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ABSTRACT

Photochemistry of chlorine oxide containing species plays a major role in stratospheric
ozone depletion. This thesis discusses two photodissociation studies of the key molecules
CIONO, and CIOOCI which were previously thought to only produce Cl-atom (ozone
depleting) products at wavelengths relevant to the stratosphere. The development of a
molecular beam source of CIOOCI and the photodissociation dynamics of the model system
Cl,0 are also discussed.

In the first chapter, the photochemistry of CIONO, is examined at 308 nm using the
technique of photofragment translational spectroscopy. Two primary decomposition
pathways, leading to Cl + NO, and CIO + NO,, were observed, with a lower limit of 0.33 for
the relative yield of ClIO. The angular distributions for both channels were anisotropic,
indicating that the dissociation occurs within a rotational period.

Chapter two revisits the photodissociation dynamics of Cl,0 at 248 and 308 nm, on
which we had previously reported preliminary findings. At 248 nm, three distinct dissociation
pathways leading to Cl + CIO products were resolved. At 308 nm, the angular distribution
was slightly more isotropic that previously reported, leaving open the possibility that C1,0
excited at 308 nm lives longer than a rotational period.

Chapter three describes the development and optimization of a molecular beam source
of CIOOCI1. We utilized pulsed laser photolysis of C1,0 to generate CIO radicals, and cooled
the cell to promote three body recombination to form CIOOCI. The principal components in
the beam were Cl,, C1,0, and CIOOCI.

In the fourth chapter, the photodissociation dynamics of CIOOCI are investigated at
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248 and 308 nm. We observed multiple dissociation pathways which produced CIO + CIO
and 2Cl + O, products. The relative Cl:ClO product yields are 1.0:0.13 and 1.0:0.20 for
CIOOCI photolysis at 248 and 308 nm, respectively. The data at 308 nm was more difficult
to interpret because of extensive interference from Cl, and Cl,0 byproducts. The upper limit
for the relative yield of the ClO + ClO channel was 0.19 at 248 nm and 0.31 at 308 nm.
These results substantially confirm the current assumption but decrease somewhat the
efficiency of the CIOOCI ozone-depleting catalytic cycle. At 248 nm, CIOOCI photolysis
exhibited novel dissociation dynamics which appeared to depend on the symmetry of the

excited state.
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Introduction

Significant ozone depletion has been occurring over Antarctica every spring since the
late 1970's, as reported by Farman and coworkers in 1985.' Since then, considerable progress
has been made in trying to understand the mechanisms of this ozone depletion. The current
models link ozone depletion to catalytic cycles of active chlorine species.” Chlorine enters the
stratosphere primarily as a component of chlorofluorocarbons (CFCs), which are stable in the
troposphere but photodissociate in UV light once they get above the ozone layer.® These
reactive chlorine species can catalytically destroy ozone through the mechanism

Cl+0,-Cl0+0,
ClO+0-~Cl+0,.
Most of the active chlorine species react to form more stable reservoir species such as
hydrogen chloride and chlorine nitrate:*
Cl + CH, - HCl + CH,
ClO + NO, - CIONO,.
These reservoir species can photodissociate or undergo other gas phase reactions in the
unperturbed stratosphere.

The Antarctic "ozone hole" develops in the perturbed stratosphere in the early polar
spring. After the autumnal equinox, the polar regions fall into darkness and the solar UV
heating ceases. Thermal radiation quickly cools the polar stratosphere to temperatures much
lower than those of the mid latitudes. This cooling causes a pressure gradient which creates
a polar vortex, effectively isolating the air over the pole from the rest of the stratosphere.’

Temperatures fall low enough to form polar stratospheric clouds (PSCs) of nitric acid
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hydrates, possibly nitric acid trihydrate,® and liquid aerosols consisting of ternary solutions
of sulfuric acid, nitric acid, and water. The formation of these clouds dehumidifies and
denitrifies the stratosphere, trapping most of the NO, as nitric acid. Chlorine nitrate can react
with water or adsorbed species such as HCI on the surface of the PSCs:’
CIONO2 (g) + HCI (s) -~ Cl, (g) + HNO; (s)
CIONO, (g) + H,0 (s) - HOCI (g) + HNO; (s).

In this reaction scheme, the reservoir chlorine species are converted to active forms
of chlorine which escape back into the stratosphere while the NO, products are trapped in the
PSCs as nitric acid. Therefore, the reactive chlorine species can not react with NO, to re-
form the reservoir species chlorine nitrate, and the chlorine is essentially all converted from
inactive to active forms. The low temperature and high ClO concentrations during the polar
night allow for three body recombination to form the dimer, CIOOCI.

When the polar night is over, photochemistry begins to occur and the active chlorine
species can engage in photochemical catalytic ozone depleting cycles. In particular, CIOOCI
photolysis is a key step in the catalytic ozone-depleting cycle®

Clo+Clo+M -  ClOOCl+M
ClIOOCl+hAv -~ CIOO+Cl

Cl00 +M

i

Cl+0,+M

2[Cl+0,

]

ClO+0,]

net: 20, -~ 30,
which is thought to be responsible for a majority of Antarctic springtime ozone depletion.

Current models assume that only Cl-atom products are formed from CIOOCI photolysis.
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Photodissociation of CIOOCI to form ClO products would result in a null cycle, which would
not deplete ozone. The branching ratio of CIOOCI photolysis into Cl and ClO products is
critical in determining the effectiveness of this mechanism for destroying ozone.
CIOOCI has several possible photolysis channels:’
ClOOCl+hv - CIO+CIO AH, =17.1 kcal/mol

ClOO +Cl = 21.2 kcal/mol

)

)

2C1+0,°2°)  =125.9 kcal/mol

- 2C1+0,('a) = 48 4 kcal/mol
- C1+0+ClO = 80.5 kcal/mol
- CL,+0, = -31.2 kcal/mol.

Dissociation to produce solely Cl atom products requires that the stronger Cl-O bond break
preferentially over the peroxy bond. The bond-selective nature of this dissociation has been
rationalized by the argument that an n - o* transition localized on the ClO chromophore is
excited.® Ab initio calculations'® have confirmed the conjecture that the excitation involves
the promotion of an electron to a CIO antibonding sigma orbital. However, a localized
transition does not necessarily imply that preferential Cl-O bond fission should occur.

Two experiments have found that the quantum yield for Cl atom production from
CIOOCI photolysis is unity or greater, but large uncertainties remain in both measurements.
Cox and Hayman'' examined steady-state photolysis of CL,O at 254 nm and modeled the
disappearance of Cl1,0 and the appearance of CIOOCI in a static photolysis cell held at 203-
233K. They reported a yield of 3.8 + 1.6, which is unphysically high. In a more direct study,

Molina ef al." reported a Cl atom quantum yield of 1.03 = 0.12 from CIOOCI photolysis at
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308 nm in a flow cell. They used resonance fluorescence to detect Cl atoms and calibrated
the Cl signals relative to Cl, photolysis. No ClO was inferred from titration with NO. Their
value for the quantum yield depends on the ratio of the CIOOCI absorption cross section at
245 and 308 nm, for which they used a value of 22, which is larger than more recent literature
values. Ifthe cross section ratio of 13 from the 1997 JPL evaluation of photochemical data'®
were used, the corresponding Cl atom yield would be reduced to 0.6. The absorption
spectrum has also been recently measured by Huder and DeMore,™ who observed a smaller
cross section in the long-wavelength tail. Using their 245/308 nm ratio of 18.7, Molina's
quantum yield for Cl would become 0.88.

The mechanism in which the stronger bond is preferentially broken has been
rationalized by the argument that the excitation of the n—~o* transition localized on the C1O
bond in CIONO, leads only to Cl + NO, products. Early gas cell experiments of the
photodissociation of CIONO, only detected products from the Cl + NO; dissociation
channel, despite the fact that the CIO + NO, channel lies 14 kcals/mol lower in
energy.'>161M1819

We examined CIONO, photolysis at 193, 248, and 308 nm in a molecular beam study,
with direct detection of both Cl and CIO photoproducts, and found a substantial yield of C1O
products. % Qur results for 308 nm photolysis are detailed in Chapter 1. The observation
of ClO products from CIONO, photolysis has since been corroborated in kinetics experiments
by other groups.?2*%

Our CIONO, results demonstrate how molecular beam techniques can complement

the kinetics experiments by allowing direct detection of primary products and by giving
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insights into the dissociation dynamics. The photodissociation dynamics of CIONO, cannot
be described by a simple bond-selective ClO picture even when a localized transition is
excited, and the photolysis of CIOOCI is therefore likely to be equally complex. Given the
uncertainties in the previous CIOOCI photolysis experiments and the importance of the
CIOOCI photolysis mechanism for polar stratospheric ozone depletion, we endeavored to
design a molecular beam source for CIOOCI (described in Chapter 3). Our CIOOCI source
was based on photolysis of CLO to provide CIO, so a significant Cl,0 contamination was also
present in the beam, requiring study of the Cl,0 photolysis as well. Also, because CL,O
photolysis produces Cl + CIO in a 1:1 ratio, the results can be utilized to determine the
relative detection efficiencies for Cl and ClO, which was necessary to determine the relative
yields for Cl and ClO producing channels from CIOOCI photolysis. Chapter 2 examines the
results from the C1,0 photolysis experiments.

The results of our CIOOCI photolysis experiment are presented in Chapter 4. We did
indeed observe both Cl and CIO products from CIOOCI photolysis, although Cl products did
dominate. We obtained an upper limit for the relative yield of ClO products of 31% at 308
nm and 19% at 248nm. We also observed slow signal that could correspond to excited
CIOOCI* which lives longer than a rotational period, which might be quenched under
stratospheric conditions. Because of the extreme importance of the CIOOCI ozone depleting

cycle, these new results should be included in models of the stratosphere.
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Chapter 1.%

Dissociation Dynamics of CIONO, and
Relative CI and ClO Product Yields
following Photoexcitation at 308 nm

Chlorine nitrate photolysis at 308 nm was investigated with a molecular beam technique.
Two primary decomposition pathways, leading to Cl + NO, and CIO + NO,, were observed.
The branching ratio between these two respective channels was determined to be
0.67+0.06:0.33+0.06. This ratio is an upper limit, because some of the ClO photoproducts
may have undergone secondary photodissociation. The angular distributions of the
photoproducts with respect to the direction of polarization of the exciting light were
anisotropic. The anisotropy parameters were p = 0.5+0.2 for the Cl + NO, channel and
= 1.120.2 for the CIO + NO, channel, indicating that dissociation of CIONQO, by either
pathway occurs within a rotational period. Weak signal at mass-to-charge ratios of 35 and
51, arising from products with laboratory velocities close to the beam velocity, was observed.
While this signal could result from statistical dissociation channels with a total relative yield
of 0.07 or less, it is more likely attributable to products from CIO secondary

photodissociation or from dissociation of clusters.

* This chapter has been published. The reference is: Teresa A. Moore, Mitchio Okumura,
Masahito Tagawa, and Timothy K. Minton, Faraday Discuss. Chem. Soc. 100, 295 (1995).



Introduction

Chlorine nitrate (CIONO,) plays a key role in stratospheric chemistry as a reservoir for
reactive chlorine and nitrogen oxides."> Photolysis is a major decomposition process for
CIONO,,? and has been the subject of many studies.**>¢"#%1%1L12 At wavelengths less than
250 nm, photodecomposition follows two primary channels:’

CIONO, + v - CIO + NO, AH =26 kcal/mol (1)

~ Cl + NO, AH=40kcal/mol  (2)

Channel (2) can lead directly to loss of two ozone molecules via the following reactions:?

NO + 0, - NO,+ O, (3b)
Cl+0, =~ ClO+0, (3¢)

Toumi et al. have recently shown in model studies that this catalytic cycle' including steps
(2) and (3a-c) becomes the dominant ozone loss mechanism in the latter stages of springtime
Arctic ozone depletion.”* In this model, the extent of ozone loss depends upon the quantum
yield of channel (2), especially at A>300 nm. Toumi et al. used the value of 0.9 for this
quantum yield, which was recommended by the 1992 JPL evaluation of kinetic data.'®
However, results from our laboratory at shorter wavelengths (193 and 248 nm) showed the
Cl + NO; product yield to be significantly lower,’ a conclusion later corroborated by other
groups.'®™2 A lower yield at longer wavelengths would diminish the predicted contribution
of the CIONO, catalytic cycle to Arctic ozone depletion and reduce the predicted magnitude
and duration of the ozone loss episode.

Sander and co-workers have recently obtained evidence from flow tube studies that
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excited CIONO, formed by wavelengths longer than 300 nm lives long enough to be quenched
under stratospheric conditions.'* Quenching of CIONO, photolysis would profoundly affect
the partitioning of the Cl and NO, budgets and would largely eliminate the CIONO, catalytic
cycle as a candidate loss mechanism for stratospheric ozone. In their experiment, Sander and
co-workers observed products from channels (1) and (2) when CIONO, was excited by a
broadband Xe lamp; however, at wavelengths longer than 300 nm they found that the total
quantum yield was significantly quenched at N, buffer gas pressures above 50 Torr. Under
their conditions (approximately 50 Torr and 200 K), the mean time between gas-kinetic
collisions is 3 ns, so an excited molecule must have a lifetime on the order of nanoseconds or
longer to be quenched rather than dissociated.

Previous flow tube studies revealed no direct evidence of a relatively long-lived state
following UV excitation of CIONO,.**'*!" However, recent ab initio calculations by Grafia
et al. do predict the existence of a metastable state.® These authors performed high level
configuration interaction (CI) and coupled-cluster calculations to predict the vertical
excitation energies and oscillator strengths for transitions to eight singlet and eight triplet
states of CIONO, between 400 nm and 160 nm. They also found a bound, metastable triplet
state, with a nonplanar geometry, lying 62 kcal/mol above the ground state equilibrium
configuration. If CIONO, were formed in this state either by direct excitation or by relaxation
from an initially prepared state, the excited CIONO, could conceivably persist for
nanoseconds or longer.

The fate of chlorine nitrate excited at wavelengths greater than 300 nm has important

implications for stratospheric ozone depletion. To address questions concerning the
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dissociation pathways and the possibility of a long-lived excited state, we extended our
previous photodissociation studies of CIONO, to a longer wavelength. With the use of
molecular beam methods, we can directly detect photoproducts, measure their relative yields,
and determine angular and translational energy distributions in the absence of collisions.
Furthermore, we can infer the timescale for dissociation from the anisotropy of the product
angular distribution. In our earlier experiments, we observed comparable yields of Cl and C1O
products from CIONO, photolysis at both 193 and 248 nm.> We calibrated the relative
detector sensitivity for Cl and ClO by performing an experiment on C1,O photolysis at 308
nm and found CI:ClO branching ratios of 0.57:0.43 and 0.67:0.33 for CIONO, photolysis at
248 and 193 nm, respectively. Furthermore, we observed anisotropic angular distributions
for the two channels and inferred that the dissociation is prompt, occurring within a rotational
period (7~ 9 ps at the rotational temperature of the beam). Here we present results from

a similar investigation of CIONO, photolysis at 308 nm.

Experiment

The molecular beams apparatus and methods have been described in detail elsewhere.”!’
Briefly, a molecular beam was crossed with a laser beam in a low pressure region at the center
of rotation of a rotatable mass spectrometer detector'® (see fig. 1). Collisionless conditions
allowed for detection of primary dissociation products recoiling away from the beam
direction. Center-of-mass (c.m.) product translational energy and angular distributions were
derived from the arrival time distributions of the neutral photoproducts over a calibrated flight

length as a function of detector angle away from the beam direction.
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Continuous molecular beams were formed by passing H, over CIONO, at -50°C or He
over CLO at -74°C and expanding the mixture through a 0.1 mm diameter quartz nozzle
maintained at +5°C. CIONO, was seeded in hydrogen rather than helium in order to obtain
a faster beam, which enhanced the signal through kinematic focusing. Stagnation pressures
of the gas mixtures were 300 Torr for the CIONO, experiment and 200 Torr for the C1,0
experiment. The CIONO, data was obtained in two sets, with corresponding beam velocities
1350 m/s and 1580 nv/s, as determined by beam time-of-flight (TOF) distributions taken with
the aid of a chopper wheel. The Cl,0 beam velocity (1480 m/s) was determined by examining
the arrival time of the laser-induced depletion of signal at a mass-to-charge ratio (m/e) of 37
with the detector directly viewing the molecular beam."*

CL0 was synthesized by oxidation of Cl, on HgO and was purified by pumping on the
sample at —118°C (ethanol slush bath).?> CIONO, was synthesized from the reaction of C1,0
with N,O; and purified first by cannulation and then by pumping on the sample at -95°C
(methanol slush bath).” Purity was checked by a survey of beam TOF distributions at all
masses where signal was observed. The only impurities in either molecular beam could be
attributed to dimers and/or clusters. A small peak in the beam TOF at m/e = 143 (CIONO,-
NO,") indicated that clusters were present in the CIONO, beam; however, the product signals
observed were insensitive to the relative magnitudes of the cluster signals.

The molecular beam was crossed in the interaction region with a laser beam at 308 nm
from a Lambda Physik EMG103 excimer laser operating at 200 Hz. The laser beam was

randomly polarized in a plane perpendicular to the scattering plane and parallel to the

molecular beam axis. The laser beam was focused to a spot size of 2.5 mm x 2.5 mm, where
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it intersected the molecular beam. The laser pulse energy used for the CIONO, experiment
was 170 mJ. The consequent laser fluence was high enough that secondary photodissociation
of the primary CIO products was a concern; however, the low absorption cross section'® of
CIONO, at 308 nm (o = 1.6x107% cm?) required the use of relatively high laser fluences to
make the primary photoproduct signals observable. For the Cl,0 experiment, a pulse energy
of 126 mJ was used for data collection at m/e = 51, and the laser was attenuated with a stack
of quartz plates to 36 mJ/pulse for data collection at m/e = 35 in order to minimize secondary
photodissociation of the CIO product. TOF distributions were collected at m/e = 35(CI"),
51(C10%), 30(NO"), 46(NO,"), 16(0"), and 81(CIONO"), and angular distributions of

product signals detected at m/e = 35, 51, and 46 were measured.

Results and Analysis

Analysis of TOF and angular distributions was carried out by a forward convolution
technique.®??** For each channel, trial c.m. translational energy P(E;) and angular w(6)
distributions were transformed to the laboratory frame of reference to obtain a predicted
number density TOF distribution N(?) that could be compared with the experimental data.
The P(E;) and w(0) distributions were then adjusted iteratively until the predicted TOF
distributions agreed with the observed distributions at all angles.

The data were similar to our earlier results at 193 and 248 nm.” A single peak was
prominent at m/e = 51 (see figs. 2 and 3), which we assigned to ClO from the CIO + NO,
channel by analogy with our previous results. The m/e = 35 TOF distribution contained two

main components, the slower of which matched the peak at m/e = 51, indicating that it must
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arise from fragmentation of ClO to CI" in the ionizer.”® We assigned the fast component at
m/e =35 to Cl from the Cl + NO; channel. We used the TOF spectra taken at m/e = 35 and
51 to derive the c.m. translational energy distributions for the two dissociation channels (fig.
4).

We verified our assignments of the two dissociation channels by using the P(£;) and
w(0) distributions derived from the CIO* and CI" data to predict the TOF distributions for the
respective counterfragments, NO, and NO; (fig. 5). No signal was observed at m/e = 62, the
NO, parent mass, but the TOF spectrum collected at nve = 46 (NO,") was fitted well with the
distribution predicted for the NO, fragment by the P(£;) and w(0) distributions for the Cl +
NO, channel. Apparently, the NO," signal comes not from NO,, but from NO, which
fragments to NO," in the ionizer. The bimodal TOF distribution at m/e = 30 (NO") could not
be fit from the P(£;) and w(0) distributions for either the Cl + NO; or ClO + NO, channels
alone, but it could be fit with a sum of contributions from the predicted TOF distributions for
both NO, and NO, fragments. Hence, both NO; and NO, photofragments lead to NO" in the
ionizer (similar ionizer fragmentation patterns were observed in our previous study.)® The
ability to fit both counterfragments of each dissociation channel with the use of the same
P(E;) and w(0) distributions thus confirms our original assignments of the two primary
photodissociation channels.

Laboratory angular distributions of ClO, Cl, and NO, were obtained from the integrated
TOF data detected at m/e = 51, 35, and 46, respectively. At m/e =151 and 46, where the TOF
distributions corresponded only to a single photoproduct, the signal for each detector angle

was simply integrated. The Cl angular distribution was extracted from the m/e = 35 TOF
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distributions by integrating the calculated TOF distributions for the CI" signal arising from the
Cl + NO; channel (obtained from the optimized P(E;) and w(0) distributions).

The c.m. angular distribution must have the form w(6) = 1 + BP,(cos0), where P,
denotes the second-order Legendre polynomial and O the angle between the electric field
vector of the excitation photon and the product recoil direction in the c.m. reference
frame.?? B is the anisotropy parameter and must lie in the range -1<p <2. We obtained p
= 1.120.2 for the CIO + NO, channel from the ClO angular distribution and p = 0.5+0.2 for
the Cl + NO, channel from both the Cl and NO, angular distributions. The fits used to
determine the anisotropy parameters are shown in fig. 6.

The broad, slow signal at m/e = 35 may be explained by a number of possible
mechanisms: spontaneous secondary dissociation, dissociation of clusters formed in the beam
expansion, secondary photodissociation of primary ClO photoproducts, or a third primary
channel leading to products with low c.m. translational energies. We can rule out
spontaneous secondary dissociation because the P(E;) distribution (fig. 4B) implies that no
ClO photoproducts have enough internal energy to dissociate. Clusters were present in the
beam, but we expect the contribution from dissociation of clusters to the m/e = 35 TOF to
be small because changes in the stagnation pressure did not significantly alter the magnitude
of the slow signal relative to the fast peaks. The most likely explanation for the tail at m/e =
35 is secondary photodissociation of C10. The ClO absorption cross section is larger than
that of CIONO, at 308 nm, and at the high laser fluences used, some secondary
photodissociation of ClO is expected. However, we could not model the secondary

photodissociation, because the signal-to-noise ratio was too low. We therefore could not
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eliminate the possibility of a third primary dissociation channel forming products with low
translational energies.

Direct dissociation on a triplet surface to CIONO + O(’P) could conceivably contribute
to a slow signal at m/e = 51 and 35 through fragmentation to CIO* or CI" in the ionizer.
CIONO might also fragment to NO," or NO" and give rise to a slow signal at m/e = 46 and
30. The energy available for translation after breaking the O-N bond is only about 26
kcal/mol, and the CIONO fragment will recoil slowly from the relatively light O-atom
counterfragment. Therefore, the minimum flight time possible at a detector angle of 30° is
133 ps (not including ion flight time), and any signal present should manifest itself as a peak
in the slow tail of the product TOF distributions. The only TOF distributions which showed
an obvious hint of slow signal were the CI" distributions. If all slow signal at m/e = 35 not
assigned to the dominant channels did come from CIONO, then the CIONO + O yield would
be ~ 0.07. Even this small yield is suspect because 1) no photofragment signal was detected
at the CIONO parent mass (m/e = 81), 2) no obvious slow signal was seen at other masses,
and 3) CIONO can only be formed by a spin-forbidden process at an excitation wavelength
of 308 nm.

Statistical dissociation of CIONO, could also lead to products with low translational
energies. The c.m. translational energy distributions for products of a statistical dissociation
process have a maximum near zero and decay rapidly with £; therefore, the observed signal
would have low c.m. velocities. At the smallest detector angle used here, 15°, we can detect
Cl products from the Cl + NO, channel with total c.m. translational energies E; > 0.7 kcal/mol

and ClO products from the ClO + NO, channel with £} > 1.4 kcal/mol. The experiment
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should therefore be sensitive to statistical dissociation channels with available energies of a
few kcal/mol above threshold.

We can estimate the maximum possible yield from statistical dissociation by fitting the
slow component to a statistical model, but the modeling will depend upon the final
dissociation channel. Several dissociation channels are energetically available to CIONO, with
92.8 kcal/mol of internal energy (i.e., the photon energy of 308 nm light). While statistical
dissociation of CIONO, on the ground electronic state potential energy surface will lead
predominantly to Cl1O and NO, in their ground electronic states, an excited state of CIONO,
may correlate to a higher energy asymptote and dissociate to form excited state products.
The statistical decay rate will be slower and the translational energy release smaller for
channels with lower available energy. We therefore considered dissociation via two excited
state channels which consume most of the 308 nm photon energy:

CIONO, -~ CI(P)+NOy4E" AH =83 kcal/mol  (4)

- ClO (@*Z")+NO,(X?*4,) AH =77 kca/mol  (5)
We proposed the existence of a bound CIO quartet state in a previous study of photoproducts
from CLO dissociation,'” and this hypothesis was confirmed theoretically by Langhoff, who
computed the energy and geometry of this state.® In order to estimate the maximum possible
yield of these channels, we first performed RRKM calculations to obtain a c.m. translational
energy distribution for each channel.” We then compared the slow component of the TOF
distribution at the relevant m/e to the TOF distribution predicted by the RRKM P(Ey)
distribution. We obtained upper limits on the yields by assuming that the signal in the slow

components arose solely from statistical dissociation (see fig. 2 and 3). We estimated a yield
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of 0.05 for dissociation to ground state ClO and NO, products, based on the signal at m/e =
51. We then determined the ClO contribution to the slow component at m/e = 35 by using
the same ClO ionizer fragmentation pattern observed for the main peaks. We assumed that
the remainder of the slow signal at m/e = 35 corresponded to Cl products from statistical
decay to ground state Cl and NO, products and obtained a maximum yield of 0.02 for this
channel. Thus, the maximum total relative yield for statistical dissociation to ground state
products via either channel is 0.07. For the excited state products, we found a maximum
possible total yield of 0.03 based on the data collected at 15° (fig. 3). However, the RRKM
P(E,) distributions for the excited state product channels predict negligible contributions to
the slow signal at larger detector angles, because the P(E;) distributions fall off quickly with
E; Our inability to achieve a consistent fit of all the data under the assumption of excited
state products makes it highly unlikely that channels (4) or (5) play any role in CIONO,
photodissociation at 308 nm. In any case, these yields are upper limits becéuse it is
improbable that all of the slow signal arises from statistical dissociation. Secondary
photodissociation, observed unambiguously in our previous experiments at shorter
wavelengths, may even account for all of this broad underlying signal at m/e = 35. Regardless
of the actual product channel assumed, we conclude that any statistical dissociation process
is at most a minor channel.

We performed a photodissociation experiment on Cl,O at 308 nm in order to calibrate
the relative detection efficiency for Cl and CIO and thereby determine the branching ratio
between the two channels in the photodissociation of CIONO,. The Cl,0 data (not shown)

were analogous to previous observations and were fit with the same P(E;) and w(0)
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distributions as before."” The relative yields for the two photodissociation channels of
CIONO, following excitation at 308 nm were determined to be 0.67+0.06 for the Cl + NO,
channel and 0.33+0.06 for the CIO + NO, channel. Our results may underestimate the C10
yield because the primary CIO product has a significant probability of undergoing secondary
photodissociation during the laser pulse; therefore, the C1:ClO branching ratio of 0.67:0.33

is an upper limit.

Discussion

Excited-State Lifetime

The anisotropy of the angular distributions allows us to determine whether the main products
associated with the dominant peaks were formed by prompt dissociation, i.e., occurring in
less than a rotational period, T, If the excited molecule has time to rotate before
dissociating, then the molecule will change orientation, causing the angular distribution to
become more isotropic. Rotational averaging thus reduces the absolute magnitude of B,
though not necessarily exactly to zero. We can estimate upper limits on the minimum values
of P for the two channels with the use of expressions that Yang and Bersohn have derived
for calculating B when the dissociating molecule is long-lived.*® We assume 1) the transition
dipole moments are parallel to the axes of the respective dissociating bonds, 2) the geometry
of CIONQ, does not change on going to the dissociative state, and 3) CIONO, can be
approximated as a symmetric top (k = -.89). We find that the upper limits on the anisotropy
parameters for a long-lived state of CIONO, are B = 0.07 for dissociation to ClO + NO, and

B = 0.13 for dissociation to Cl + NO,. Effects such as vibrational averaging and breakdown
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of the symmetric top assumption will reduce P further. The calculated values lie below the
uncertainties in the anisotropy parameters for the two main channels, f = 1.1+0.2 for CIO +
NO, and B =0.5+0.2 for Cl + NO;. The observed anisotropies thus indicate that dissociation
via either channel occurs within t,,. Assuming a typical rotational temperature of ~50 K in
the molecular beam, t,,, would be approximately 9 ps. We conclude that the main products
observed in this experiment are formed in less than ~9 ps, which is shorter than the mean
collision time (~5 ns) under stratospheric conditions, and thus cannot arise from a long-lived
excited state.

We could not rule out assignment of the slow signal at m/e = 35 and 51 to a third
dissociation channel, such as statistical decomposition, with low c.m. translational energies;
however, the contribution from such a process will be small. ‘Dissociation via a statistical
process should be dominated by fission of the weakest bond, making ground state ClO and
NO, the most likely major products if CIONO, dissociates on its ground electronic state
surface. We derived an upper limit of 0.05 for the yield of this channel from the m/e = 51
data (figs. 1 and 2). However, the RRKM lifetime for ground state CIONO, with 92.8
kcal/mol of internal energy will be on the subpicosecond timescale. To account for a
nanosecond lifetime, we would have to invoke a rate limiting step, such as internal conversion
or intersystem crossing from an initially prepared state. Statistical dissociation of metastable
CIONO, could occur on a nanosecond timescale only if the available energy is small (on the
order of 10 kcal/mol or less for CIONO,), e.g. dissociation to a channel near threshold leading
to excited state products. Dissociation to channels (4) and (5) may have lifetimes as long as

nanoseconds, but we did not have enough information to calculate accurate decay rates for
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processes so close to threshold. The bound triplet state predicted by Grafia et al. is a
candidate for this metastable state, but there is no information on its possible decomposition
pathways.  Although the translational energy release would be even lower than for
dissociation to ground state products, our experiment still places an upper limit of 0.03 on the
total relative yield for the plausible product channels (4) and (5) near 93 kcal/mol (see fig. 2).
Thus, the slow product signal could account for only a small fraction of the total observed
products; furthermore, all of these estimates are upper bounds, because secondary
photodissociation of ClO will likely contribute substantially to the observed slow signal at m/e
=35.

Given our beam velocity, laser spot size, and the solid angle viewed by the detector, we
can only detect fragments from excited CIONQO, molecules that dissociate within 2.5 pus. Our
sensitivity allows us to detect molecules with dissociation lifetimes T < 10 us; metastable
states which live longer would go unobserved in our experiment. Such lifetimes are
significantly longer than typical mean collision times of 1-10 ns in flow tube experiments,
where unit quantum yields are observed for CIONO, photolysis at buffer gas pressures of 5-
10 Torr.™'*!" If dissociation occurs through a state with a lifetime of 10 us or longer, then
the metastable CIONO, must undergo > 10° gas kinetic collisions without being quenched at
these pressures. Thus, the molecular beam and flow tube studies are together consistent with
a long-lived metastable only if that state has a lifetime © > 10 ps and is very inefficiently
quenched.

Our results would also be consistent with the experiment of Sander and co-workers if

a metastable state of CIONO, is prepared by excitation at wavelengths longer than 308 nm.
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Sander and co-workers photolyzed chlorine nitrate with a broad band, filtered Xe lamp whose
output extended from ca. 300 nm to visible wavelengths.> Such long wavelength radiation
would be absorbed in the 370-380 nm region, where Molina and Molina® observed a weak
absorption band that was distinct from absorption bands deeper in the ultraviolet. This band
lies close to 362 nm, the wavelength that Graiia e al. predict for the lowest vertical triplet
excitation." This state is predicted to be directly dissociative, but may lead by curve crossing
to the bound metastable state. Additional experiments at longer wavelengths are necessary
to examine the possibility that this band involves a transition leading to formation of a long-
lived state; however, the small absorption cross-section, nine times lower at 362 nm than at

308 nm, will make these measurements difficult.

Product Yields

We found channels (1) and (2) to dominate CIONO, photochemistry at 308 nm; the total yield
of all other possible channels must be <0.07. The CI/CIO product branching ratio was
determined to be 0.67/0.33. The relative yield of 0.33 for CIO is a lower limit, because some
of the ClO products may have undergone secondary photodissociation. This branching ratio
does not agree with a number of earlier studies done at A > 300 nm by Smith ef a/.,* Chang
et al.,”® Knauth and Schindler,® and Margitan.” The last three experiments all found near unit
quantum yields of Cl atoms and failed to detect CIO products, even for photolysis at
wavelengths less than 300 nm. The JPL evaluation,'® which recommends quantum yields of
0.9 £ 0.1 for the Cl + NO; channel and 0.0 for the CIO + NO, channel, was based primarily

on the results of the most direct study, that of Margitan. However, our results are more
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consistent with recent unpublished flow tube studies'®!"'2 which detect both channels with
similar relative yields.

The decreased yield for dissociation of the weakest bond, CIO-NO,, in the present study
relative to our earlier results suggests that photons at 308 nm excite transitions favoring
fission of the C1-O bond. Graiia et al. calculate that the lowest singlet state 1'4” possesses
ClO n-o* character and has a vertical excitation wavelength of 284 nm with an oscillator
strength approximately 1% of the band strength at 190 nm. The next highest state, the 2'4"”
state, is predicted to be a ®~n* transition localized on the NO, group at 252 nm but with
zero oscillator strength. While excitation to the 1'4” state could explain the higher Cl yield
at 308 nm relative to 248 nm, it is not consistent with the observed angular distributions
which are indicative of a parallel transition. To excite a state of A” symmetry, the transition
moment must be out-of-plane and perpendicular to either dissociation coordinate in the
ground state geometry. A perpendicular transition would result in a negative value of
unless the dissociating bond rotates significantly out of plane prior to dissociation. There are
many states of both symmetries at slightly higher energies, and excitation at 308 nm could
instead readily excite the Franck-Condon wing of a dissociative A’ state. It is possible that
there are simultaneous parallel and perpendicular transitions to multiple excited states or a
transition to a mixed state with the dipole transition moment aligned midway between the two
bond axes, making the net 8 small and positive. The complexity of the CIONO, excited state
manifold suggests that photodissociation of CIONQ, cannot be described by a simple bond-
selective picture but rather that curve crossings and the dynamics of nuclear motion following

excitation may largely determine the final product branching ratio.
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The dominance of direct dissociation processes at excitation wavelengths as long as 308
nm implies that it is important to consider a catalytic cycle involving CIONO, photolysis in
models of stratospheric ozone depletion. However, our finding of a significant yield for the
ClO + NO, channel will lead to a decrease in the ozone-depleting efficiency of the CIONO,
cycle from what has been predicted. At mid-latitudes, where this cycle contributes only 3-5%
of the ozone loss,” the new product yield ratio will not affect the predicted ozone depletion.
The impact will be greater on model predictions of ozone loss in the Arctic polar spring as
well as in the Antarctic collar region, where Toumi et al. have shown that this cycle plays a

major role."*
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Figure Captions
Fig. 1. Schematic diagram of the molecular beam photodissociation experiment. The

numbers correspond to pressures in Torr for the various regions. @ is the detector angle.

Fig. 2. TOF distributions N(?) collected at a detector angle of 30° for (A) CI" and (B) ClIO*
fragments. The molecular beam velocity was 1580 m/s. Fits to the dominant product
channels, Cl + NO; and CIO + NO,, are calculated with 6ptimized center-of-mass
translational energy P(E;) and angular w(0) distributions (see figs. 4 and 6). The long-dashed
line at slow times in (B) is a hypothetical fit based on the assumption that ground electronic
state C10 and NO, products are formed by a statistical (RRKM) process. The long-dashed
line at slow times in (A) is also a hypothetical fit based on statistical (RRKM) decay that leads
to ground electronic state products. This "fit" includes contributions to a CI* signal from both
ClO +NO, and Cl + NO; channels. The upper limit on the total yield from both channels is

determined from the fits in (A) to be 0.07.

Fig. 3. TOF distributions collected at a detector angle of 15° for (A) CI' and (B) ClO*
fragments. The molecular beam velocity was 1350 m/s. Fits to the main peaks are calculated
with the same P(E;) and w(0) distributions used to achieve the analogous fits in fig. 2. Two
kinds of hypothetical fits are shown at longer flight times. One is based on the assumption
of statistical decay to ground state products, and the other is based on the assumption of
statistical decay to excited state products. As in fig. 2, the hypothetical fits at m/e = 35

include dissociation élong both CIO + NO, and Cl + NO, product channels. Statistical decay
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to excited state products via channels (4) and (5) leads to low product translational energies
and thus a smaller possible contribution to the signal than dissociation to ground state
products. The upper limit on the total yield of ground state products is 0.07, while the upper
limit on the total yield of excited state products at this detector angle is 0.03. The total yield
of all slow products cannot exceed 0.07. At detector angles of 30° and larger, the excited

state products cannot be detected because their center-of-mass velocities are too low.

Fig. 4. Optimized center-of-mass translational energy P(E,) distributions for the two
dominant photodissociation channels. For the Cl + NO, channel, (£;) = 32.9 kcal/mol, which

is 62% of E,,;. For the CIO + NO, channel, (E;) = 26.0 kcal/mol, which is 39% of E ;.

Fig. 5. TOF distributions collected at 30° for (A) NO," and (B) NO" fragments. The peak
in (A) is fit with the P(E;) and w(0) distributions for the Cl + NO, channel under the
assumption that all the signal at m/e = 46 arises from NO, which fragments to NO," in the
ionizer. The bimodal distribution in (B) apparently contains signal from both NO; and NO,
products which fragment to NO" in the ionizer; this distribution is fit with two components
corresponding to both Cl + NO, and CIO + NO, channels.

Fig. 6. Semi-logarithm plot of the laboratory angular distributions for the two
photodissociation channels observed. The circles are the experimental data, and the lines are
the calculated distributions using values of the anisotropy parameter B shown. The solid lines
are the best fit to the data; the dashed lines are calculated using upper and lower limits for the

parameter 3.
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Chapter 2.*
Photodissociation of Cl1,0

at 248 and 308 nm

Molecular beam studies of Cl,0 photolysis at 248 and 308 nm have been repeated and
the analysis refined. At 248 nm, three distinct dissociation pathways that led to Cl + ClO
products were resolved. At 308 nm, the angular distribution was slightly more isotropic than
previously reported, leaving open the possibility that C1,0 excited at 308 nm lives longer than

a rotational period.

* This chapter has been previously published. The reference is: Teresa A. Moore, Mitchio
Okumura, and Timothy K. Minton, J. Chem. Phys. 107, 3337 (1997).
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Introduction

Studies of the photodissociation dynamics of Cl,0 (dichlorine monoxide) can aid in
understanding the photochemistry of the more complex chlorine oxides which play a major
role in stratospheric ozone depletion. As we reported in a previous publication,! formation
of Cl + CIO products (AH,” = 32.9 kcal/mol) is the only channel observed for C1,0 photolysis
at 308 nm and is the major channel at 248 nm. We have repeated the CL,O photolysis
experiment at 248 and 308 nm and present here a refinement of the analysis for the Cl + CIO
channel. At 248 nm, three distinct dissociation pathways that led to Cl + ClO products were
resolved. At 308 nm, the angular distribution was slightly more isotropic than previously
reported.

The experimental method and apparatus are described elsewhere.> Briefly, a
molecular beam was crossed with an excimer laser beam at the center of rotation of a
rotatable mass spectrometer detector. Collisionless conditions allowed for detection of
primary dissociation products recoiling away from the beam direction. Photoproduct time-of-
flight (TOF) distributions were measured as a function of detector angle.

The new data were recorded on the same apparatus under similar conditions and
differed primarily in source conditions and laser polarization. For the new experiment, a
continuous molecular beam of CL,0 was formed by passing a gas mixture of 2% SFg in helium
over the surface of liquid CL,O at -73 °C and expanding the mixture through a 0.1 mm quartz
nozzle held at or below -60 ° C with a stagnation pressure of 190 Torr. In all experiments,
the laser beam was nearly randomly polarized in a plane perpendicular to the scattering plane

and parallel to the molecular beam axis. In the current experiment, there was a slight net
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polarization (~ 58%) perpendicular to the scattering plane, whereas previously there was a
slight net polarization parallel to that plane. The differences in the beam conditions and the
laser polarization were taken into account in the analysis.  Analyses of product TOF and
angular distributions were carried out by the forward convolution technique used previously.
For each channel, center of mass (c.m.) translational energy P(E;) and angular w(0)
distributions were transformed to the LAB frame and adjusted iteratively until the predicted
LAB TOF distributions agreed with the observed distributions at all LAB angles. The c.m.
angular distributions were fit to w(0) « 1 + BP,(cos0), where the anisotropy parameter
varies from -1 to 2 for dissociation with the recoil vector perpendicular and parallel to the
transition dipole, respectively.

248 nm

Representative TOF distributions of products from 248 nm photolysis are shown in
Figure 1. The m/z = 51 (ClO") data could not be fit at all angles with a single P(E)
distribution as was done in the previous work. Instead, the three observed peaks at m/z =51
were fit with three separate components in the P(E,) distribution (Fig. 2), each with different
anisotropy parameters. The fastest component had a large translational energy release with
a maximum at 49 kcal/mol (£, = 33 kcal/mol). The angular distribution was fit by p = 0.7
+ 0.2, indicating a prompt, parallel dissociation. The middle component had an average
translational energy release of (E;) = 36 kcal/mol ({E,,) = 46 kcal/mol) and anisotropy of
=1.5+0.2. A fit to the slowest component gave § =1.2 * 0.2 and a P(E;) distribution with
a sharp cutoff with a minimum £ of 15 £ 1 kcal/mol. The cutoff was due to opening of the

CL,0 - Cl + ClI + O channel, because the internal energy of the ClO product exceeded the
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bond dissociation energy (D, = 63.4 kcal/mol) for products with £} < 19.9 kcal/mol. The 5
kcal/mol discrepancy could be attributed to a) spin-orbit excitation (2.5 kcal/mol) of one or
both Cl atom products,’ b) a centrifugal barrier to dissociation of rotationally excited C1O
products (in the rigid radical approximation,* the ClO centrifugal barrier could be as high as
7.3 kcal/mol), or c) a combination of these causes.

The m/z = 35 signal (Fig. 1A, C) comprised direct Cl photoproducts, Cl atoms from
secondary dissociation of ClO, CIO fragments which cracked in the ionizer, and background
from cluster photolysis. In order to fit the Cl counterfragment, we extended the slowest
P(E;) distribution to lower translational energies. We concluded that = 4% of the ClIO
underwent spontaneous dissociation. The secondary Cl signal from this dissociation was
modeled and included in the fit. Contributions from primary CIlO products were fit assuming
32%, 37%, and 49% of the ClO fragmented to ClI" in the ionizer, increasing linearly with C1O
internal energy. Photodissociation of ClIO was also observed at higher laser power, but was
minimized by keeping laser fluences low. A small underlying signal remained, which we
assigned to products from photolysis of CL,O clusters.

In summary, we have now resolved three components in the P(E;) distribution with
differing anisotropies, each leading to Cl + ClO products. These results support our
conjecture that formation of Cl + CIO products involves several excited state potential energy

surfaces.

308 nm

At 308 nm, the m/z = 51 (ClO") TOF spectra were fit by a P(E;) distribution very

similar to the one published previously, with a peak at 33 kcal/mol and a slow shoulder
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extending down to 6.5 kcal/mol. The angular distribution, fit with § = 0.4 + 0.3, was slightly
less anisotropic than previously reported.

A long-lived excited state of C1,0 was recently proposed by Nickolaisen ez al.® to
explain quenching at high pressures of the ClO yield from Cl,0 photolysis at A > 300 nm in
flow tube studies. They postulated a metastable excited state which must live longer than the
mean collision time at 5 Torr of ~ 50 ns. Such a lifetime would lead to complete rotational
averaging of the anisotropic angular distribution, resulting in B < 0.19 if CL,O dissociates
from its ground state geometry.® This value of p is half of the observed value, but within our
uncertainty. Our results thus indicate that t < 9 ps at 308 nm, but our uncertainties preclude
us from ruling out a longer-lived state.

We acknowledge support of NASA grant NAGW-3893, and assistance from C. M.

Nelson and J. W. Seale.
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Figure Captions

1. TOF number density distributions M(?) from CLO photolysis at 248 nm for A) CI" products
collected at a detector angle of 30°, B) ClIO" products at 30°, C) CI" products at 50°, and D)
ClO" products at 50°. The solid line is the overall fit to the data. The dashed, dotted, and
dot-dashed lines correspond to the three components in the c.m. P(E;) distribution (Fig. 2).
The long-dashed line in A) and C) is a hypothetical fit based on photolysis of CL,0 clusters
in the beam. The dot-dot-dashed line in A) and C) corresponds to the spontaneous secondary

dissociation of C10. Stimulated secondary dissociation of CIO is not included.

2. Optimized c.m. P(E;) distribution for the Cl + ClO channel from ClL,0 photolysis at 248
nm. The light-dashed line in the slowest component shows the cutoff from the m/z = 51 data,
corresponding to internal energies beyond the ClO dissociation limit. The anisotropy
parameters and average translational energies for each component are: dashed line, § = 1.2
+0.2, (E;) = 17.8 kcal/mol; dotted line, p = 1.5 £ 0.2, (£;) = 35.9 kcal/mol; and dot-dashed
line, p = 0.7 + 0.2, (E;) = 51.1 kcal/mol. The scaling factor for each component is

independent of angle.
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Chapter 3.

Cl1O0OCI1 Molecular Beam Source

A molecular beam source of CIOOCI was designed in order to study CIOOCI
photolysis using photofragment translational spectroscopy. We created a molecular beam of
CIOOCI by photolyzing CL,O at 308 nm in the stagnation region and cooling the reaction cell
to promote three body recombination to form CIOOCI. The main species in the beam were

Cl,, CI00C], and C1,0, with minor species O, and undimerized ClO also present.
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A. Introduction

Knowledge of the branching ratio between Cl and ClO products from CIOOCI
photolysis is crucial to our understanding of polar stratospheric ozone depletion. Because of
the uncertainties in the previous measurements, we endeavored to study CIOOCI photolysis
via photofragment translational spectroscopy, a powerful technique capable of direct
detection of both Cl and ClO photolysis products that can provide an absorption cross-section
independent method of determining the Cl:ClO branching ratio. Thus, we had to design a
molecular beam source of CIOOCIL.

Previous researchers have utilized different methods to produce CIOOCI, forming
ClO either chemically or photolytically under conditions where three-body recombination is
favored over the ClO self-reaction. These conditions usually included cooling to temperatures
below 250 K, increasing the pressure, and selecting the buffer gas to increase the rate of
dimer formation.! ClO has been formed by photolysis of C1,0,%* by flash photolysis of Cl,-
CLO, CL,-0;, or Cl,-O, mixtures,** by flash radiolysis of Cl,0-Cl, mixtures,® by the chemical
reaction of Cl with Q,,"%%11112 C1,0,71%1112 or OCIO,”'*! or F + CL,0," or by photolysis
of OCIO.¢ Static or flow cells were used in all previous experiments involving CIOOCI, in
which typical concentrations of CIOOCI were on the order of 1-10 mTorr, with a maximum
of a few hundred mTorr.>*

In order to design a molecular beam source of CIOOCI that could be used for a
photolysis experiment, several problems had to be overcome. The major design

considerations are as follows:
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® CIO source
CIO can be produced by any of the methods described above. The CIO source chosen
determines what other species besides CIOOCI will be present. Table I lists other possible
species that could be present in a CIOOCI source which could give rise to Cl or ClIO
photolysis signal, along with their absorption cross sections at 248 and 308 nm.
Table I. Absorption cross sections for various species that could be formed in a CIOOCI

source. All cross sections are taken from the 1997 JPL evaluation,* except for the CIOOCI
cross sections which are from ref. 3, with the values from ref. 13 in parentheses.

Species 0(248 nm), cm? 0(308 nm), cm?®
Cl, 1.1x10% 1.7 x107%

ClO 3.2x10™ 2.0x 107"
CLO 1.7 % 1078 4.6 %107
oClO ~107" ~1.5x 107
Cl0oO 2.95 x 1077

ClooCl 6.2 (6.3) x 10718 3.4 (4.9) x 10
CLO, 12x 10 24x10

@ ClO dimerization

The possible ClO + CIO reaction channels are

Clo+ClO+M -~ CIOOClI+M

Cl0o+ClO = ClO0O+Cl—» Cl+Cl+0,
=+ CL+0;
= Cl+ OCIO.

At low temperature, below 250 K, CIOOCI formation is the dominant ClO reaction pathway.

The identity of the third body is significant,' with reaction rates following the expected trend
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for third body quenching efficiency except for O, and Cl,. Oxygen results in a lower rate of
CIOOCI formation, and chlorine in a higher rate. Thus, cooling the reaction cell and careful
choice of the bath gas can encourage dimer formation.
® CIOOCI concentration

The kinetics experiments produced CIOOCI concentrations on the order of milliTorr,
whereas for a beam experiment to be feasible, concentrations on the order of Torr are
required. Major loss mechanisms for CIOOCI include 1) reaction with Cl or O in sources
where these atoms are continuously present, 2) photolysis of CIOOCI in sources which
employ continuous photolysis to produce ClO, and 3) thermal decomposition and the ClO self
reaction in sources at temperatures above 250 K. The rate constant' for the three body
association of ClO to form CIOOCl is

[2.2 x 107*2 (T/300)*']cm®/molec?s.

If a ClO concentration of 3 x 10" molec/cm® (1 Torr) could be formed, for a background
pressure of 6 x 10" molec/cm® (200 Torr) and a temperature of 220 K, then 3 x 10* molec
CIOOCI/cm?/s could be formed. In this case, to produce 1 Torr of CIOOCI, the residence
time in the reaction chamber must be at least 100 ps (not accounting for loss processes).
Thus, high production of ClO, long residence times, and minimization of loss processes are
necessary to obtain the high CIOOCI concentration required.

We chose Cl,0 photolysis at 308 nm as our ClO source, because the other species
likely to be present besides CIOOCI are residual Cl,0, ClO, and Cl,, with little or no OCIO
or CL,O,. Cl, and ClO are diatomics, and will produce sharp well-defined peaks at m/z = 35

in a photolysis experiment. We have extensively studied Cl,0 photolysis,'* which produces
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signal at Cl" and ClO", and can model that in our photodissociation experiment. With the
exception of a small concentration of clusters, no species likely to be present in the beam
besides CIOOCI and Cl1,0 can produce CIO photolysis signal. We wanted to avoid CIO
sources that would have significant concentrations of OCIO and Cl,0, to minimize the
number of species that could contribute to the C10™ photolysis signal so that we could obtain
a more accurate ClO/Cl branching ratio. Also, the absorption cross sections of OCIO and
CL0, at 308 nm and of CL,0, at 248 nm are significantly higher than that for CIOOC], so that
the photolysis signal from these components could mask the CIOOCI photolysis signal.

A molecular beam of CIOOCI was formed by photolyzing CL,O in a quartz cell and
expanding the reaction mixture through a 0.1 mm nozzle. At 308 nm, the only CL,0
photolysis products formed are Cl and C10. The Cl atoms produced also reacted with C1,0,
producing ClO and Cl,:

CLO +hv - Cl+CIO

Cl+CLO -~ Cl,+CIO

10+ClIQ+M - Cl 1+M

net: 2CL0O - CIOOCI + Cl,
A pulse of CIOOCV/CL,0/Cl, and other reaction products exited the nozzle, effectively
creating a pulsed CIOOCI source with a continuous background of C1,0.

Given our choice of ClO source, our solutions to the problems posed in the previous

section are as follows:
® Continuous gas flow allowed for long residence times, on the order of milliseconds.

® Pulsed laser photolysis in the stagnation region allowed for high pressures, but avoided
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steady state effects like CIOOCI photolysis and attack by Cl.

® Cooling the source to T < 240K minimized the ClO self reaction and CIOOCI thermal
decomposition.

® High stagnation pressure promoted rapid three body recombination, but could be kept
low enough to avoid significant formation of clusters in the beam.

® Minimization of a) back diffusion of photolyzed gas and b) mixing of cooled gas with
incoming warm gas keeps the CIOOCI concentration from being diluted by the CL,O and
buffer gas.

The chemistry of this source was modeled using the reactions and photochemistry
shown in Table II, including the species C1,0, Cl, ClO, O, CIOOC], Cl,, O,, OCIO, CIOO, and
CLO,. All rate constants, branching ratios, and photodissociation cross sections were taken
from the 1994 JPL report,' except the branching ratio for CIOOCI photolysis, for which we
used an adjustable parameter for the ClO + ClO yield. Model calculations were carried out
using values of 0.0 to 0.5 for this parameter. The model predicted that for pressures on the
order of 100T, temperatures around 220K, and initial C1,O concentrations of ~ 10 T, the
output from this source would be primarily Cl,, C1,0, and CIOOCI, with some CIO and O,,
and negligible amounts of OCIO and ClL,0,. Figure 1 shows the results of a model calculation
for the initial conditions Pg,, = 200T, Pepo = 10T, T = 200K, residence time ., = 50 ps, laser
spot size = 0.09 cm’, and laser energy = 0.5 mJ/pulse, with the ClO + CIO yield set to 0.2.

B. Source Design Parameters

Preliminary source development was carried out in a test chamber at Caltech, and

optimization of the operating parameters was completed on the 35" rotating detector Crossed
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Table II. Chemistry and photochemistry modeled for the CIOOCI source.

Chemistry

Photochemistry

CIO + CIO + M - CIOOCl + M
CIO + OCIO + M - CLO, + M

Cl + CIOOCI -~ Cl, + CIOO

Cl+CLO - Cl, +CIO
Cl1+0ClO - CIO + CIO

Cl+ ClOO - Cl, + 0,
~CIO +CIO

O + CIOOCI ~ CIO + OCIO

0 + CLO - CIO + CIO
0+Cl0 - Cl+0,
0+0CIO - CIO +0,
CIO + CIO - CIO0 + Cl

== Clz + 02

- Cl+0CIO
CI0O +M - Cl + 0,
CIOOC! + M - CIO + CIO

CLO +hv - Cl+CIO
Cl, +hv - Cl+Cl

OCIO +hv -0+ CIO
ClIOO +hv -0+ CIO

CLO, +hv - ClO + 0CIO

ClOOClI +hv - Cl+CIOO

- ClO+CIO
ClIO +hv - C1+O

is shown in Figure 2. The shape and dimensions of the reaction chamber were very important
to the beam composition. The chamber diameter helped define the reaction volume, and the

shape helped control the mixing of the laser processed gas with the unprocessed gas. Several
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reaction chamber configurations were tested. The best configuration was a tapered cell
starting from an ID of 3 mm and tapering down to about 0.1 mm over a length of about 1 cm,
with a 0.1 mm nozzle at the tip. The cell protruded 1 cm from the cooling jacket, with a
constriction of the inner diameter to ~ 1mm at the point where the cell left the cooling jacket.
This constriction was quite important because it reduced back diffusion of the CIOOCI into
the unprocessed Cl,0, which would result in a dilution of the CIOOCI signal and thus a
reduction of the peak CIOOCI concentration. Another constriction was placed at the entrance
to the cooling jacket, to reduce mixing of the cold C1,0 with the warm incoming CL,0.

The 3 inches of the 1/4 inch OD quartz tubing immediately prior to the cell tip was
encased in a cooling jacket held at 205-220 K to facilitate CIO dimer formation and reduce
side reactions. At temperatures below 205 K, condensation of CL,O in the cell and the
formation of clusters in the molecular beam occurred. At higher temperatures, the absolute
concentrations of CIOOCI were reduced. Cold pentane was circulated through the cooling
jacket to maintain the temperature. Pentane was used as the cooling fluid because its low
viscosity allows it to be easily pumped at these low temperatures. After every experiment,
the pentane bath was allowed to warm up, and the water separated out. The pentane was
stored in metal containers until the next experiment. The cell was mounted using two sets
of three point Vespel contacts set in a Nema G-10 base in order to minimize movement when
cooled and thus keep the nozzle aligned with the plane of the detector. Great care had to be
taken to tighten the contacts enough to hold the cell in place but not so much that the cell
cracked. The temperature was measured by thermocouples epoxied to the stainless steel

Swagelock nuts of the input and output ports on the vacuum jacketed liquid feedthrough
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through which the cold pentane flowed. Helium was kept flowing through the nozzle after
the beam was turned off until the nozzle reached room temperature, in order to prevent

condensation of pump oil on the cold nozzle which could lead to clogging.
C. Time-of-flight Mass Spectrometric Analysis

The beam passed through two regions of differential pumping before entering the main
chamber. The source chamber pressure was ~ 2 x 10~ Torr with the beam on. The beam
exited the source chamber through a 0.5 mm skimmer which was located 6 mm downstream
from the nozzle. The beam passed through a second differentially pumped chamber, with a
pressure of < 107 Torr, and exited through a slit aperture (1.66 mm horizontal by 2.2 mm
vertical) which defined a molecular beam cross section of 1.92 mm by 2.55 mm at the
interaction region (the intersection point of the CIOOCI molecular beam and the photolysis
laser or scattering molecular beam, and the point around which the detector rotates). This
aperture also reduced the effusive background entering the detector at small viewing angles.
The pressure in the main chamber was ~107 Torr.

The rotatable mass spectrometer detector had three regions of differential pumping,
with pressures in the third region, which housed the ionizer, reaching ~107'° Torr. Time-of-
flight (TOF) mass spectra of the source output were obtained by rotating the mass
spectrometer to look directly at the beam. From the interaction region, the beam traveled
34.5 cm to a Brink electron bombardment ionizer. The nominal electron energy used for
examining the beam was lowered to 30 eV in order to reduce fragmentation of the CIOOCI
in the ionizer. Ions were mass analyzed with an Extranuclear quadrupole mass filter, and

detected with a Daly-type ion detector. Table III lists the ionizer conditions used to obtain
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all of the source TOF spectra shown. The firing of the source laser was used to trigger the
multi-channel scaler, so that the measured flight time of the CIOOCI signal was the sum of
the residence time of the gas in the nozzle after the laser fired, the flight time from the nozzle
to the ionizer, and the time for the resulting ion to travel through the mass filter to the ion
detector (ion flight time). The ion flight time for an ion with mass-to-charge ratio m/z was

* us for these ionizer conditions. The source TOF

empirically determined to be 3.14 (m/z)
signal consisted of the background signal from the pure C1,0 beam before and after the laser

processed pulse and the processed region (CL,O depletion and CIOOCI peak).

Table III. Low electron energy ionizer conditions for examining the source beam.

Ionizer Component Voltage

Aluminum coated cathode -30kV

Photomultiplier tube -2000 to-2200 V

First and second exit lenses -900 V

Electron energy 30eV

Filament emission current 2.1mA

Mass spectrometer resolution Am ~ 2.2 amu (at m/z = 51)
Extractor -10V

Lens -400V

Ion energy 35eV

TOF spectra of the molecular beam were obtained at m/z = 35 (CI"), 51(ClO"), 67 (CIOO"),
70 (CL"), 86(C1,0%), 102 (CIOOCI"), 118(CL0;%), 121(CL,0<CI"), and 137 (CL,0-CIO",
CIOOCI<CI"). Typical source data are shown in Figure 3. No signal was observed for

cluster masses above m/z = 137, up to the mass spectrometer limit of n/z = 200.
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Although CIOOCI is the lowest energy isomer of Cl,0,,'*'*'"!® two other isomers,
CICIO, and CIOCIO, exist. These isomers do not form stable parent cations when ionized,"
so that the signal at m/z = 102 was not from ionization of these isomers, which would appear
at m/z=67. ClIOOCI is the dominant reaction product in flow tube experiments,'® although
there is some evidence that CICIO, can be formed heterogeneously, especially if the walls of
the flow tube are coated with ice.”® In our experiment, the walls of the reaction cell were dry;
furthermore, the shape and arrival time (after accounting for the ion flight time) of the m/z =
67 peak was very similar to that of the m/z = 102 peak, indicating that the two peaks arose
from the same species. Thus, we assumed that the only Cl,0, isomer formed in our
experiment was CIOOCI. It is possible that some CIOCIO was formed by clustering of C1O
in the expansion, but the low concentration of ClO (< 30 mTorr) remaining at the nozzle
suggests that if CIOCIO is present in our experiment, the concentration must be small
compared to the CIOOCI concentration.

Even with the low electron energy used, the CIOOCI still fragmented in the ionizer,
with major cracks at m/z = 67 (C100") and m/z = 51 (ClO"). Cl,0 contributed some signal
at ClO", but the cracking pattern of Cl,0 was measured separately with the source laser
turned off, and CLO was accounted for at m/z =51 based on the m/z = 86 signal. While it is
possible that OCIO could contribute signal to the m/z = 67 peak, this is unlikely because 1)
the peaks at m/z = 67 and 102 have the same shape and arrival time after accounting for ion
flight time, 2) the model of the source chemistry indicates that the OCIO concentration in the
source is very low, 3) an elastic scattering experiment (described later in this chapter) showed

no evidence of OCIO present in the beam, and 4) no photolysis signal corresponding to OCIO
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was observed for photolysis at 308 nm.*' The mass spectrometer resolution was set such that
the large Cl, signal observed at m/z = 70 contributed < 5% to the signal at m/z = 67. Thus,
we assumed that all of the signal at m/z = 67 arises from CIOOCI that has fragmented in the
ionizer.

Table IV shows the fragmentation pattern for Cl,, Cl,0, and CIOOCI for the ionizer
conditions used. The background signal at m/z = 51 and 86 was assumed to be entirely from
the C1,0 background and was used to determine the relative amounts of the ClIO* and C1,0"
ion fragments of C1,0. The remaining signal at the bottom of the depletion at m/z = 86 was
assumed to be undissociated Cl,0, and the remaining signal at m/z = 51 was assumed to be
ClO, Cl,0, and CIOOCI, with the CL,O contribution scaled by the C1,0 fragmentation pattern.
The CIO accounted for ~ 6% of the m/z = 51 signal, based on subsequent analysis of the ratio
of the CIO : CL,O photolysis signal at 248 nm. The m/z = 70 background was attributed to
residual Cl, impurities in the Cl,0, and the peak signal to Cl, formed in the beam. The SF*
and SF," cracks from SF; (also present in the buffer gas) contributed negligible signal to the
m/z = 51 and m/z = 70 TOF spectra for this electron energy and were neglected. Almost
every species present in the beam contributed signal to m/z = 35, so the contributions are
difficult to sort out, but at this electron energy the m/z = 35 signal is very small compared to
the other fragment masses.

Table IV. Fragmentation pattern for Cl,, C1,0, and CIOOCL.

Species m/z=35 |m/z=51 |miz=67 |m/z=70 |m/z=86 |m/z=102
Cl, 1 14

CLO ~.05 1 1.1

ClooCl | ~.1 3.4 4.5 1
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A peak at m/z = 118, which could correspond to Cl,0;" or to cluster peaks including
CLO<0," or CIOOCIl*O", was observed, rising and reaching a maximum at slower times than
the CIOOCI peak. This peak was at least an order of magnitude smaller than the CIOOCI
parent peak. The observation that this peak was slower and shaped differently than the
CIOOCI peak indicated that the signal at m/z = 102 did not arise from Cl,0, fragmenting in
the ionizer. A depletion in the signal at m/z = 121 (Cl,0+CI") was observed, corresponding
to the depletion in the CL,0. At m/z = 137 (Cl,0+ClO", CIOOCICl"), a small peak was
observed, indicating the formation of some CIOOCI-containing clusters. This peak did not
start rising until after the maximum CIOOCI signal. The cluster signals were small compared
to the CL,0 and CIOOCI signals, and we attempted to minimize them in spite of the need for
a cold nozzle which is conducive to cluster formation. Figure 4 shows m/z = 102 and the
higher mass peaks 118, 121, and 137. The photolysis laser delay was set to sample only the
maximum CIOOCI signal, where the cluster peaks (including C1,0;") were small or negligible.

An estimate of the relative amounts of each species in the molecular beam could be
made by examining the source TOF spectra. The background signal arose only from Cl,0O,
any residual Cl, impurities, and CL,0 clusters (which were a small fraction of the total signal
and can be ignored in this estimate). At the flight time corresponding to the CIOOCI peak,
the signal arose from all the species formed from the photolysis and ensuing reactions: Cl,,
CL,0, CIOOC], and CIO. From the background signal and the fragmentation patterns, the
relative contributions at each mass could be sorted out. Then we added up the signal at all
of the ion fragments for each species to get the total signal arising from that species. We

estimated the relative detection efficiencies for each species by estimating the ionization cross
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sections from the polarizability.”> Based on the total signal for each species and the relative
detection efficiencies, we obtained the ratio

ClO:Cl,:CLO:CIOOCI~0.14:14:1.0:24
for the relative amounts of the major species formed in the source. Based on these amounts
and the absorption cross sections (using Huder and DeMore® for CIOOCI), we could predict
the relative contributions to the photolysis signals expected at 248 and 308 nm:

248 nm: Cl,: C1,0: CIOOC1~0.008:1.0:8.8 -

308 nm: ClIO : Cl,: CL,O:CIOOC1~0.3:52:1.0:1.8.
These predictions were based on average values for the relative amounts of each species in
the beam over all of the experiments performed; however, each experiment was carried out
under slightly different conditions, so the photolysis signal contributions can vary depending
on the actual ratios of the species for that given beam. No estimate for the ClO photolysis
contribution at 248 nm is provided, because the observed photolysis contribution was used
to obtain the relative Cl1O concentration in the beam.
D. Optimization of Source Conditions

A carrier gas swept over liquid CL,O to produce a continuous beam of Cl,0 which was

then photolyzed at 308 nm. The CL,0 synthesis, purification, and Cl,:Cl,O ratio are discussed
in Appendix 1. The photolytically produced CIO had an average internal energy of 28
kcal/mol, and the dimer bond dissociation energy is 17.1 kcal/mol, so the excess internal
energy needed to be quenched in order for dimerization to occur. Different buffer gases were
tested, including pure helium and nitrogen buffer gases, as well as CH,, CH,F, CH,F,, CHF;,

and SF, mixtures in helium. Figure 5 shows TOF spectra for a pure helium beam, He + 2%
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CF;H, and He + 2% SF,. A mixture of 2% SF, in helium was chosen as the best mixture, as
it allowed for the highest absolute amounts of CIOOCI" signal for the desired CIOOCI*:CL,0*
ratio. Increasing the amount of SF led to a slower beam velocity and lower absolute CIOOCI
concentrations for the same CIOOCI":C1,0" ratio. We tested to be sure that the SF, did not
cause any spurious signal by carrying out a photolysis experiment using pure helium as the
buffer gas.

The absolute stagnation pressure used was ~190 Torr, ranging from 180 to 200 T.
Higher stagnation pressures led to formation of clusters, and lower stagnation pressures led
to a weaker expansion and poorer beam quality (lower speed ratio). The C1,0 was held at
-73° to -74° (vapor pressure 10-12 Torr). Higher Cl,O concentrations caused an increase
in cluster formation, and lower concentrations led to reduced CIOOCI concentrations.

The 308 nm output from a pulsed Lambda Physik EMG103 MSC excimer laser was
focussed with a 1 m focal length lens and sent into the source chamber through a fused silica
window and then directed onto the tip of the reaction cell by a 90° prism. The laser spot size
was varied by changing the position of the lens, with the best results obtained for a spot size
~ 8mm wide by 2 mm high, so that a section of the cell 2mm long by the cell diameter at the
laser spot position was illuminated. The laser spot could be moved along the cell closer to
or further from the tip to vary the reaction time between when the laser fired and when the
reaction mixture exited the cell. The spot position was changed by raising or lowering the
rear legs of the laser, which could be done in a reproducible manner. The laser was aligned
to the cell by removing the top flange of the source chamber, inserting a white business card

under the cell, and firing the laser for 10-20 shots until the card showed a burn mark. The
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outside diameter of the cell was 5 mm, so 3 mm of the laser spot overlapped the edges of the
cell. The laser position was adjusted until the "shadow" made by the cell was centered on the
burn mark on the business card. The laser position from the tip of the cell was determined by
moving the laser spot along the cell until it passed the tip and the cell no longer caused a
shadow to form in the burn mark. A typical experiment was run with the center of the laser
spot about 5 mm from the tip of the cell. During the experiment, care was taken to not move
the spot within 1 mm of the tip to avoid blowing the tip off the cell. The laser power was
varied by attenuating the laser beam with quartz plates to change the extent of Cl,0
dissociation, with typical laser energies of 130-170 mJ/pulse. Ninety to ninety-five percent
depletion of the C1,0 signal gave the highest CIOOCI":CL,0" ratio. At laser powers causing
> 95% CL,0 depletion, the CIOOCI parent signal was also reduced, because of secondary
photodissociation of ClO and attack of CIOOCI by Cl atoms. At lower laser powers, the
amount of Cl,0 remaining undissociated (>10%) was much greater than the amount of
CIOOCI formed. Figure 6 shows the m/z = 86 and 102 spectra for laser energies of 130
mJ/pulse (A, B) and 160 mJ)/pulse (C, D).

The source laser was operated at 40 Hz, as that was the maximum repetition rate of
the photolysis laser used to do the photolysis experiments. Some data was also obtained at
a repetition rate of 20 Hz. The absolute CIOOCI signal did seem to increase at the lower
repetition rate, possibly because the reaction cell could maintain a lower temperature. The
increase in signal at 20 Hz was not enough to compensate for the reduction in counting time
obtained by going to the higher repetition rate.

The laser power and position were optimized before each set of experiments while the
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other operating conditions remained consistent from experiment to experiment. The laser
parameters were adjusted until the CIOOCI peak observed at m/z = 102 was 0.1 to 1.0 times
the CL,0 signal remaining at m/z = 86. For the conditions described, the pulse of CIOOCI,
ClL,0, Cl,, and undimerized ClO that exited the nozzle was about 1-3 ms wide, with the
CIOOCI pulse maximum spanning ~200 ps. Typical residence times in the cell after the laser

pulse were 100 - 500ps.

E. Elastic Scattering

In order to further characterize the source beam, we performed an elastic scattering
experiment in which we scattered the CIOOCI] beam off a neon beam and measured the
angular distribution of the deflected products. Angular distributions were measured for a
given m/z to determine what masses contributed to the signal. This technique provides a
measure of mass that is independent of m/z and fragmentation patterns.

A neon beam produced by expanding neon at a stagnation pressure of 1250 Torr
through a 0.1 mm nozzle at 22°C was crossed by a CIOOCI beam at an angle of 90° in the
interaction region. The beam velocity of the CIOOCI beam could not be measured directly
or inferred from diatomic photolysis signal. However, the beam velocity for all of the
photolysis experiments as well as that measured separately with a chopper wheel remained
fairly consistent, ranging from 9.0 to 9.5 x 10* cm/s. The source conditions for the scattering
experiment were closest to those for the preceding few experiments, for which the beam
velocity was 9.05x 10* cm/s; thus, we used this value as the CIOOCI beam velocity. Because
we did not measure the velocity directly, this value may have some error, which would

slightly change the angles corresponding to the edges of the elastic Newton circle. The
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deflected molecules were detected by rotating the detector off the CIOOCI beam axis.
Distributions were obtained both with the beams crossing and with the neon beam blocked
by a beam flag. The background distributions (beam flagged) were subtracted from the total
signal (beam unflagged) to obtain the scattered signal, which consisted of signal from the CL,O
background as well as the CL,0 depleted, CIOOCI rich portion of the beam. The distributions
were obtained with a resolution of 100 ps/point, so different ranges could be taken to
characterize the CIOOCI portion of the beam. Ranges of 100, 200, 400, and 600 pus were
used. Data for the CIOOCI beam scattering off neon were obtained for m/z = 51 (ClO"), 67
(OCIO"), 86 (CL0O"), and 102 (CIOOCT"), with angular ranges of 19° - 49°, 20° - 36°, 25° -
31°, and 13° - 25°, respectively. Experiments were also done for a pure C1,0 beam from a
cooled nozzle (CIOOCI source laser turned off) crossed with neon and for argon crossed with
helium.

For the Ar + He case, there are no vibrations or rotations for the collision energy to
be partitioned into. The Ar beam velocity was 5.54 x 10* cm/s and the He beam velocity was
1.75 x 10° cm/s. From the Newton diagram (Fig. 7), the Ar signal can not be scattered
beyond the edge of the Newton circle, or a lab angle of 37°. The angular distribution shown
in Figure 8 shows this sharp cutoff in signal as expected, centered about the laboratory
velocity corresponding to the edge of the elastic Newton circle.

In the pure CL,O + Ne case, the CL,0 beam velocity was 7.7x10* cm/s and the Ne
beam velocity was 7.8x10* cm/s. From the Newton diagram (Fig. 9), the maximum lab angle
at which scattered Cl,0 can be observed is 32.4°. However, unlike the pure elastic Ar + He

scattering data, the angular distribution (Fig. 10) shows that the scattered signal has
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essentially disappeared before this angle, and the drop in signal occurs over a longer angular
range, 10° instead of ~ 6°. These differences indicate that the scattering is inelastic, with
some of the energy partitioned into Cl,0 internal modes.

If we took the midpoint of the portion where the signal is rapidly falling (i.e. the
region which would correspond to the edge of the elastic Newton circle if the scattering was
elastic), we obtained an angle of 26.5°. Assuming that this angle corresponded to the edge
of the inelastic Newton circle, we obtained a new c.m. velocity (and thus translational energy)
of the scattered C1,0 and, using conservation of energy, determined the amount of the
collision energy partitioned into Cl,O internal energy. The initial total c.m. translational
energy £ was 9.8 kJ/mol.  Using 26.5° as the edge of the inelastic Newton circle, the final
E; becomes 5.0 kJ/mol, indicating that 4.8 kJ/mol was partitioned into internal energy (£,,).
Thus, the change in translational energy was 49% of the initial translational energy, or AE./E;
=0.49.

With the source laser turned on, we examined the CL,0 background at both m/z =51
and 86 well after the CIOOCI portion of the distribution. The beam velocity in this region
was 8.4x10* cm/s, as measured previously with a chopper wheel, and the edge of the elastic
Newton circle (see Newton diagram, Fig. 11) corresponded to a laboratory angle of 30.4°.
Again, the scattered signal is already gone by this angle. At m/z =86, we did not collect data
at small enough angles to see where the drop in signal begins, but at m/z = 51 we were able
to obtain this information (Fig. 12 A,B). The midpoint of the drop, as explained before, came
at 24°, which we then took as the edge of the inelastic Newton circle. Using this value, the

amount of energy partitioned into Cl,0 internal energy was (E,) = 6.2 kJ/mol. The initial
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E; was 10.75 kJ/mol, so AE/E; = 0.58. This value is higher than that for the pure C1,0
beam. However, the collision energy was higher because the Cl,0 beam velocity was higher,
so the fraction partitioned into internal energy would not be expected to remain the same.

For the CIOOCI beam scattering experiment, all CIOOCI beam components will
contribute to the scattered signal. The CIOOCI beam velocity was 9.05x10* cm/s, and the
Newton diagram including elastic Newton circles for ClO, OCIO, C1,0, CIOOCI, and C1,0,
is shown in Fig. 13.

The m/z = 86 signal can have contributions from Cl,0,, CIOOCI, or CL,0.
Unfortunately, we did not take data at small enough angles to observe the C1,0; or CIOOCI
contributions, or to observe the portion of the angular distribution before the signal started
to drop. The angular distribution is shown in Fig 14 A, where it is apparent that 1) there is
signal after the CIOOCI elastic Newton circle cutoff, and 2) there is a small shoulder (~ 10%
of the peak signal before the drop) at 29°, just before the edge of the Cl,0 elastic Newton
circle. We can obtain information on the CL,O internal energy partitioning from the m/z =51
angular distribution, shown in Fig. 14 B. The CL,O" : CIOOCI" ratio was high for this
experiment, so the m/z =51 signal arose mainly from C1,0. Also, the signal drop observed
occurs near the CIOOCI elastic Newton circle; however, the CIOOCI scattering would be
expected to also be inelastic and thus be observed at smaller angles, where no data was taken.
If we assumed the scattered signal observed at m/z = 51 arises solely from Cl,0, and that the
same fraction of the collision energy was partitioned into internal energy as in the background
C1,0 distribution (AE,/E7), then we predicted that the edge of the inelastic Newton circle

would be at 23°. From the m/z = 51 angular distribution, the edge of the Newton circle
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should be at ~23.5°, which would lead to a AE/E; of 0.63. The beam velocity was higher
in the CIOOCI-rich region than in the C1,0 background, which could account for the higher
fraction of collision energy partitioned into internal energy.

The m/z = 51 angular distribution also shows a small fraction of scattered signal
remaining out to 43°, well beyond the elastic Newton circle of every species in the beam
except for ClO. This signal was small compared to the C1,0 signal (~ 5%) and indicated the
presence of a small concentration of CIO in the beam.

The m/z = 102 signal can consist of contributions from CIOOCI, Cl,0;, and any higher
cluster masses. The edge of the elastic Newton circle is at 24.8° for CIOOCI and 21.3° for
CLO;. Like the CLO signal, the m/z = 102 angular distribution (Fig 14 C) showed a gradual
drop in signal which was gone by 25° (but not 21°). There was a slight shoulder peaking at
22°, just before the edge of the elastic CIOOCI Newton circle, similar in width and magnitude
to the shoulder near the C1,O Newton circle in the m/z = 86 angular distribution. The
midpoint of the sharp drop in signal occurred around the laboratory angle 19° - 19.5°. If we
assumed that the m/z = 102 signal arose from CIOOC], the resulting collision energy was 11.8
kJ/mol, and the amount partitioned into internal energy was 6.7 kJ/mol, indicating that
AE/E.=0.56. If we instead assumed that the signal arose from Cl,0;, the collision energy
was 13.1 kJ/mol, and the amount partitioned into internal energy was 4.5 kJ/mol, indicating
that AE./E; = 0.34. Because Cl,0; has more internal degrees of freedom than Cl,0, we
would expect that the fraction of the collision energy partitioned into internal energy would
be greater, not less, than that for the Cl,0 case. The C1,0, parent signal was too weak to

obtain scattering data. The amount of energy partitioned into the CIOOCI internal energy was
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comparable to the Cl,0 case if we assumed that the m/z = 102 signal was from CIOOCI.
From the energy partitioning results, we inferred that the m/z = 102 signal arises from
CIOOClL.

The m/z = 67 angular distribution, shown in Fig 14 D, only includes angles from the
last 4° of the portion where the signal was dropping rapidly out to the edge of the OCIO
elastic Newton circle, but not the portion showing the beginning of the drop in signal. The
drop in the angular distribution occurs before the edge of the CIOOCI elastic Newton circle.
The average angular range over which the signal drops is ~ 8°, so we assumed that the edge
of the inelastic Newton circle was ~ 20°. If the signal arose from OCIO, then the AE/E,
would be 0.94, with nearly all of the collision energy being partitioned into OCIO internal
energy. The edge of the inelastic Newton circle for the m/z = 102 scattered signal was ~
19.5°, which strongly indicates that the m/z = 67 and m/z = 102 signal arise from the same
species. A very small shoulder (< 6% of the highest signal observed, or = 3% of the
estimated peak) was observed right at the edge of the CIOOCI elastic Newton circle, and no
signal was observed beyond this shoulder. If shoulder arose from OCIO scattering, most of
the collision energy would again be partitioned into internal energy, with AE/E; = 0.72.
These considerations indicate that the m/z = 67 signal does not arise from OCIO, which
provides indirect evidence that its reaction product Cl,0, is also unimportant in our source.

The other two isomers of Cl,0, could contribute to the m/z = 67 scattered signal,
however, we did not obtain data at small enough angles to observe much of the angular range
where these species could contribute signal. It is possible that the different Cl,0, isomers

might result in different fractions of the collision energy partitioned into internal energy. In
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this case, a careful study of m/z = 67 angular distributions and comparison to m/z = 102 data
(to which only CIOOCI contributes) could give some information on the relative
concentrations of each isomer in the beam.

In conclusion, the scattering experiment showed that the components of the CIOOCI
beam scattered inelastically off of the neon beam, with over half of the collision energy being
partitioned into internal energy. Evidence was observed for CIOOC], Cl,0, and CIO in the
laser processed portion of the beam, with OCIO and Cl,0; unlikely to be major components
in the beam. No scattering data for Cl, was obtained, although it is a major component in the
beam. More data was needed to be able to make more firm conclusions on the species

present in the beam and their relative concentrations.
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G. Figure Captions
Figure 1. Model prediction of the concentrations of the species in the CIOOCI beam for the
initial conditions P,,, = 200T, P, = 10T, T = 200K, £, = 50 ps, laser spot size 0.09 cm?,

laser energy 0.5 mJ/pulse, and CIO + CIO yield 0.2.

Figure 2. Schematic of the CIOOCI source cell.

Figure 3. Typical TOF spectra of the molecular beam at m/z = 35 (CI), 51(ClO*), 67
(Cl00"), 70 (CL,"), 86(Cl,0%), 102 (CIOOCI"), 118(CL,0,%), 121(CL0-CI*), and 137

(CLO-ClO*, CIOOCI-CI").

Figure 4. Source TOF spectra of the CIOOCI parent mass and the higher cluster masses. The
solid vertical line indicates the time where the photolysis laser was fired for the

photodissociation experiments.

Figure 5. Comparison of the CIOOC! parent TOF spectra for different buffer gas

compositions. A) Pure helium; B) He + CF,H; C) He + SF,.

Figure 6. TOF spectra for the CIOOCI and Cl,0 parent masses showing the effect of laser
power on the CIOOCI concentration and the Cl,0:CIOOCI ratio. A) m/z = 102, 130
mJ/pulse; B) m/z = 86, 130 mJ/pulse; C) m/z = 102, 160 mJ/pulse; D) m/z = 86, 160 mJ/pulse.

The lines show the region of the pulse where the C1,0" : CIOOCI" ratio is the greatest.
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Figure 7. Newton diagram for argon scattering off of helium. The edge of the Newton circle

for Ar scattering corresponds to a laboratory angle of 37.0°.

Figure 8. Angular distribution for argon scattered off of helium. The line indicates the

laboratory angle (37.0°) corresponding to the edge of the elastic Newton circle.

Figure 9. Newton diagram for a pure Cl,0 beam scattering off of neon. The edge of the

Newton circle for Cl,0 corresponds to a laboratory angle of 32.4°.

Figure 10. Angular distribution for CL,O scattered off of neon. The solid line (32.4°)
corresponds to the edge of the elastic Newton circle. The dotted line indicates the angle

(26.5°) which we took to correspond to the edge of the inelastic Newton circle.

Figure 11. Newton diagram for CL,O in the background region of the CIOOC] beam
scattering off of neon. The edge of the Newton circle for Cl,0 scattering corresponds to a

laboratory angle of 30.4°.

Figure 12. Angular distribution for m/z = 86 (A) and m/z =51 (B) for CL,0 in the background
region of the CIOOCI beam scattered off of neon. The solid line (30.4°) indicates the edge
of the elastic Newton circle; the dotted line indicates the angle (24°) which we took to

correspond to the edge of the inelastic Newton circle.
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Figure 13. Newton diagram for the CIOOCI beam scattering off of neon. Newton circles for

CIO (48.8°), OCIO (37.5°), CLO (29.6°), CIOOCI (24.8°), and CLO, (21.3°) are shown.

Figure 14. Angular distributions for m/z = 86 (A), m/z =151 (B), m/z= 102 (C), and m/z =
67 (D) from the CIOOCI beam scattering off of neon. The solid lines indicate the edges of
the elastic Newton circles as marked, and the dotted lines indicate the angles we took as the

edges for the inelastic Newton circles.
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Chapter 4.

Cl10OCI1 Photolysis at 248 and 308 nm

We investigated the photodissociation of CIOOCI] at 248 and 308 nm using
photofragment translational spectroscopy, with mass spectrometric detection of products.
Time-of-flight and angular distributions of all observed products were collected in order to
determine the primary and secondary photolysis channels and their relative yields. At 248 nm,
Cl, ClIO, and O, products were observed from the photodissociation of CIOOCI (after
subtracting out signal arising from CL,O photolysis). Both ClIO and Cl products were
produced from multiple competing channels. At 308 nm, the data was more difficult to
interpret because of extensive interference from Cl, and CL,O byproducts, but there was
evidence for both Cl and CIO products from CIOOCI photolysis. The upper limit for the

relative yield for ClO products is 31% at 308 nm and 19% at 248 nm.
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Introduction

CIOOCI photolysis is a key step in the catalytic ozone-depleting cycle!

CIO+CIO+M~  CIOOCI+M 1)
CIOOCl+hv - ClOO +Cl @)
CIOO+M - Cl+0,+M 3)
2[Cl+0, -~ Cl0+0,] @

net: 20, -~ 30,.
This cycle is thought to be responsible for a majority of Antarctic springtime ozone depletion.
Current models assume that only Cl-atom products are formed from CIOOCI photolysis.
Photodissociation of CIOOCI to form CIO products would result in a null cycle, which would
not deplete ozone. The branching ratio of CIOOCI photolysis into Cl and ClO products is
critical in determining the effectiveness of this mechanism for destroying ozone.

Recent theoretical work™** has shown that there are three thermodynamically stable
isomers of Cl,0,, with dichlorine peroxide (CIOOCI) being the most stable, and chloryl
chloride (CICIO,) and chlorine chlorite (CIOCIO) ~1 and ~ 10 kcal/mol less stable.> The
CIOOCI isomer is thought to be the main dimerization product in flow tube experiments,
although there is some evidence for formation of the CICIO, isomer if the walls of the flow
tube are coated with water ice.® The ground state structural parameters’ of the CIOOCI
molecule are roo = 1.42 A, rgo=1.70 A, /oo = 110.1°, and dihedral angle = 81.0°, as

shown in Figure 1.
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Possible photolysis channels for CIOOClI are®

CIOOCI + hv

)

ClO+ClO AH,’ =17.1 kcal/mol (5)

!

Cl0O +Cl = 21.2 keal/mol (6)

]

2C1+0,(°Z°)  =25.9 kcal/mol 7

- 2C1+0,('A)p = 48.4 kcal/mol 8)
- CI+0+ClO = 80.5 kcal/mol )
- CL+0, = -31.2 kcal/mol. (10)

Two experiments have found that the quantum yield for Cl atom production from CIOOCI
photolysis is unity or greater, but large uncertainties remain in both measurements. Cox and
Hayman® examined steady-state photolysis of CL,O at 254 nm and modeled the disappearance
of C1,0 and the appearance of CIOOCI in a static photolysis cell held at 203-233K. They
reported a yield of 3.8 + 1.6, which is unphysically high. In a more direct study, Molina et
al ™ reported a Cl atom quantum yield of 1.03 % 0.12 from CIOOCI photolysis at 308 nm in
a flow cell. They used resonance fluorescence to detect Cl atoms and calibrated the Cl signals
relative to Cl, photolysis. No CIO was inferred from titration with NO. Their value for the
quantum yield depends on the ratio of the CIOOCI absorption cross section at 245 and 308
nm, for which they used a value of 22, which is larger than more recent literature values. If
the cross section ratio of 13 from the 1997 JPL evaluation of photochemical data'* were used,
the recalculated Cl atom yield would be reduced to 0.6. The absorption spectrum has also
been recently measured by Huder and DeMore,'? who observed a smaller cross section in the
long-wavelength tail. Using their 245/308 nm ratio of 18.7, Molina's quantum yield for CI

would become 0.88.
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A recent experiment'® by Schmidt, Benter, and Schindler examined CIOOCI photolysis
in the wavelength range 240-260 nm as well as at 308 nm. They photolyzed a CIOOCI] beam
produced by OCIO photolysis and recombination of CIO in the ion source of a reflectron
equipped with a time-of-flight mass analyzer. Products were ionized by Resonant Enhanced
Multi-Photon Ionization (REMPI). Cl products were detected, but no CIO(v = 0-5) products
were observed. CIO (v>5) states can not be detected via REMPI. They reported a quantum
yield for the Cl + CIOO channel of ® = 0.65 £ 0.15 at 250 nm, and an average Cl
translational energy of 0.42 + 0.05 eV.

We have examined the photodissociation of CIOOCI at 248 and 308 nm in a molecular
beam experiment with mass spectrometric detection. Direct detection of both Cl and C1O
photoproducts provides a cross-section independent means of determining the branching ratio
between Cl and CIO products. The relative detection efficiencies for Cl and ClIO were
calibrated by performing Cl,0 photolysis experiments at 308 nm, where the only photolysis

products are Cl and ClO in a 1:1 ratio.

Experiment

The experiments were performed on a crossed molecular beams apparatus'* modified
for laser photodissociation.'*'*!” The CIOOCI beam, described in the previous chapter, was
crossed at right angles with the focused UV radiation from a pulsed excimer laser in the main
vacuum chamber. The photodissociation products were detected off the beam axis by a mass
spectrometer that is rotatable in the plane of the laser and molecular beams. Only

photofragments which scatter out of the molecular beam are detected; undissociated
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molecules do not contribute to the scattered signal. Product time-of-flight (TOF)
distributions were collected at various detector angles by monitoring the signal from the mass
spectrometer at a single mass as a function of time and accumulating the signal over many
laser pulses at each angle.

Photofragments traveled 33.3 or 33.5 cm from the intersection of the two beams to
the Brink electron bombardment ionizer. The shape and position of the electron cloud for this
type of ionizer depend on the ionizer conditions used. Two ionizer settings were used to
obtain data. The initial setting, with which almost all of the 308 nm data and the preliminary
248 nm data were taken, was optimized on axis with an argon beam using the small detector
aperture. The other setting was obtained by optimizing the m/z = 51 signal from C1,0
photolysis using the large aperture for off-axis detection. The electron energies were
nominally 80 and 160 eV for the first and second settings, respectively. The mass resolution
of the mass spectrometer was set so that Am > 2 amu, in order to increase the signal. Pulses
from the Daly-type ion counter were sent to a LeCroy 8818 discriminator and then recorded
by an EG&G Ortec ACE-MCS multichannel scaler with a dwell time of 2 ps per channel.

We determined the velocity distributions of the parent CIOOCI molecules by several
methods. The beam was chopped with a slotted disk which was synchronized with the source
laser pulse and then delayed to sample the CIOOCI pulse. TOF distributions were collected
at various ion fragment masses and then converted to a velocity distribution N(v) which was
fit with an assumed functional form, N(v) = v* exp[-(V/a - S)*], where N(v) is the number
density of molecules with speeds in the range v to v + dv, o is the width of the speed

distribution, and S is the ratio of the stream velocity v, to the width &..'® The TOF wheel was
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only used for beam velocity measurements are was removed for source optimization and the
photodissociation experiments. Since the beam velocity depended on the section of the
CIOOCI pulse sampled and the CIOOCI beam conditions, the actual beam velocity was
determined independently for each experiment by examining the diatomic Cl, photolysis signal
at m/z = 35 for the 308 nm experiments and the diatomic ClO photolysis signal at m/z = 35
for the 248 nm experiments. The beam velocities obtained in this manner agreed very well
with each other, with an average beam velocity of 9.1 x 10* cm/s (o = 0.83-0.86, S = 10.6-
10.9).

The measured flight time was the sum of the time for the photofragment to travel to
the ionizer and the ion flight time from the ionizer to the detector. The ion flight times were
determined to be 4.68(m/z)"? us and 3.2(m/z)" ps for the first and second ionizer settings,
respectively. Corrections for ion flight time were made in the fitting routine, so the abscissa
of all TOF spectra shown are total flight times.

The ultraviolet radiation source for the CIOOCI photolysis was a Lambda Physik
EMG 150 excimer laser operating in oscillator only mode, which was used to provide 248 nm
(KrF) or 308 nm (XeCl) radiation. Typical pulse energies used were ~ 70 mJ/pulse at 248
nm and 20-100 mJ/pulse at 308 nm at a repetition rate of 40 Hz. The laser light was partially
preferentially polarized (~56%) in the plane perpendicular to the scattering plane and parallel
to the molecular beam. The rectangular-shaped laser beam was focused with a combination
of a CaF, cylindrical lens (focal length f= +600 mm) and a UV grade fused silica plano-
convex lens (f=+300 mm) to a ~ 1.5 mm wide x 3mm high spot at the interaction region.

At 308 nm, the delay between the firing of the source laser and the photolysis laser
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was set by maximizing the photodissociation signal at 7/z = 35 from Cl,. Since the maximum
CLO depletion and the Cl, and CIOOCI peak positions in the source TOF spectra coincide,
maximizing the Cl signal from Cl, photolysis should coincide with the maximum CLO
depletion and thus the highest CIOOCI:CLO ratio. At 248 nm, the photolysis laser delay was
based on the beam shape and timing, and checked for consistency by comparing with delays
set for similar beam profiles at 308 nm. Since the maximum CIOOCI signal spanned several
hundred microseconds, the delay only had to be within + 100 us of the actual peak center.

TOF distributions of the photoproducts from photolysis at both wavelengths were
collected at m/z = 16, 32, 35, 51, 67, and 70, corresponding to O, O,", CI*, C1O", CIOO",
and Cl,’, respectively. These distributions were recorded at detector angles from 15° to 50°
and were averaged for 100,000 to 2,000,000 laser pulses, depending on signal level. No
significant signal was observed at mz = 16 (O%), 67 (ClIOO"), or 70 (CL,") for either
wavelength, or at m/z = 32 (0,") at 308 nm. The m/z = 32 signal-to-noise ratio was low
because of the large background O, signal, and the lower CIOOCI absorption cross section
at 308 nm made it impossible to observe any O," signal.

Laboratory angular distributions for m/z =35 and 51 were recorded at detector angles
15°, 30°,40°, and 50° in both the 248 and 308 nm experiments, and for m/z = 32 over the
same angular range in the 248 nm experiment. In order to eliminate systematic error resulting
from possible long-term drifts, the detector was rotated back and forth over this angular
range, and TOF distributions were collected for 50,000 or 100,000 laser pulses at each
increment. The resulting TOF distributions at each angle were averaged for a total of

330,000 pulses for m/z = 32 and 250,000 pulses for m/z = 35 and 51 at 248 nm, and 500,000
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pulses at m/z =51 and 600,000 pulses at m/z = 35 at 308 nm. In the 248 nm experiment, we
continued recording 50,000 pulse scans at a detector angle of 30° for m/z = 35 and 51 for
a total of 500,000 pulses at each mass. In the 308 nm experiment, 20 sets of 50,000 pulse
scans were obtained separately from the angular distribution experiments at 15° and 40° for
a total of 1,000,000 pulses at each angle, and 5 sets of 100,000 pulse scans were obtained at
30° for a total of 500,000 pulses. These back-and-forth scans were obtained in order to
accurately measure the relative signal intensities for determination of the branching ratio
between the Cl and CIO products. The peak counts per pulse at m/z = 32, 35, and 51 at 248
nm for a detector angle of 30° were 0.0048, 0.0137, and 0.0035 cts/pulse, respectively. At
308 nm, the counts per pulse at the peak channel at 30° were m/z = 35, 0.034 cts/pulse and
m/z =151, 0.002 cts/pulse.

Other species in the molecular beam besides CIOOCI contributed to the photolysis
signal. These included CIO and CL,O at 248 nm and Cl,, CIO, and CL,O at 308 nm.
Photolysis experiments of Cl, and Cl,0 were performed at both wavelengths, although the
Cl, photolysis signal was negligible at 248 nm. A molecular beam of Cl, was formed by
flowing the He/SF buffer gas mixture over liquid Cl, at -95°C and expanding through the
nozzle, which was held at the same temperature as in the CIOOCI photolysis experiments.
Data was collected at m/z =35 at 10°, 20°, 30°, 40°, and 50° for 5 scans of 20,000 pulses
each, rotating the detector back and forth among the angles. The analysis of the Cl,
photolysis data provided a check on the input parameters for our fitting routine. Cl,0
photolysis experiments were performed before or after each CIOOCI data taking session. The

CL,0 beam was formed by turning off the source laser used to make the CIOOCI. The results
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of the C1,0 photolysis experiments have been published elsewhere.'*?

The relative detector sensitivity for detecting Cl and ClIO was required for
determination of the CI/CIO branching ratio. The Cl,0 photolysis experiment at 308 nm also
allowed for calibration of the relative detector sensitivities for Cl and ClO, since the only

photolysis products at this wavelength are Cl and ClO in a 1:1 ratio.

Results and Analysis

Analysis Overview

A forward convolution technique was utilized in the analysis of TOF and angular
distributions. For each two-body dissociation channel, trial center-of-mass (c.m.) translational
energy P(E;) and angular w(0) distributions were transformed to the lab frame of reference
to obtain a predicted number density TOF distribution N(¢). The predicted N(¢) distributions
were compared with the experimental data, and the P(E;) and w(0) distributions were
adjusted iteratively until the predicted TOF distributions agreed with the observed
distributions at all angles.

An extension of this procedure” was needed to model three-body dissociation.
Spontaneous three-body dissociation can occur via a concerted or a stepwise mechanism. We
will use the terms defined by Maul and Gericke,” based on terms originally developed by
Dewar? for the three body decay of a molecule ABC. A concerted decay takes place in a
single kinetic event, whereas a sequential decay is characterized by two independent
dissociation steps in which the decay of the primary fragment AB is not influenced by forces

from the first fragment C. The kinetic event is taken to be a rotational period. Thus, a three
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body dissociation is called sequential if the time span At between the first and second bond
cleavage steps is greater than a rotational period 7, of the primary fragment AB. As At

becomes smaller than t_,, the two decay processes are no longer independent of each other,

rots
and the dissociation is called concerted. As At approaches zero, all bond breaking processes
take place simultaneously, and the dissociation occurs by the synchronous concerted
mechanism, as opposed to the asynchronous concerted mechanism in which 0 < Az < 7.

The sequential dissociation of CIOOCI

ClIOOC1 + Av - C1+CIOO ~Cl+Cl + 0O,

was modeled by separating the dissociation into two independent center-of-mass reference
frames in which linear momentum is conserved. Thus, a primary dissociation step Cl + CIOO
was modelled, followed by secondary dissociation of the CI0O to Cl + O,. The secondary
angular distribution P(Q) is referenced relative to the primary c.m. dissociation direction (i.e.
along the C1-O bond, assuming the geometry doesn't change from the ground state) and not
the electric vector of the laser. ~ Since the rotational excitation of the intermediate CIOO may
be broad, the secondary angular distribution is likely to be highly averaged. If the secondary
angular distribution is asymmetric about Q = 90°, then the dissociation occurs within a
rotational period, and is considered asynchronous concerted rather than stepwise.*

The synchronous concerted dissociation channel

CIOOCl +hAv - Cl+ 0O, +Cl

was modeled with a separate analysis routine.” An overall translational energy distribution
for the total energy released by all three fragments was determined by a forward convolution

technique. The angles between the relative c.m. velocity vectors were determined for a given
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dissociation geometry by assuming that dissociation occurs along the C1-O bonds, and angle
width parameters were chosen which determined the width of the assumed Gaussian
distribution of geometries about the most probable dissociation geometry. Given the P(Er)
and the angles between the c.m. velocity vectors, conservation of linear momentum and
energy were applied to give a predicted TOF spectra. The parameters were adjusted until the
predicted TOF matched the observed O, and Cl data at all angles.

Stimulated secondary dissociation, in which a primary photofragment absorbs a
second photon during the laser pulse and dissociates, was not modeled in this work. The laser
power was kept low so that secondary photodissociation was minimized.

lati ing of Pri istribution

The scaling for the secondary products relative to the primary products when both
only contributed signal to a single mass was determined by modeling a single primary channel
and the corresponding secondary dissociation in the analysis routine. The ratio of the primary
to secondary scaling factors was then set to be 1:1, in which case the analysis routine
rigorously enforces the relative scaling. The ratio between the integrals of the primary and
secondary products at each angle obtained by this method was then used to determine the
secondary contribution from each channel when adding in all of the other channels that
contribute signal to that mass. Where the primary or secondary channel contributes signal to
multiple masses, but at least one of the masses has a contribution from both primary and
secondary dissociations, the scaling for a given channel was more difficult to determine but
a good approximation could be made. For instance, for the CIOOCI + Av - CIO(X) + ClIO(4)

- ClO(X) + Cl + O(CP) channel, the scaling for the secondary Cl products was first
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approximated by modeling only the primary and secondary dissociations from this channel at
m/z = 35. Because 1) 13% of the ClO (X) fragments in the ionizer to m/z = 35 and 2) the
relative detector efficiency for ClO is approximately equal to that for Cl, the ratio of the
primary to secondary scaling factor was set to 0.13:1.
Relative Yields

The total c.m. flux distribution for a given channel was assumed to be proportional
to the product of the P(E;) and w(0) distributions, which were defermined for each channel
by simultaneously fitting of all the laboratory TOF distributions for all observed channels.
The relative proportionality of the product fluxes for two channels which contributed to the
signal at m/z = 35 was determined by fitting both primary components of the m/z = 35 TOF
distributions. The relative detection efficiencies of ClO and Cl at m/z = 35 were calibrated
using information from an analogous study of Cl,0 photolysis. The flux of ClO for a given
channel detected at m/z = 35 is equal to the product of the total flux of ClO (/) for that
channel, the total ionization cross section of ClO (o), and the fraction of CIO that

fragments to m/z = 35 in the ionizer [f;o(35)]:

IgoB35) = Igo * Oy * fero35) ¢Y)

When two photolysis channels can lead either to ClO or Cl photoproducts, the ratio of the

relative yield for the two channels is given by:

I IGo(35) o fe(35)
co _ ‘co . _a Ja @)

I 1535) %ao  JaoBS)
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where f(35) = 1. For CL,O photolysis at 308 nm (Cl,0 + Av - CIO + Cl), this ratio must be
1, and the relative ionization cross sections for Cl and ClO can be obtained. The first factor
on the right-hand side of this equation is determined from the primary ¢.m. flux distribution
scaling factors obtained by simultaneously fitting all of the lab TOF distributions at m/z = 35.
The scaling factors between the primary flux distributions remained constant for all angles.
The third factor in eq. 2 depends on the fragmentation pattern of ClO, which depends on the
internal energy of the ClO. Eq. (2) implicitly assumes that o, does not vary with internal
excitation of CIO for a given ionizer condition. Because we used the ClL,O photolysis
experiment for calibration, no assumptions about absolute detection efficiencies or the mass-
dependent transmission of the quadrupole mass filter were required.
248 nm
Overview of Results

Photolysis signal was observed at ClO*, O,", and CI" masses. The signal at m/z = 51
(see figure 2) comprised a fast bimodal peak and a slow broad peak. The signal at m/z = 32,
shown in figure 3, was sharp and fast, with the leading edge arriving at < 100 ps for a
detector angle of 15°. This arrival time was faster than any of the observed signal at the other
two masses. The largest amount of signal was observed at m/z = 35 (see figure 4), where the
data consisted of a fast peak with multiple unresolved components and a slow sharp peak and
a slow broad peak that were prominent at smaller angles.
010 Contributi

The sharp peak in the m/z = 35 TOF distribution arriving at = 235 ps that was

prominent at smaller detector angles was assigned to Cl products from photolysis of diatomic
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ClO radicals which remained in the beam. At 248 nm, CIO photolyzes to produce CI(*Ps,)
+ O('D) products.® The bond dissociation energy®’ for this channel is 108.78 kcal/mol.
Vibrations are not efficiently cooled in a supersonic expansion, so the vibrational temperature
of the ClO will be ~ 200K, at which temperature greater than 99% of the ClO is in the ground
vibrational state. The 248 nm photon energy is 115.01 kcal/mol. Since ClO is a diatomic,
all of the energy left after breaking the ClO bond must appear as fragment translational
energy. Thus, the translational energy distribution used to fit the ClO consisted of a spike ~
0.1 kcal/mol wide at 6.22 kcal/mol and another spike 0.91 kcal/mol higher in energy and 19.9
times weaker corresponding to dissociation of spin-orbit excited ClO, assuming a thermal
distribution at 200 K for the excited C1O0. The beam velocity was adjusted until the fit to the
ClO peak matched the observed data. The resulting beam velocity was then fixed and used
in all subsequent analysis for that experimental run. The angular distribution for this channel
was fit by an anisotropy parameter of 2.0.
CLO Contribution

Because the beam contains Cl,0 as well as CIOOCI, some Cl,0 contribution to the
m/z = 51 data is expected. The translational energy and angular distribution for C1,O
photolysis were obtained from the C1,0 photolysis experiments. If we assumed that the m/z
= 51 signal from the CIOOCI beam photolysis arose solely from CL,O for a given angle, the
other angles could be scaled to the Cl,0 angular distribution as shown in Figure 5. The
leading edge of the resulting predicted TOF spectra rose faster than the observed data,
especially at the smaller angles, and fell off too quickly with increasing angle. The leading

edge discrepancy is evident in Figure 6, which compares the best CL,0 fit to the data at 6 5
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=30°. Furthermore, the two peaks in the TOF spectrum do not correspond well to the three
components in the predicted CL,O spectrum. Since the beam velocity is constrained by the
ClO bond energy (which is well known) in order to fit the CIO photolysis signal at m/z = 35,
the discrepancy with the rising edge can not be explained by an incorrect beam velocity.
Thus, it seems reasonable to conclude that the signal at m/z = 51 does not all arise from C1,0
photolysis. The maximum reasonable contribution to the m/z = 51 signal from CL,0
photolysis products was determined by scaling the Cl,0 contribution as high as possible
without causing the rising edge of the predicted TOF to become faster than the observed data.
This scaling was carried out at 15° (see Figure 7), where the rising edge of the TOF is the
most sensitive, and the remaining angles were scaled according to the Cl,O angular
distribution.

The CL,0 contribution at m/z = 35, including both Cl photofragments and CIO that
fragmented in the ionizer to form CI', was obtained based on the CL,O contribution
determined at m/z = 51 and scaled based on the pure Cl,O experiments. From the CL,O
experiments, the extent of CIO fragmentation in the ionizer was observed to depend
approximately linearly on the ClO internal energy.

ClO + CIO Channels

We assigned the remaining fast signal at m/z = 51 to CIO from CIOOCI photolysis.
The resulting P(E;) distribution, shown in Figure 8, was bimodal. The w(0) distribution was
fit with an anisotropy parameter of p = 0.5. The data is clearly bimodal, with the two peaks
becoming better resolved as more scans were averaged. The dip between the two peaks

occurs at approximately the same time as the prominent middle component in the CL,O
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distribution, and reducing the CL,0 contribution could not eliminate the bimodality of the C1O
+ CIO translational energy distribution. The average energy released in translation was (E)
=26 kcal/mol, or ~ 26% of E,,,;, indicating that most of the energy ({E,,) = 73.5 kcal/mol)
tended to go into internal excitation of the ClO products. The ClO bond dissociation energy
is 63.4 kcal/mol and the maximum internal energy in the ClO products is E,,, = 93.5 kcal/mol,
so the energy would have to be unequally distributed between the two CIO fragments for
spontaneous ClO bond breakage to occur. The signal at m/z = 51 is unlikely to have any
contribution from a CIO" crack from ClOO because 1) the CI-O bond in ClIOO is very weak,
and any CIOO from the primary dissociation is unlikely to survive intact, and 2) the CIOO
equilibrium structure resembles a Cl loosely associated with an O, molecule.

Slow signal, which was more prominent at the smaller angles, was also observed at
m/z=51. We assigned this slow ClO signal to the channel

CIOOCI + Av - CIO(X) + CIO(4) -~ CIO(X) + C1+ OCP).

The P(E;) distribution fell more rapidly with increasing energy than calculated for statistical
RRKM dissociation to ground state products. The ClO 4 *II state is 90.5 kcal/mol above the
ground state, leaving 9 kcal/mol available to be partitioned into translational and internal
energy. If one of the ClIO fragments was formed in the 4 II state (and the other in the
ground state X IT) then the resulting statistical translational energy distribution (see Figure
6) predicted TOF spectra which matched the observed data. The CIO A4 ZII state
predissociates rapidly to give Cl + O(P), so the slow signal observed at m/z = 51 consists
only of the ground state counterfragment. The angular distribution for this slow peak was fit

by B = 0, indicating that the excited CIOOCI may live longer than a rotational period.
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The slow signal was not present when the source laser was off (that is, for pure CL,0
photolysis); thus, it was correlated with the CIOOCI beam. The signal could also arise from
photodissociation of clusters containing CIOOCI. However, when looking at the CIOOCI
beam TOF spectra, the CIOOCI-correlated cluster peaks rose much more slowly than the
CIOOCI peak, so at the photolysis laser delay we chose (sampling the CIOOCI peak), the
cluster concentration should be small.

The contribution at m/z = 35 from the ClO products from CIOOCI photolysis
fragmenting in the ionizer was determined by assuming that the internal energy in the two CIO
products was distributed evenly and calculating the extent of fragmentation based on the
average internal energy of the ClO. The percent of signal fragmenting to m/z = 35 vs. internal
energy was plotted for the three Cl,0 components, and the CIOOCI fragmentation values
were inferred from this plot. The average internal energy for the fast peak was 37 kcal/mol,
resulting in 32% of the ClO fragmenting to m/z = 35, and the average internal energy of the
slow peak was ~ 3 kcal/mol, which was extrapolated to give 13% of the slow CIO
fragmenting to CI*. Spontaneous secondary dissociation of the ClO A%II state was also
modeled. The CIO 4 state energy is 90.5 kcal/mol above the ground state, and the C1O bond
dissociation energy is 63.4 kcal/mol, so that the minimum translational energy of the
secondary Cl products will be 27.1 kcal/mol. Up to 9 kcal/mol from the primary dissociation
can be partitioned into the ClO(4) internal energy, which would go into translational energy
of the secondary products; the statistical translational energy distribution ranging from 27.1
to 36.1 kcal/mol shown in Figure 8 was used to model the secondary dissociation. The

secondary angular distribution was assumed to be isotropic. The signal from the secondary
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dissociation of ClO (4) contributed to the slow shoulder of the fast peak in the m/z = 35 TOF
spectra.
Concerted Cl + O, + CI Channel

A sharp, fast signal was observed at m/z = 32, shown in figure 3. Because this signal
was faster than the observed CI” signal, we assigned it to O, recoiling from both CI atoms
from the concerted synchronous dissociation of CIOOCI to Cl + O, + Cl. The translational
energy distribution, dissociation geometry, and the width of the Gaussian distribution of
angles about the equilibrium geometry were determined by iterating between the O, peak and
the corresponding Cl peak to achieve the best fit. For a concerted synchronous dissociation,
the two Cl atoms will be identical and give rise to a single peak. The predicted Cl peak
position was very sensitive to the assumed dissociation geometry. Since the dissociation
geometry is not known, we started with the ground state geometry and then adjusted the
dihedral angle. The CI position was predicted to be around the main peak in the m/z = 35
TOF spectra, and the best fit was obtained for a dissociation geometry with a smaller dihedral
angle of 65° (instead of 81°) and angle width parameters of 4°. The translational energy
distribution (Fig. 9) indicated that on average 65 kcal/mol, or 72% of E_,; ,went into
translation, leaving an average of 25.7 kcal/mol in internal energy, most of which must go into
the O,. The maximum translational energy for this dissociation was 87 kcal/mol, leaving ~4
kcal/mol in internal energy of the products. The angular distribution for the m/z = 32 peak
indicated a perpendicular transition with an anisotropy parameter of -1.0 < B < -0.5 if the
O, signal was modeled as arising from a two-body process; the Cl angular distribution

corresponded t0 0.0 < B < 0.4.
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Because the O, and Cl products are detected at different masses with no contributions
from both products at the same mass, the relative scaling of the Cl to the O, signal could not
be done exactly; however, an estimate can be made. Two Cl atoms are produced for each O,,
and the relative ionization cross section for Cl is about 1.3 times that for O, (04, = 2.7 x 107"
cm? for an electron energy of 100 eV, 0 o= 3.5 x 10 cm? at 75 €V).%*? The Cl signal
should thus be about a factor of 2.6 larger than the O, signal. The integrals of the O, peaks
were on the order of 10,000 counts, while the integrals of the corresponding Cl products were
around 42,000 if scaled to the same number of shots. However, the angular distribution of
the Cl products is not the same as that of the O,, and a direct comparison of integrals can only
provide a rough estimate of the relative amounts of Cl and O,.

If we were to instead assign the fast O, to products from the secondary dissociation
of CIOO following primary dissociation of CIOOCI to Cl + CIOO, no more than 14 kcal/mol
(15% of E,,y) could be partitioned into translation in the primary dissociation step, with the
remainder going into ClOO internal excitation. The CIOO internal excitation must then all
become translational energy in the secondary dissociation to Cl + O,, with very little or no
energy remaining in the O, molecule. Such a dissociation mechanism seems very unlikely.
Furthermore, the existence of a peak at m/z = 35 that corresponds to the Cl counterfragment
from the concerted dissociation lends credence to our assignment of the O, peak as arising
from the concerted dissociation mechanism. No other peaks were observed at m/z = 32, but
the signal-to-noise ratio was very low due to the high O, background, so that the slower,
broader signal from the secondary dissociation of any CIOO was lost in the noise.

Another possibility is that the O, arises from the Cl, + O, channel. However, no peak
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was observed at m/z = 70, and the average background was 4.6 times lower than the
background at m/z = 32. The ionization cross section?’ for Cl, is 0, = 7.0 x 10 cm? a
factor of 2.6 times the O, ionization cross section, and the fragmentation pattern for Cl, was

measured to be CI":Cl," = 1.0 : 1.9 for similar ionizer conditions. Therefore, if the O, were

from the Cl, + O, channel, we should have observed the Cl, counterfragment at m/z = 70.

Cl+ ClOO Channels

The remaining signal at m/z = 35 consisted of a fast shoulder, a slow shoulder, and a
very slow peak. The fast shoulder was assigned to primary Cl products from the C1 + CIOO
channel and fit with the translational energy distribution shown in figure 10. The angular
distribution was fit with an anisotropy parameter of 0.6. The average energy in translation
for this channel was (£;) = 25 kcal/mol, or ~ 26 % of E,,;, leaving on average 66 kcal/mol
of internal energy primarily in the CIOO fragment. The minimum internal energy in the CIOO
fragment was 37.4 kcal/mol. This is significantly greater than the bond dissociation energy
of C100, which is only 4.7 kcal/mol; thus, the CIOO must undergo spontaneous secondary
dissociation if it is formed in the ground state. Calculations® on the four lowest energy
doublet states of both A' and A" symmetry indicate that only the ground state is bound; all
excited doublet states investigated were repulsive with respect to dissociation to Cl + O,.
Table I shows the relative energies of the eight calculated doublet states of ClIOO. Even if
the CIOO were formed in an excited electronic state, dissociation would still occur. Thus,
the lack of signal at m/z = 67 (C100") is not surprising.

We modeled the spontaneous secondary dissociation of CIOO assuming formation of
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ground state Cl + O, products. The average energy in translation was 6.4 kcal/mol, with a
maximum translational energy of 19 kcal/mol. The secondary angular distribution P(Q2) was
estimated by assuming that the CIOO dissociated promptly from the ground state CIOOCI
geometry. The reference direction for the secondary angular distribution is the ¢.m. primary
dissociation direction, i.e. the first C1-O bond axis. In the ground state geometry the vectors
along the two Cl-O bonds make an angle of 89°, so the secondary angular distribution was
assumed to be sideways-peaked about 89°. A sideways peaked angular distribution gave the
best fit to the slow shoulder of the fast peak; however, the fact that this signal consisted of
multiple unresolved components precluded us from unambiguously determining the secondary
angular distribution. Even if the true angular distribution is sideways-peaked, because it is
symmetric about Q = 90° we can not rule out the possibility that the ClIOO* lives longer than

a rotational period.

Table 1. The eight lowest doublet states calculated for CIOO. Taken from Ref. 29.

state relative energy correlates to ground or
(kcal/mol) excited state products

42A 65.6 e.s.

42A" 61.3 e.s.

32A 58.9 gs.

32A" 52.0 e.s.

22N" 473 g.s.

22A 45.0 g.s.

12A' 36.1 gs.

12%A" 0.0
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1 m/z =35

The m/z = 35 TOF distributions also exhibited a broad, slow component that was
more prominent at the smaller angles. This signal could arise from several sources: 1)
dissociation of CIOOCI to form Cl + CIOO* which then dissociates to Cl + O,*, 2)
dissociation of CIOOCI- or Cl,-containing clusters, 3) secondary photodissociation of C1O
photoproducts or other secondary processes, or 4) a combination of the above. Some of the
low-lying excited states® predicted for CIOO correlate to formation of electronically excited
O,* products (see Table I). If we modeled the slow signal at m/z = 35 as a statistical
dissociation to Cl + CI0O* followed by a statistical dissociation of CIOO* to C1 + 0,*, a
satisfactory fit at all angles could not be achieved unless the translational energy fell more
rapidly than the predicted RRKM P(E,) distribution, as shown in figure 11. This was so even
for the highest calculated excited state of CIOO* that correlates to excited state products, the
4 2A' state at 65.6 kcal/mol above the ground state, and for subsequent dissociation of the
Cl00* to Cl + O, (‘Z,) 39.0 kcal/mol above the ground state. The primary angular
distribution was fit with B = 0, and the secondary dissociation was fit assuming an isotropic
secondary angular distribution; thus, both dissociations may occur after a rotational period.
As with the slow signal at m/z = 51, the slow signal at m/z = 35 is not observed in the pure
CLO photolysis experiments, indicating that if the signal arises from cluster dissociation, the
clusters must be correlated with the CIOOCI beam. The slow signal is not likely to arise
exclusively from secondary photolysis of primary ClO, again because the signal was not
observed for CL,O photolysis at the same laser power. Some slow signal was observed at m/z

= 35 for pure Cl,0 photolysis. This slow signal was small compared to the fast peak and
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broader than the slow signal observed in the CIOOCI photolysis. For Cl,0, the slow signal
was modeled as cluster dissociation, and was included when modeling the Cl,0 contribution

to the CIOOCI photolysis signal.

308 nm
Overview of Results

Photolysis signal was observed for CIO" and CI" fragments (Figure 12). A single
ClO" peak was observed, with no discernable "slow" signal. The CI" TOF spectrum consisted
of three peaks, dominated by a sharp, fast peak which had faster and slower weak shoulders
followed by two slower peaks. The signal-to-noise (S/N) ratio was worse than at 248 nm
because of the decreased absorption cross section.

ibutions from other in th

We observed contributions to the photolysis signal from CIO, Cl,, Cl,0, and CIOOCL
Of these, dissociation of Cl, (the major component in the beam) dominated the CI" TOF
spectrum. A separate Cl, photolysis experiment was performed to obtain the P(E;) and [
needed to fit the Cl, contribution to the photolysis signal. The Cl, experiment also allowed
us to test our input file for the analysis routine, fixing the length of the ionizer and providing
a double check on the other parameters. Figure 13 shows the Cl, photolysis data at m/z = 35.
We modeled the signal with a P(E,) that reflected dissociation to 94% CI(*P;,) + CI(P;y),
2% CI(P;y) + CI(P,y), and 4% CI(*P,,) + CI(*P,,). The angular distribution was fit with B
= -1 for the CI(*P;,) + CI(*P;,) channel; the other two channels were too small to be able to

determine P values. Matsumi ef al.>"* observed a lower yield of 0.0095 for CI(*P,,,) from
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Cl, photolysis at 308 nm, and anisotropy parameters B = -1 for CI(*P,,) and p = -0.7 for
CI(®P,,,). Samartzis et al.** observed a slightly higher yield of C1* than Matsumi et al. for
photolysis at 351 nm, 0.08 as opposed to 0.016.

The magnitudes of the ClIO and C1,0 contributions could not be determined from the
TOF data alone. We therefore scaled the CIO (dot-dot-dashed lines, Fig. 12) and C1,0
(dashed line, Fig. 12) contributions to the CI" signal relative to the Cl, contribution using
relative abundances determined by mass spectrometer measurements of the source, as
discussed in Chapter 3, using the absorption cross sections at 308 nm. Knowledge of the
ClOOCI absorption cross sections or the amount of signal arising from CIOOCI was not
needed for this calculation. The ClO contribution was modeled as a combination of
photolysis to CI(*P,,) + OCP) and CI(*P,,) + OCP) and was observed in the middle peak of
the CI' TOF spectrum. The anisotropy parameter was assumed to be p = 0. The CLO P(E;)
and B as well as the relative scaling for Cl and ClO photofragments were obtained from
separate CL,O photolysis experiments. With this information we could model the C1,0
contribution for both CI" and CIO* products.
CIOOCI photolysis

The only contributions to the #m/z = 51 signal were from Cl,0 and CIOOCI. Once the
CL,0 contribution was determined, the remaining signal was assigned to the ClIO + CIO
channel from CIOOCI photolysis (dotted line, Fig. 12) and fit with the translational energy
distribution shown in Fig. 14. The angular distribution was fit with an anisotropy parameter
of B =2.0. The average energy in translation was 27 kcal/mol, or ~ 35% of Eavail, indicating

that the ClO fragments were highly vibrationally excited, with (£,,) = 50 kcal/mol distributed
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between the two fragments. The maximum amount of energy in CIO internal energy was 65.3
kcal/mol, which is barely enough energy for spontaneous dissociation of the CIO if all the
internal energy were partitioned into one of the ClO fragments. Thus, spontaneous secondary
dissociation of CIO is unlikely. We also modeled the ClO signal as only arising from CIO +
ClO (no CL,0 contribution) in order to determine the upper limit for the ClO branching ratio
from CIOOCI photolysis.

A fast shoulder, slow shoulder, and a very slow peak remained after taking into
account CI" signal from the Cl,, Cl,0, and ClO photolysis contributions and from CIO
fragmenting in the ionizer. The fast shoulder was assigned to primary Cl from the CI + CI00O
channel and fit with the P(£;) shown in Figure 15. The angular distribution was modeled
with an anisotropy parameter of B = 1.5. The average energy in translation was (£;) = 27
kcal/mol (37% of E,;), leaving on average 46 kcal/mol in the CIOO fragment, well above its
dissociation energy (D, = 4.7 kcal/mol). As at 248 nm, no ClO," signal was observed. The
secondary dissociation of CIOO to Cl + O, was modeled with an impulsive P(£;) and an
isotropic angular distribution. The secondary CI” signal appeared in the slow shoulder of the
fast peak. Because the Cl, photolysis signal obscured the signal from CIOOCI, and because
the signal-to-noise ratio was low, and because no O, signal was observed, it was impossible
to determine the dynamics (sequential or concerted) of the dissociation.

Very slow CI" signal remained, which we modeled as arising from a statistical
dissociation to C1 + CIOO* - 2C1+ O,('Z,"). This signal is larger in proportion to the CI*
CIOOCI photolysis signal than it was at 248 nm, and could also arise from dissociation of

clusters in the beam.
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Relative Yields

To obtain the overall relative yields for CIOOCI photodissociation at 248 nm, we had
to assume that CIOOCI only dissociates via the channels considered. Relative yields could
be calculated assuming that 1) all slow signal, 2) only the slow signal at m/z = 35 or 51, or
3) none of the slow signal arises from CIOOCI photolysis. Including the slow signal did not
greatly change the overall relative yields. Only the primary dissociation channels were used
to calculate the relative yields, with the secondary contributions scaled so that the primary and
secondary dissociation processes had a 1:1 ratio for a given channel. The relative yield for
the concerted channel was determined by modeling the Cl products as arising from a primary
two-body channel to get a primary c.m. flux distribution.

All of the calculated yields depended somewhat on the choice we made for the
contribution from Cl,0 photolysis. At 248 nm, we determined the C1,0 contribution from
the CI" product TOF spectrum as discussed in the Results and Analysis section. This method
gave a CL,O contribution that was comparable to that predicted from source TOF
measurements, as described in Chapter 3. The ratio of C1,0 to CIOOCI photolysis signal was
predicted to be CLO : CIOOCI = 1.0 : 5.6 for this experiment. After the final analysis of all
the photolysis signal using the CIO" "rising edge" method to determine the C1,O contribution,
the CL,0 : CIOOCI photolysis signal ratio was 1.0 : 4.6 if the very slow CI" and ClO" signal
was attributed to clusters and 1.0 : 6.8 if this signal was attributed to CIOOCI photolysis.
Because the CIO channel for CIOOCI photolysis is minor, changing the C1,O contribution
over this range does not greatly affect the Cl : ClO branching ratio for CIOOCI photolysis.

We could obtain an absolute upper limit on the relative yield of the CIO + CIO channel by
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assuming that all of the CIO signal was from CIOOCI photolysis with no contribution from
CLO. This upper limit on the relative yield is @, ;0 = 0.19 for CIOOCI excited at 248 nm.
The upper limit we measured would be too low if any of the primary ClO photofragments
absorbed a photon. However, secondary dissociation of CIO was minimal for all of these
experiments, as verified by the corresponding C1,0 photolysis experiments.

At 308 nm, we observed two main product channels, ClIO + CIO and Cl + C100 - 2Cl
+ O,, as well as some slow CI" signal. The slow signal was much higher with respect to the
CIOOCl signal in the fast peak than it was at 248 nm, and thus makes more of a difference in
the relative Cl and ClO yields from CIOOCI photolysis. We calculated the relative yields for
both the case where with slow signal was attributed to clusters as well as the case where it
arose from CIOOCI photolysis. The C1,0 contribution was determined relative to the Cl,
contribution from TOF measurements of the source and did not rely on any assumptions
involving CIOOCI. We can again obtain an upper limit for the relative yield of the CIO + ClO
channel by assuming that all the signal arises from CIOOCI; this upper limit for CIOOCI
photoexcited at 308 nm is @5, o = 0.31.

Table II indicates the observed channels and their relative yields, as well as the relative
Cl : CIO product yields for CIOOCI photolysis at 248 and 308 nm. The values given were
calculated assuming that the slow signal can all be attributed to cluster photolysis; the values
in parentheses were calculated assuming that the slow signal arises from CIOOCI photolysis.
For these calculations, all of the C1,0, photolysis signal was attributed to the CIOOCI isomer.
The other possible isomers, CIOCIO and CICIO,, were discussed in Chapter 3. CIOOCl is the

major product from the three-body recombination of ClO, on which we based our source
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design; however, we can not preclude the presence of the other isomers in our source. In
particular, it is possible (although unlikely) that some of the CIO signal came from the

CIOCIO isomer.

Table II. Relative yields* for the CIOOCI photolysis channels observed at 248 and 308 nm.

relative yield

248 nm 308 nm
Dynamical Channels
Cl+ClI0OO0-Cl+Cl+0, 0.67 (0.55) 0.83 (0.50)
Cl+ 0, +Cl (concerted) 0.22 (0.18)
ClO + CIO 0.12 (0.09) 0.17 (0.10)
Cl + CIOO*- Cl + Cl + O,* 0.00 (0.15) 0.00 (0.40)
ClO+Clo*-~ClO+Cl+0 0.00 (0.04)
Relative Product Yields
2C1+0, 0.89 (0.88) 0.83 (0.90)
ClO + CIO 0.12 (0.13) 0.17 (0.10)

*The numbers listed assume that products with low c.m. translational energies arise from
some other process such as cluster dissociation; the numbers in parentheses include those
products as arising from CIOOCI dissociation.

Discussion

At 248 nm, we observed three primary dissociation channels: ClO + ClO, a concerted
channel in which both C1-O bonds break simultaneously to form 2Cl + O,, and a sequential
dissociation to 2Cl + O, via Cl + CI0O. In addition, slow signal was observed for both C1O*
and CI" photofragments that could correspond to ClIO(X) + ClO(4) and CI + CIOO*~ 2 Cl

+ O, channels. The average and maximum c.m. total translational energies and anisotropy
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parameters for these channels are summarized in Table III.

Table III. Summary of results for each dissociation channel at 248 nm. Energies are
all in kcal/mol. The CIO + CIO* and ClI + CIOO*— 2Cl + O,* channels were modeled, but
this signal is likely to arise from clusters.

channel (ED) | Ermax | Ena (EVE st | ErsmadEnan | B

Cl+ ClI00 34 58 954 0.36 0.61 0.6
Cl+0,+Cl 65 |87 90.7 0.72 0.96 -1.0,0.1*
Clo +Clo 26 45 99.5 0.26 0.45 0.5

Cl + CI0OO* 23 12 25.1 0.09 0.48 0

ClO + CIO* 2.7 9 9.0 0.30 1.0 0
Clo0-Cl+0, |64 |19 90.7- E;,,»} isotropic
CIOO-Cl+0,* |4 15 51.7- E,,.} isotropic

' The angular distribution for O, corresponded to -1.0 < B < -0.5 and that for Cl to 0.0 <
B < 0.4, if each was modeled as if it were a two-body dissociation. The best values of -1.0
and 0.1 shown in this table are explained in the "Transition Dipole of the Concerted Channel"
section later in this chapter.

*The available energy for the secondary dissociation depends on the primary translational
energy, and is thus a distribution.

At 308 nm, two main channels for CIOOCI photolysis were observed: ClO + ClO and
2Cl + O, via Cl + CIOO. The signal-to-noise ratio was worse than that at 248 nm, the Cl,
photolysis signal obscured much of the CIOOCI photolysis signal at m/z = 35, and no O,"
signal was observed; therefore, we can not determine whether a concerted process to form
2C1 + O, also occurred. Rather, all of the CI" signal was assigned to sequential Cl + CIOO
and the spontaneous secondary dissociation of CI0O. Since slow CI" signal was observed,
which most likely arose from clusters but could have also arisen from some Cl + CIOO0* -~ 2C]

+ O,* channel. This slow signal was much larger in proportion to the CIOOCI photolysis

signal than it was at 248 nm. The average and maximum c.m. total translational energies and
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anisotropy parameters for these channels are summarized in Table IV.

Table IV. Summary of results for each dissociation channel at 308 nm. Energies are all given
in kcal/mol. The CI + CIOO*— 2Cl + O,* channels was modeled, but this signal is likely to
arise from clusters.

channel Ert | Brmse | Bt EVEpi | EromadEogma | B

ClO + ClIO 27 31 773 0.35 0.40 2.0

Cl + CIOO 27 45 73.2 0.37 0.61 1.5

Cl + CI0O* 1.6 5.7 342 0.05 10.17 0
Clo0-Cl+0, |~8 |20 |685-E,. isotropic
CIOO*-Cl+0,* | ~14 |29.5 |29.5- E.,,.} isotropic
10 Photolysis Si 248 nm

The angular distribution for the Cl products from the photolysis of Cl1O was fit by 8
= 2.0, which differs from the anisotropy parameter § = 1.2 reported by Davis and Lee.” The
CIO (4 11,, - X 11,,,) excitation is a parallel transition (A Q = 0), for which B =2.0. Davis
and Lee explained their observation of 3 = 1.2 by assuming that ~70% of the dissociation
was from the 4 state, with the remaining ~30% occurring via a perpendicular transition (8
= -1) from a state of 2Z or ?A symmetry (AQ ==+ 1).

Their CIO source was from photolysis of the (6,0,0) band of OCIO in a jet, which
produces a higher-than-thermal yield of spin-orbit excited C10.** Our CIO arose from CL,0
photolysis and the ensuing chemical reactions, and resided in the quartz cell for over 100 ps
after the C1,0 photolysis occurred. Thus, our ClIO was more likely to have a thermal spin-
orbit population distribution, which, for a cell temperature of ~200K is ~95% CIO X “II,.

It is possible that the spin-orbit excited ClO X I, has enough extra energy to be able to
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access the higher 23 or 2A state while the C1O X °I1,, state can not. In this case, we would
only see signal from the CIO (4 T1,, - X *IL,,) transition, and the two experiments would be
consistent.
Transition Dipole of n | and Eff f Exci 248 nm

The angular distribution of the O, peak corresponded to an anisotropy parameter of
-1.0 < B < -0.5, if we modeled the dissociation as a two-body process. The angular
distribution of the Cl counterfragments can be described by 0.0 < B < 0.4. The low signal-to-
noise ratio at m/z = 32 and the multiple components at /2/z = 35 made it difficult to assign
more precise values for the anisotropy parameters. 3 has the form

B =2P,(cosy)

where P, is the second Legendre polynomial and y is the angle between the electronic
transition moment and the c.m. recoil axis of the fragments. For a given B value, the
transition moment resides on a cone with a half-angle x centered about the recoil axis. For
the concerted channel, both B values must correspond to a single electronic transition, so that
the transition moment must lie at the intersection of the two cones determined from the O,
and Cl angular distributions. Furthermore, the transition moment must be unique, so that the
two cones must intersect only along one line (that is, the edges of the two cones must just
touch.)

For the O, products, x = 90° for p = - 1.0, and ) = 66° for B = - 0.5, so that y must
lie between 66° and 90°. For the Cl products, x = 55° for B = 0.0 and y =47° for p = 0.4.
The angles between the c. m. recoil vectors for the CIOOCI dissociation geometry determined

from the peak positions in the three-body dissociation analysis are /g, .0, = 142.4° and
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Les-cp = 75.2°. Because the angle between the Cl and O, c.m. velocity vectors is 142.4°, for
the two cones to intersect at the edges the two x's for the Cl and O, angular distributions
must add up to 142.4°. This is only possible within the bounds of the observed angular
distributions if B, = -1.0 (x = 90°), in which case B must be 0.1 () = 52°). Thus, the
angular distributions for the products from the concerted dissociation channel are consistent
with an electronic transition moment along the O-O bond.

The other two primary dissociation channels, CIO + ClO and Cl + CIOO, were parallel
transitions, as indicated by the anisotropy parameters p = 0.5 and 3 = 0.6, respectively.
Theory’ predicts a series of pairs of nearly degenerate states at 248 nm, formed as symmetric
(A4) and antisymmetric (B) linear combinations of the ClO antibonding orbitals. The transition
moments (as determined from the anisotropy parameter) for these channels suggest that
excitation to an antisymmetric B state (transition moment along the O-O bond axis) leads to
both the CIO + ClO and the concerted 2Cl + O, channels, whereas excitation to a symmetric
A state (transition moment along the Cl-O bond) leads preferentially to dissociation via Cl
+ CIOO. Thus, the symmetry of the excited state appears to influence the dissociation
dynamics.

n with Previous Ex

Our results indicate that the previous reports of the yield for Cl-atom formation by
Cox and Hayman’ and Molina et. al.'® are qualitatively correct, but somewhat high. One
uncertainty in the absolute quantum yield determined by Molina e al. at 308 nm is the
dependence on the CIOOCI absorption cross section. Using the most recent absorption cross

section measurements'? results in a re-calculated yield for the 2C1 + O, channel (7) of ®, =
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0.88, in excellent agreement with our results (®, = 0.83). Furthermore, the high ClO
vibrational excitation that we observe could explain their inability to detect ClO products.
Recent experiments® show that the reaction rate of vibrationally excited ClO with NO is
much slower than that for ground state ClO reacting with NO. Since Molina et. al. used
titration with NO to detect CIO, and our results suggest that the ClO is vibrationally excited,
it is not surprising that they did not detect CIO.

Schmidt et. al.® reported a much lower yield for the Cl + CIOO channel at 250 nm
of @,=0.65 + 0.15, with an average translational energy of (£;)= 0.42 eV (~ 10 kcal/mol).
At 248 nm, we observe a relative yield for Cl-producing channels of ®, = 0.88, and were able
to obtain an upper limit for ClO products that implies that the lower limit for Cl-producing
channels must be @, > 0.81. This lower limit is right on the edge of the error bars they give
for the Cl yield. Also, we observed that the average translational energy for primary and
secondary Cl from the Cl + CIOO - Cl + Cl + O, channel was 22 kcal/mol and 3 kcal/mol,
respectively. The Cl from the concerted 2Cl + O, channel had an average translational energy
of 21 kcal/mol. If we only consider our yield for the Cl + CIOO - 2Cl + O, channel, ® =
0.67, we get reasonable agreement with their results. If the very slow products we observed
arose from CIOOCI and not clusters, the average translational energy of all the Cl products
was ~ 11 kcal/mol with a yield of ® = 0.89, and the average translational energy if we
exclude the CI products from the concerted channel was ~ 7 kcal/mol with a yield of ® =
0.70. The best explanation for the discrepancy between our results and the results of Schmidt
et. al. is that their technique may discriminate against the Cl products with high translational

energies.
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s beric Tranlicas
From our results at 308 nm, we conclude that in the stratosphere,

CIOOCl+hv -2Cl+ 0, ®,=0.83 @)

- ClO +CIO ®,=0.17 (5),

with an absolute upper limit of ® = 0.31 for the CIO product channel. The intermediate
ClOO (reaction 6) is formed with £, >>D, and is unlikely to be collisionally stabilized under
stratospheric conditions.

Also, we observed highly vibrationally excited ClO and O, photoproducts. The role
of vibrationally excited states in the stratosphere has recently received some attention.
Specifically, the reactions®**’

0,(v226)+0,-0,+0 (11)

and CIO (v 2 10)+ N, - C1 + N,0 (12)

could potentially be of importance in the stratosphere. The O, we observed from the
sequential 2Cl + O, channel at 248 nm had an average internal energy of 50 kcal/mol,
corresponding to v = 12, which is not high enough to exceed the threshold for reaction with
0,. However, the CIO produced from the ClO + CIO channels is highly vibrationally excited,
with an average energy per ClO of 37 kcal/mol at 248 nm and 24 kcal/mol at 308 nm. The
threshold for reaction with N, is 24.3 kcal/mol. Thus, the production of highly excited ClO
from CIOOCI photolysis could lead to a small production term for N,O in the stratosphere.
N,O is currently used as a tracer species, with no stratospheric sources, so discovering a

stratospheric source for N,O could potentially be important. The production of N,O from

CIOQCI photolysis is not likely to be a major perturbation on current models, because 1) the
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CIOOCI photolysis mainly occurs for longer wavelengths, where less energy is available and
2) the ClO + CIO channel is minor.

At 248 nm, slow signal was observed at m/z = 51 which could arise from the CIO(X)
+ ClO(4) - CIO + C1 + O channel. This channel is unlikely to be of great importance in the
stratosphere, as it requires wavelengths A < 290 nm and most of the contribution to the
CIOOCI photolysis rate occurs for the wavelength range 310 to 470 nm.”> The ClIO(4)
fragment predissociates, producing a Cl-atom and an O-atom. Thus, the CIO(X) + CIO(4)
channel results in a null cycle for ozone depletion.

Our results confirm that the catalytic cycle involving photolysis of CIOOCI is the
dominant mechanism for ozone loss under perturbed polar conditions. However, the
production of CIO from CIOOCI photolysis reduces the efficiency of the CIOOCI catalytic
cycle for ozone depletion and could shift the predicted partitioning of chlorine-containing
species in the stratosphere. Because of the extreme importance of the CIOOCI catalytic cycle
in the current models of Antarctic stratospheric ozone depletion, even the small ClO yield
(P o + cio = 0.17) from CIOOCI photolysis at 308 nm reported in this paper could have a
significant effect on the predicted ozone depletion. Further modeling studies are necessary
to determine whether the small reduction in the Cl yield may require additional ozone loss
mechanisms to balance the ozone budget. This result may be most important in the Arctic
vortex, where warmer temperatures decrease CIOOCI concentrations and reduce ozone loss

rates.
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Figure Captions

Figure 1. Structure of ground state CIOOCI, from ref. 7.

Figure 2. TOF spectra of ClO" signal from CIOOCI photolysis at 248 nm. The dotted lines
correspond to the CL,O contribution, which in this case was determined by examining the
rising edge of the data at a detector angle of 15°. The dashed line is the remaining signal
modeled as ClO + CIO from CIOOCI photolysis. The slow signal was modeled as CIO(X) +

CIO(4).

Figure 3. TOF spectra of CIO* signal from CIOOCI photolysis at 248 nm. The solid line is
the predicted spectra assuming that all of the signal at 30° arises from Cl,0 only and scaling

the other angles according to the Cl,0 angular distribution.

Figure 4. TOF spectra of ClO" signal at 30° from CIOOCI photolysis at 248 nm, signal
averaged for 1,000,000 laser pulses. The solid line is again assuming that all of the signal

arises from CL,0 photolysis.

Figure 5. TOF spectra of ClO" signal at 15° from CIOOCI photolysis at 248 nm. The dotted
lines correspond to the CLO contribution, which was determined by examining the rising edge

of the data.
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Figure 6. Optimized c.m. translational energy distributions for the C1O + CIO and the CIO(X)

+ ClO(4) channels.

Figure 7. TOF spectra of the O, signal at 30° from CIOOCI photolysis at 248 nm. The fast
peak was modeled as arising from the concerted channel. The dotted line indicates where the
O, products from the secondary dissociation from the fast Cl + CIOO channel would appear;
the dot-dashed line indicates the position of the O, products from secondary dissociation from

the Cl + CIOO* channel.

Figure 8. Optimized c.m. translational energy distribution for the total translational energy

release from the concerted Cl + O, + CI channel.

Figure 9. TOF spectra of the CI" signal from CIOOCI photolysis at 248 nm. The short-
dashed line indicates the C1,O contribution, determined from the m/z = 51 data. The medium-
dashed line is from photolyis of CIO in the beam. The long-dashed lines indicate the CI*
signal from the ClO + CIO channels fragmenting in the ionizer. The dotted line corresponds
to the primary and secondary dissociation from the fast Cl + CIOO channel. The dot-dashed
line is from the Cl + O, + Cl concerted channel. The dot-dot-dashed line indicates the signal

from the primary and secondary dissociation for the slow Cl + CIOO* channel.

Figure 10. Optimized c.m. translational energy distributions for the Cl + CIOO primary

channel and the ensuing ClOO secondary dissociation.
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Figure 11. TOF spectra of the CI" signal at 15°. The dashed line shows the predicted fit for
Cl+ CIOO* if a statistical dissociation to the highest calculated CIOO* state that correlates
to excited state products. The dotted line indicates the predicted fit for the secondary

dissociation of CIOO* to Cl + O,* assuming a statistical dissociation.

Figure 12. TOF spectra collected at a detector angle of 40° for (A) CIO* and (B) CI*
fragments and the predicted TOF distributions for CIOOCI photolysis at 308 nm. The overall
ClO" fit (solid line) in (A) has two components, Cl1,O (dashed line) and the CIOOCI -~ CIO(X)
+ CIO(X) channel (dotted line). The overall CI" fit (solid line) in (B) is the sum of
contributions from photolysis of Cl, (long-dashed line), Cl,0 (short-dashed line), CIO -
CI(Py,3,) + OCP) (dot-dot-dashed lines), and CIOOCI. The CIOOCI photolysis
contributions to the CI" signal include primary and secondary dissociation from the CIOOCI
- Cl+CIOO - Cl + Cl+ O,channel (dotted lines), primary and secondary dissociation from
the CIOOCI - Cl + CIOO* - Cl + Cl + O,* channel which could also arise from clusters

(medium-dashed lines), and CI" from the CIO(X) fragmenting in the ionizer (dot-dashed line).

Figure 13. TOF spectra of the CI" signal from Cl, photolysis at 308 nm.

Figure 14. Optimized c.m. translational energy distribution for the ClO + CIO channel at 308

nm.

Figure 15. Optimized c.m. translational energy distributions for the Cl + CIOO primary

channel and the ensuing C1OO secondary dissociation.
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