molecular orbitalyMOs) are Cl-O anti- B- Upper potential energy surface dynamics

bonding. All occupied MOs given above are ClI-O nonbond-  The transition dipole momeni for the A;—A; transi-

ing linear combinations of CI (8) atomic orbitals. tions must be totally symmetric and, therefore, lies in the
~ The following eight possible excited states arise frommolecular plane bisecting the -@D—Cl bond anglea (cf.
single electronic transitions: Figs. 6 and 7. For an instantaneous decay, based on ground

AJAT: ...(2a,)2(9a,)2(7b)1(3b;)2(10a,)%(8b.)T, state geometry, the angle of the CIO recoil vectow with
LA (232)7(921)7(7b2) (3b1)(108,)(8b2) the transition dipole moment is 55.4°. From this value a
Aj[A']: ...(2a,)%(9a;)*(7b,)%(3b;)%(10a,)(8b,)°, limiting 8* anisotropy parameter of 0.0 is expected accord-

AJA"]: ...(28,)%(9a1)%(7b,)%(3by) (108, (BB, "9 "

* —
AJATL: ..(282)4(921)2(Tb,)?(3b1)2(108,) (8D, pr =2 Palcose), ©
where P, is the second Legendre polynomtalThe A,
Bi[A"]: ...(2a,)%(9a1)%(7b,)?(3b;)*(10a,)*(8b,)°, —A, transitions are symmetry-forbidden, but become al-
n. 1 2 2 2 0 1 lowed upon excitation of the antisymmetric stretch mege
Bi[A"]:..(285)"(921)"(7D2)"(3b1)"(1081)(8b,)", The molecule symmetry is accordingly reduced fr@g), to
B,[A']: ...(2a,)%(9a;)2(7b,)*(3b;)?(10a,)%(8b,)°, C,, with A” symmetry for the excited state aAd symmetry
. for the ground state, respectively. The transition dipole mo-
BAA']: ...(28,)7(91)(7b2)*(3b1)*(1081)°(8bo) . ment w(A") lies perpendicular to the molecular plafie.,

In the present experiment the spin-orbit distribution of ¢=90°, cf. Fig. § and the limiting valug3* becomes-1.0.
ClO, P(%I1,,), and P(%I15,), has also been determined: For theB,« A, transitions the dipole moment is bf sym-
P(?I1,,)/P(°I14,)=0.30+0.05. As can be seen in Fig. 5 all metry. The situation is analogous to the case discussed
states which can be directly excited in the visible or near UVabove, giving the same limiting value gff = — 1.0. Finally,
(*B;,'B,,*A;) correlate only with CI{P;)+CIO(’ll5,). theB,«—A, transitions are associated with a dipole moment
Only the!A, state correlates with the formation of €K;) of b, symmetry. Hereu(A') lies parallel to the line con-
+CIO(*I1,;,). Therefore, an exclusive formation of necting the two Cl atoms in the molecular plane, forming an
ClO(?I15,) would be expected for a pure adiabatic decay.angle of o=34.6° with the recoil vectow, for an instanta-
The excitation probability of the dipole-forbidden transition neous decay in ground state geometry. Hence, the limiting
into the'A, state is very small because it becomes allowedvalue 8* for the anisotropy parameter is calculated to be
only by antisymmetric GFO-Clstretch motion. Thus, obser- +1.0. Out of the eight possible transitions above, only the
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The experimental findings for the nature of the excited states,
responsible for short wavelength transitiqg@sband, are in
contradiction to theory. Collaverét al, however, recently
explained this mismatch in terms of small errors in the com-
putation of the excitation of th&B, state. A displacement of

its energy of about 0.2 eV would force the combined anisot-
ropy B of the three excited statd$A,, 'B,, and'A, cf.

Fig. 5 to remain positive up to 235 nm, thus qualitatively
confirming the experiments.

The observed reduction of the experimentally derived
anisotropy parameteg from the calculated limitingg*
value can either be explained by nuclear motion of the parent
during fragmentation or by simultaneous excitation of states
of different symmetry. In detail three processes have to be
considered: first, the reduction of the obseryggarameter
may be induced by parent rotation during the lifetimef
the dissociative stat®.Second,83 may be influenced by the

: L parent geometry change due to the topology of the excited
FIG. 6. C,, geometry of CIOCI and alignment of transition dipole moments . . .
u, which allow a characterization of the spatial distribution of CIO and Cl PES characterized byV/da). Finally, the simultaneous ex-
products. The GFO—CI bondangle is 110.9°. For an instantaneous decay Citation of states with different symmetry will also influence
alignment of the transition dipole momeptalong theC, symmetry axis  the value Of,B.
(a,) forms an anglep of 55.4° with the CI fragment recoil velocity; align- Busch and Wilson give the following relation for the

ment of x in the molecular planel(,) corresponds te=34.6°, and align- . . L
ment of u perpendicular to the molecular planb,j corresponds tap reduction of the anisotropy parameter from the limiting value

=90°. The limiting values for the correspondigf parameters are 0.0, B* t0 the experimentally observed valyge

+1.0, and—1.0, respectively. B—P,[cog 8 ,8* @
=Py COSw-T)|- s

two B, A, transitions will lead to a positivg parameter, where w is the rotational angular frequency of the parent
while theA,—A, andB, A, transitions cause a negative molecule andr is the lifetime of its excited dissociative
and theA,«— A, transition a vanishings value. state®® For our case the value fap was estimated to be

1
The experimentally observed dependence of the TOP-6X 10'* Hz, based on a molecular beam sample tempera-

profiles at 338.27 nm on the polarization of the photolysist4re OfTrot:_lf’ K and the relllevant rotational constahibe-
(cf. Table ).** The product termw- 7 de-

laser is evidence for the anisotropic behavior, which can b&9 0-11 cm ) :
employed to determine the orientation of the transition di-SC"iPes the angle of rotation of the parent molecule in the
pole momentx and thus the symmetry of the excited state time period between photon absorption and molecular decay.
The observed positivg parameter value of 0.350.15 is in In principle, the effect of the tangential velocity associated
qualitative agreement with the calculations of CollaveriWith parent rotation also has to be considered, but can be
et al22 Thus, the state excited in our experiments around 34eglected here due to its smallness. Insertion of the observed
nm is assigned to be @&, symmetry. Since the wavelength 8 Value of 0.35 in relation(4) leads to a value ofr
(A=338.27 nm) used in our experiments, is on the red sidé= 300 fS. This value is an upper limit for the lifetime of the
of the proposed band(cf. Fig. 1) the respective electronic excited state, but in agreement with previous experimental
configuration isB,[A’]:...(3b;)%(10a,)°(8b,) . Table Ii and theoretical work, the dissociation of,Olis expected to
summarizes the electronic state assignments drawn from e®€ direct and fast with a significantly shorter lifetime than

periments and theory. Clearly, the transitions responsible fopC0 fS- It should be noted however, that for a bulk experi-
the A andB bands can be assigned'®, and'B, symmetry. ment on room temperature L) the observe@ parameter is
reduced to 30% of the limiting valug* after a period as

short as 100 fs, due to the increased angular rotation fre-

0) quencyw.

%‘\ Second, the reduction of th@ parameter can also be

S e induced by the gradiento{//da) on the upper PES, with
#5C S 0 R LA e respect to the GIO-Cl bond anglea (cf. Fig. 7), favoring

< . ~ (&’ . .
/ - small bond angles. If this effect were solely responsible for
the experimentally observe@l parameter, then the €0-CI

which clearly contradicts the experimental observation.
Therefore, we conclude that the sign of the gradigiw/ ¢ «)
FIG. 7. Jacobi coordinates R, and y and their relation to the natural IS positive prEfemng smaller bond angles on the upper PES.

coordinates ¢, f'eor » anda for the CLO molecule.r, denotes the dis-  1N€ magnitud_e Of((\//ﬁa.) is_eXpeCted to be Sma”’ hqwever,
tance between the central O atom and the center of mass of the CIO diatordue to the minor contribution of the dynamically induced

O\R bond angle of the decay geometry would have to be 84.2°. A
. L \Q change of sign of {V/d«) could even increase the value,
Cl cr
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torque on the rotational excitation of the CIO fragment, asJacobi coordinates, R, and vy relate to the natural coordi-
was discussed in some detail above. This expectation agreeates (¢io,rciro) and « as depicted in Fig. 7:

well with the calculations by Persico and co-workers who _

also found only a weak dependence of the upper PES on the '~ 'clo

natural bond angler.?? Thus, it is doubtful whether the ge-
ometry change is mainly responsible for the experimentally
observed reduction of thg parameter. In this context the y=arcsinrqo-R 1 sina),

role of states of different symmetry needs to be discussed in )

more detail. wherer ¢ andr ¢/ are the distances between the central O

The last effect that can reduce the obsergguhrameter atom and the terminating CI atoms, is the distance be-
is the simultaneous excitation of different excited states be‘gween the central O atom and the center of mass of the CIO

longing to different irreducible symmetry representations.diatom anda is the bO’?d angle. Cldenptes the departing
Partial admixture ofA,—A, (8*=0) and Ay—A, (8* atom whereas Cl remains bound to O in the CIO fragment.

The amount of rotational excitation can be evaluated by in-

would reduce the observed value f6r(cf. Table I)). Both telgratinhg ':jh_e gradient , = ;'(&Ve/ri-y) of bthe upper g’ES
transitions exhibit a slightly higher vertical excitation energya ong tte39 issociation coordinatés,;, can be separated into
(cf. Fig. 5 and should, therefore, become most important l‘ortW0 parts.

2
R=(r2+rg,o—2rs rero- €osa)®s,

= —1) transitions to the maiB,«A; (8* =+1) transition

dissociation at shorter wavelengths within tBefeature of oV I aro NV [ da D2
the observed spectrum. However, here, the magnitude of the F,=- e\ oy el oy =k, +F)7,

. . » . l'cro Y o Y
oscillator strengthg for the different transitions are of im- (5)

portance. Whereas all theoretical and experimental work i , . o
agrees that thB,— A, transition is the most important one, where the first part Qegcr|bes_ the rotational excitation in-
calculated ratios fof vary from 5 to 200 forB,—A, and ~ duced by CIO repulsiorimpulsive model and the second
A,—A, transition®2°-22In general, it is difficult to calcu- Part accounts for dzyngmlcal effects on the upper PES. Often
late small oscillator strengths, so taking into account that th&1€ dynamic parF(y_ ', ie. the bond angle dependence of the
excitation energies of these three transitions are slightly difYPPer PES, dominates the rotational angular momentum
ferent, simultaneous excitation of different states is a postransfer onto the diatomic products. However, especially for
sible explanation of a significant reduction 6f at least for & triatomic parent molecule with a light central andl two
selected wavelength ranges. Following the argument abov&€avy terminating atoms like &D, the impulsive parf )

for higher excitation energies one would expect ggaram-  Pecomes  more important due to a large value of
eter to be reduced more efficiently due to simultaneous ext?fcro/d7). Thus, estimating the impulsive part

citation of different states than for long excitation wave- ( aVv ) (m cvo)

lengths. Clearly, the experimental evidence summarized in F(yl)=— 3
Table Il does not support this reasoning. Thus, a combination Y
of the above discussed effects must be responsible for thend its comparison to the experimentally observed rotational
observed anisotropy behavior. For short wavelength dissociaxcitation will help to shed some light on the dynamics of
tion in the B region of the absorption spectrum a different the process. Calculateab initio PES (Ref. 22 suggest a
weighting of the single effects is likely to occur. Possibly, gradient of the upper PES with the natural dissociation coor-
oscillator strengths and vertical excitation energies mightlinate of 0.04 eV/pm, which lets us calculate the torgt
have to be adjusted slightly. as a function of the Jacobi angle Integration ofF(yl) over
The reason for the observed high rotational excitation ighe total change o¥ during the decay yields an estimate for
the repulsion of the recoiling Cl fragment, as discussed irthe rotational energy, while the torque asymptotically ap-
our previous work® Other effects from overall rotation of proaches 0 foR—o. We derive a rotational energy of 1.91
the parent molecule in the electronic ground state, and benaV, which corresponds to an angular momentliof 157.5.
ing vibration within the parent molecule can be excluded,Taking into respect that the recoil velocity of the ClI fragment
since our experiments were measured under molecular beais about 2.0 pm/fs, the dissociation process has to be com-
conditions. Since a previous determination of the rotationapleted within about 50 fs.
temperature of the jet-cooled sample yielded a value b® Since the calculated value for the impulsively induced
K for phosgene expansion seeded in argon, we assumeratational excitation is in the order of the experimentally
similar rotational temperature for £0. Dynamic induction observed excitation, the dynamic pEr(f) merely serves as a
of rotational energy onto the diatomic fragment generateatorrection term td:(yl) accelerating or decreasing the rota-
from the photodissociation of a triatomic parent moleculetional motion of the diatomic depending on the sign of
must be viewed in Jacobi coordinatesR, andy (cf. Fig. 7). (oVIda). The value for the expressidia/dy) only depends
Here,r is the internuclear distance in the diatomic, charac-on the molecular geometry and was calculated to be 1.24.
terizing vibrational excitationR is the distance between the Unfortunately, no quantitative data fo#\{/d«) are available
atomic fragment and the center of mass of the diatomic champ to now, but from the arguments mentioned above we con-
acterizing the separation dynamics, hence the translationalude that for CJO the dynamic contribution is small. For
energy of the system, ang denotes the angle of with R,  comparison the pure impulsive model, which completely ne-
thus characterizing the rotation of the diatomic. For CIO theglects the topology of the upper PES, yields, for the available
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