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Photodissociation of CIONQ at 235 nm: Final Product Yields and Energy Partitioning
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The photodissociation of CIONGt 235 nm was investigated using resonance enhanced multiphoton ionization
time-of-flight mass spectrometry, which permits the state selective detection®,gI(Cl) and CIEPy)

(CI*) atom products. The angular and speed distributions for the Cl, CI*, and CIO channels were derived
from forward convolution fitting of time-of-flight spectra. The anisotropy parameters for the Cl elimination
channels are 0.5 0.15 and 1.2t 0.15 for the atomic ground and excited states respectively, indicating that
the states arise from different electronic excited states. The anisotropy parameter for theNQ©Ochannel

is 1.0+ 0.15. On the basis of simulations to the TOF data, we have determined a total Cl atom quantum
yield of 0.42+ 0.1 and a ClO quantum vyield of 0.58 0.1. The fraction of nascent NGragments that
undergo secondary dissociation was calculated based on the measured internal energy distribution. The NO
+ O channel has a quantum yield of 0.20, and M@, channel has a quantum yield of 0.006. The results

are discussed in light of previous measurements at both longer and shorter wavelengths and suggest that at
short wavelengths the spontaneous secondary dissociation pfd\ield NO, + O is important and will
substantially reduce the impact of the €INO; channel on stratospheric ozone depletion.

|. Introduction

Halogenated compounds play a key role in atmospheric AL 235 nm
chemistry. The impact of chlorine species, in particular, on [~~~ "~~~ TTTTTTTTTTT
stratosphere ozone depletion has been well establisbiitrine NO,(A) +0CP)
nitrate is one of most important temporary reservoir species of
reactive chloriné:3 A detailed understanding of CION@hem-
istry is critical for modeling global and seasonal ozone distribu-
tions in the stratosphere. The formation of CIONS2curs pri-
marily through the recombination reaction of CIO and NO

CIONO + 0 NOCII) + 0, (Z,%)

NO() + 0, (1A)

NOCID) + O, (X))

CIO + NO, + M — CIONO, + M 1)

Relative Energy

and therefore couples the Gl@nd NQ cycles? The removal

of chlorine nitrate and conversion to active chlorine results from
either heterogeneous reactions or through day-time photolysis.
Photolysis is predicted to be the dominant loss mechanism, o}
except during the polar winté&rSeveral photochemical channels

are energetically accessible in the stratosphere

CIONO,

Figure 1. Schematic energy level diagram for CION@hotodisso-

CIONO, v ClIO + NO, 2) ciation. The secondary dissociation channels for;ld€@ also shown.
by photodissociation dynamics and kinetics of CIONEspecially
CIONO, — Cl + NO,4 (3) the wavelength- and temperature-dependent branching fatios.
Although the CIG-NO;, bond is the weakest in CIONG
CIONO, M cloNO+ O (4) initial experimental studies reported that the GIONO, channel

was only of minor importance. Knauth and Schindler reported
Cthat channel (3) was the dominant dissociation channel at 265
and 313 nm in a static cellMargitan observed that Cl and O
atoms were the two major products with quantum yields of 0.9
and 0.1 respectively at 266 and 355 nm using the atomic
resonance fluorescence detection methioow pressure €103

The energetics associated with each of these primary asymptoti
channels are shown in Figure 1. Also included in the figure are
the dissociation pathways for N@adicals produced via channel

3. The relative branching ratios for these dissociation channels
is important in evaluating the role of CIONGn stratosphere . .
ozone depletion. It is not surprising, therefore, that numerous | °'") Photolysis experiments were performed by Chang et al.,

experimental studies have been carried out to understand thednd a quantum yield of 1.8 0.2 fqr Cl atom was FepOrté“-
Subsequently, Burrows et al. studied the photolysis at 254 nm,

*To whom correspondence should be addressed. E-mail: north@ @nd observed that the quantum yield of O atom was 0.24 and
mail.chem.tamu.edu. the quantum yield of N@was 1.04° Broadband photolysis
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by Nickolaisen et al. found that &t > 200 nm, the relative ratio was determined according to the derived internal energy
guantum yields, assuming negligible contributions from other distribution. Finally, on the basis of the Cl quantum yield and
channels, are 0.6% 0.20 for Cl and 0.39t 0.20 for O; in the the NG; internal energy distribution, a model was developed
A > 300 nm region, the quantum yields are found to be &44  to predict the wavelength-dependent O atom quantum yield
0.08 for Cl and 0.56+ 0.08 for O atomd! Marinelli and arising from spontaneous N@econdary dissociation.
Johnston reported a nonunity NQ@uantum vyield of 0.55
(+0.3/~0.1) at 249 nm by direct absorption measurements of Il. Experimental Section
NO; at 662 nmt2

The first direct observation CIO products was made by
Minton et al. employing molecular beam photofragment trans-
lational spectroscopy at 248 and 193 HhSubsequent experi-

A detailed description of the experimental setup can be found
elsewheréd? Briefly, a differentially pumped molecular beam
apparatus was used. A pulsed molecular beamyD¥o either

ments by their group revealed a wavelength-dependent Cl angchlorine nitrate or chlorine monoxide in helium was collimated
by a conical skimmer and intersected by the laser pulses. The

ClO branching ratio and the absence of evidence for channel S . )
esulting ions were detected using a two-stage WilglgLaren

41415The authors also observed the secondary photodissociatior’ X 4
of CIO radicals vP time-of-flight mass spectrometer (TOF-MS) in ‘core-sampled’

model®20.21.22A copper plate with a 3.0 mm pinhole was placed
hy o o - approximately 29 cm from the interaction region, allowing only
ClIO = CI("P3»,"Py ) + O(P,Dy) (5) a ‘core’ of the ion packet to strike the detector. The ions were
detected by a set of dual Chevron microchannel plates located

and suggested that the secondary dissociation of products CICb1 cm from the interaction region. The core sampled signal was
and NG account for the O atoms observed in previous studies. averaged a multichannel scaler lwé 5 ns binsize.
Subsequent cell experiments also confirmed the importance of A pulsed extraction electric field was utilized in order to
CIO + NO, channel. Quantum yields for channels 2 and 3 varied increase the velocity resolution and signal intensity. The ion
from 0.364 0.08 and 0.64+ 0.08 at 193 nm to 0.468- 0.08 cloud is allowed to expand under field-free conditions for a
and 0.54+ 0.8 at 248 nm. Additional studies at 308 nm gave period of time before the extraction field is applied to direct
quantum yields of 0.33: 0.6 and 0.674+ 0.6 for channels 2  the ions toward the detector. Delay times between laser shots
and 3, respectively. Tyndall et al. observed quantum yields of and extraction field are typically 566800 ns. The arrival time
0.804 0.20 and 0.28k 0.12 for Cl and CIO at 308 nm using of each ion is determined by the delay time and the projection
resonance fluorescence detection methods, and a very small ®f the initial velocity along the flight axis. Therefore, a large
(®P) yield <0.05 was also reportéd.Ravishankara and co-  extraction-field strength can be applied for better velocity
workers have studied the photodissociation of CIQN©193, resolution. Compared to a continuous extraction field, there are
222, 248, and 308 nm using both atomic resonance fluorescencgwo obvious advantages of pulsed field extraction. First, small
and time-resolved absorption methods. They found that Cl and variations in electrode voltages only have minor effects on the
CIO are the two major dissociation products at 222, 248, and TOFMS spectra. Second, large field strengths in the first
308 nm, whereas at 193 nm, the quantum yield of O became extraction stage limit the ion packet expanding in the plane
larger than the yield of CIO. The authors also suggested that perpendicular to flight axis, therefore increasing signal intensity.
NO; decomposition is one of the major sources of O atoms The rising-edge of the pulsed field is less than 25 ns, which
observed, which is consistent Wit O quantum yield increase  guaranties that blurring is negligible.
with decreasing of photolysis wavelength, but no quantitative ~ The chlorine atoms were probed using 21 REMPI
model was proposed. transitions at 235.25 nm for spirorbit ground-state CI2Pz)

The product branching ratios in the photolysis of CIONO and 235.13 nm for excited-state GP(;,) (hereafter referred to
are wavelength-dependent suggesting that several excited stateas Cl and CI*, respectivelyf The dye laser was pumped by
may play a role in the dissociation dynamics. Ab initio 355 nm light from the third harmonic of a Nd:YAG laser

calculations of singlet and triplet excited states by @ranal. operating at 10 Hz. The output of the dye laser was doubled in
show that there are six singlet excited states with vertical BBO and separated from the fundamental using two Pellin-
excitation energies between 180 and 300iThe wavelength- Broca prisms. The polarization of the doubled light was rotated

dependent branching ratios are likely the result of both the using a double Fresnel rhomb and a polarizer ense@@%
complex nature of the absorption spectrum and the excited statepolarization of the light entering the chamber. The light was
dynamics. To fully understand the contribution of the various focused into the interaction region with a 300 mm lens, resulting
excited states and obtain a predictive model of the photodis- in spot sizes between 50 and 3fafh. The laser power was
sociation, experiments over a wide wavelength range are typically 100-250 xJ/pulse.
necessary. To quantify the primary product yields, secondary Cl,O was synthesized by the method of C&H\Cl, was
reactions, which may occur in static or flow cell experiments, collected on prebaked HgO (Aldrich) powder and the reaction
need to be minimized and are likely the major reasons for early was allow to run overnight at 195 K. CIONvas prepared by
conflicting results. Photodissociation in a molecular beam the method of Schmeisser through the reaction gdNand
provides a rarified environment in which to study the primary Cl,0.25> The impurities in both GO and CIONQ (mainly Ch)
photochemistry in the absence of secondary collisions. were removed by vacuum distillation. The purity of samples
We have investigated the photodissociation of CIQN®D was confirmed by UV-vis absorption spectroscopy. Though a
235 nm using molecular beam techniques and time-of-flight small Cb contamination always exists6%), it is difficult to
mass spectroscopy (TOFMS) with resonance enhanced mul-completely remove without losing significant amount of sample.
tiphoton ionization (REMPI) detection. The branching ratio of However, because the absorption cross section pisClearly
primary chlorine atoms and chlorine oxide was calculated from 2 orders of magnitude smaller than that of@land CIONGQ,
forward convolution (FC) fitting of TOFMS spectra. The the contribution of Gl photolysis to the TOFMS spectrum
fraction of NO&; photofragments that undergo secondary dis- should be negligible. In addition, the TOFMS spectrum of ClI
sociation, and the resultant decomposition channel branchingatoms from the photodissociation of,Ghould produce sharp



1006 J. Phys. Chem. A, Vol. 106, No. 6, 2002 Zou et al.

Cl+CIO

30 0 W 3

9.2 9.4 9.6 9.8
Time of Flight (ps)

Figure 2. CI TOFMS from CLO photodissociation at 235 nm. Filled
circles represent experimental data, the solid line is the FC fitting, the
dashed line represents the contribution fré@l isotope, and dashed

dot line represents contribution froffCl isotope. The inset plot shows

the translational energy distribution for CI channel. 3.6 58 %0 rY) 0.4
Time of Flight (us)
peaks corresponding to narrow speed distributions, which should Figure 3. Cl* TOFMS from CIONO; photodissociation. Filled circles
be easily distinguished from the signal derived frorp@and represent experimental data, the solid line is the FC fitting, dashed line
CIONG:.. represents the contribution from tRI isotope, and the dashedot

line represents contribution from tRéCI isotope.

Ill. Results and Analysis ) )
are in good agreement with the results of Tanaka é? @b

The forward convolution fitting procedure (FC) for core- optain the CI/CI* branching ratio, we scanned the laser over
sampled time-of-flight mass spectra has been described previthe cl/CI* Doppler profiles using equal laser power. The ratio
ously!® The photofragment velocity distribution, projected along f the integrated areas of the Cl and CI* REMPI signals was

the flight axis, is given b3 corrected by the detection efficiency of Cl and CI*
(o) = [ M[1 + BP,(cosy)P (iz)]du ©) ciick = 1o for %)
2 ld 2p 2 Av lew — fa

wheref is the spatial anisotropy parametBg(x) is the second wherel; are the integrated areas of the REMPI scans, fague
Legendre polynomialy, is the projection of the fragment the relative detection sensitivities. The CI/CI* ratio obtained in
velocity on the detector axig)(v) is the center-of-mass speed this way is 0.062, very close to the value reported by Tanaka
distribution, andy is the angle between the laser electric field et al?®
vector and the flight axisz. In our one-color experiments, a B. CIONO; Photodissociation at 235 nmFigure 3 shows
linear polarized laser was used for both dissociation and REMPI the ClI* TOFMS spectra of CION©®photodissociation at 235
detection. In FC fittingg(v) andf are iteratively adjusted to  nm taken ayy = 0° andy = 90° experimental geometries, and
provide the best fit to the TOF data at different polarizations. Figure 4 shows the CI TOFMS spectra. Both TOFMS spectra
‘Core-sampling’ discriminates against ions with large velocity are substantially different from the £ spectra, which indicates
components perpendicular to the flight axis, and only those that there is negligible @D contribution in the CION@spectra.
which satisfy the equationyyy < reordt, Where vy is the The CI* TOF profile consists of a single feature at large
projection of velocity on the plane perpendicular to the flight velocities and exhibits a strong positive anisotropy. Therefore,
axis, reore IS the radii of the coret is time-of-flight when ions we attribute the CI* products to primary €0 bond fission.
reach the core, are detected. The dashed and detlashed lines in the upper panel of Figure
A. CI,0O Photodissociation at 235 nm.To ascertain the 3 correspond to contributions from tReCl and37Cl isotopes,
contribution of C}O photolysis to the CION@data and calibrate  respectively. Thé&(Er) distribution for the primary CI* channel
our CI/CI* detection sensitivity, we have studied,Glphoto- is shown in Figure 5.
dissociation at 235 nm. The photodissociation afChas been We find that the CI TOFMS profiles from CIONGOphoto-
investigated previously at 308, 248, and 193 nm using photo- dissociation cannot be adequately fit with a single contribution.
fragment translational energy spectroscépiRecently, Tanaka  Analysis of the polarization dependence of the TOF profiles
et al. have studied the photodissociation afdCat 235 nm using indicates that there are at least two contributions. To fit the TOF
REMPI photofragment ion imaging methotf<igure 2 shows data, two contributions with positive anisotropy were used as
the TOFMS spectra of ground-state Cl from the photodissocia- illustrated by theP(Ey) distributions in Figure 6. We attribute
tion of ClLO at 235 nm withy = 0°. The filled circles represent  the fast feature (solid line) to primary €0 bond fission to
the experimental data and the solid lines represent FC fitting. give ground-state CI. The slow feature (dashed line) arises from
The inset shows the total translational energy distribution derived the secondary photodissociation of CIO photofragments.
from the FC fitting of this channel. The resultant translational ~ Nelson et al. have observed the secondary photodissociation
energy distributions of both Cl and CI* channels (CI* results of CIO previously!®> Because the Cl atom product from
are not shown here) and the measured anisotropy parametersecondary dissociation will bias the relative branching ratio of
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Figure 6. Translational energy distributions for the CIO and CI
dissociation channels for CION@hotodissociation. The dashed line
represents the ClI& NO, P(E;) distribution and the solid line represents
Cl + NOs P(Ey) distribution.

velocity distribution from primary CION@photodissociation
with Cl velocity distribution from the secondary CIO photo-
dissociation (8)

9.8

8.8 92 9.4

Time of Flight (us)

Figure 4. CI TOFMS from CIONQ photodissociation. Filled circles
represent experimental data, the solid line is the FC fitting result, the
dashed line represents the Cl component from CIO secondary dissocia-
tion, and dasheddot line represents the CI component from primary
CIONG; dissociation.

(v, 2) = ./; <reordt leio(vcior WiV x)dv (8)

Xy—
wherev,cio is the z-axis component of velocity of CIO from
primary CIONQ dissociation,v is the z-axis component of
velocity of Cl from secondary CIO dissociation,is the vector
sum of v,cio and vycy, lcio(vcioyy) is the velocity distribution
of CIO from CIONG; photodissociationci(v.ci;y) is the velocity
distribution of Cl from secondary CIO photodissociation. The
resultant velocity is a vector sum of velocities obtained at the
primary dissociation and secondary dissociations Wcio +
V¢i, and the evaluation is required for every possihig and
V¢ combination.

To correctly account fofci(vci; x), we carried out experi-
mental studies of CIO photodissociation at 235 nm using the
same apparatus with a pulsed discharge radical sétAcmong
the four allowed asymptotic electronic channels, the dominant
products ¢ 97%) are CRP3) + O(D,) with an anisotropy
parameter of 1.2+ 0.2. The CIfPyz) + OCPj;) channel
constitutes< 2% at this wavelength. The results are very similar
to the work of Davis and Lee at 248 nm using photofragment
the Cl and CIO channels, the laser power was decreased in theitranslational energy spectroscofyThe translational energy
experiment to minimize the effect of secondary photodissocia- arising from CIO dissociation can be precisely calculated with
tion of ClO. Despite lowering the laser power, secondary the known dissociation threshold, the internal energy of parent
photodissociation of CIO is unavoidable because of the similar molecule, and the spirorbit splitting of atomic products,
absorption cross sections of CIO and CION@ the wavelength assuming that the electronic branching is not strongly dependent
region under investigation. Under our experimental conditions on the parent initial state. The soft fragment impulsive m&del
with the very tightly focused beam required forf21 REMPI was used to estimate the CIO internal energy in the FC
detection, we estimate that all the CIO products undergo simulations. Becaudei(v.cy; x) is known, theP(Er) distribution
photodissociation. Although this process could be viewed as aof CIO can be iteratively determined by FC fitting of the
limitation, it is actually quite beneficial since saturation of the experimental TOFMS spectra. The weighi{dr) distribution
CIO secondary photodissociation provides the means to deter-for primary Cl and CIO can then be used to calculate the
mine the branching ratio of channels (2) and (3) by measuring branching ratio between these two channels. The total CI/CI*
only the Cl atom TOFMS spectra. Of course, the analysis branching ratio was determined by integrating REMPI scans
requires that on the basis of FC simulations, one can distinguishfor Cl and CI* and then correcting the signals using the Cl and
the signal arising from primary Cl and Cl from the CIO CI* detection efficiencies, as in @D photodissociatiof®33
photodissociation. The FC fitting procedure required modifica-  Figure 6 shows the total translational energy distribution for
tion in order to account for secondary CIO photodissociation the Cl and CIO channels derived from the FC fitting procedure
and to derive the angular and speed distributions of primary Cl described above. The translational energy distributions for

CI* +NO,

1 ] ] ] I l
0 20 40 60 80 100

Total Translational Energy (kcal/mol)

Figure 5. Translational energy distribution for CI* dissociation
channels for CION@photodissociation at 235 nm.

and CIO photofragments.
The contribution to the CI TOFMS spectra arising from
secondary CIO photodissociation is a convolution of the CIO

primary Cl and CI* products are almost identical except that
the CI distribution is slightly more energetic than the CI*
distribution. Similar average translation energies of Cl and CI*
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TABLE 1: Anisotropy Parameters and Average Translational Energy for the Cl + NOs, CI* + NO3, and CIO + NO, Channels

193 nmP 235nm 248 nnt
ﬁ EHET @A ﬂ ﬁ avg EHET @A |:HET |gvg ﬂ EET A
CI+NOs 0.5+£0.15 42.8 0.5:0.15 0.74 41.3 41.1 0£0.15 40.6
CI*+NO3 1.2+0.15 40.7
CIO+NO; 0.25+0.15 22.9 1.6£0.15 23.0 1.15:0.15 22.5

a|n kcal/mol.? Reference 15.

TABLE 2: Quantum Yields of CI, CIO, and O from values at 193 and 248 nm. The translational energy, however,
CIONO; Photodissociation at 235 nm does not change significantly with the decrease of available

193 nm 235 nm 248 nm energy by 32.9 kcal/mol from 193 to 248 nm, which is

cl 0.64+ 0.08 0.42+ 0.10 0.54% 0.08 in_cons_istgnt with a simple mo_del of energy partiti_oning for
0.5 0.6 dissociation on a single repulsive excited state. This suggests

Clo 0.364 0.08 0.58+0.10 0.46+ 0.08 that different excited states may contribute to this channel
0.2 0.4 throughout the absorption spectrum. In addition, the anisotropy

o 04 0.20 <0.10 of the CI* channel is substantially different from the CI channel.

aReference 15 Recommended values from ref®Calculated from Very likely, these two channels originate from different excited

the internal energy distribution of N@nd the thermodynamic threshold  states at 235 nm. The anisotropy of the CIO channel changes

for the NG + O channel. from 0.25+ 0.15 to 1.15+ 0.15 from 193 to 248 nm. Our
result at 235 nm is 1.6t 0.2, close to the value 248 nm,

products in the photodissociation is not uncommon for moderate syggesting that the excited state(s) are the same at both 235

sized molecules because the asymptotic channels have similagnd 248 nm but different from 193 nm.

available energies due to the small sparbit splitting (2.5 kcal/ B. Final Product Branching Ratio. An important subject

mol).3* The contributions to the Cl TOF spectra (Figure 4) of the present studies is a determination of the branching ratio

arising from from primary dissociation of CION@nd second-  of the CI/CIO channels. The total Cl atom quantum yield can

ary dissociation of CIO are represented by the dashed lines anthe calculated using

dash-dot lines, respectively. Because the major Cl products

from CIO photodissociation are in their ground state, contribu- o

tion from secondary CIO dissociation can only be observed in Da =1

the TOFMS spectra of Cl.

_ ch/cl* X pclo/cl
(Peiorer X Lgyere T Petorer T Leyer +1)

9)

where Qgyqi+ is the total CI/CI* ratio from REMPI scan (4.4)
and peiorel is the ratio of primary CIO to Cl from FC fitting of

A. Fragment Angular and Speed Distributions. The the Cl TOFMS data. The absolute quantum yields of CI* and
anisotropy parameters and average total translational energie€|O can be calculated similarly. To report absolute quantum
for the different dissociation channels are given in Tables 1 and yields, we have assumed that the total dissociation quantum yield
2 together with the results from Nelson et al. at 193 and 248 is unity. The quantum yield results are presented in Table 2.
nm28 The angular distributions of products can provide valuable Our results are in reasonable agreement with both molecular
information on the nature of the excited states involved in the beam measurements of Nelsons et®and measurements of
photodissociation. The anisotropy parameter depends on theRavishankara and co-workers within the mutual error bars. A
excited-state lifetime, the orientation of transition dipole moment comparison of our quantum vyield results with the results of
with respect to the recoil axis, and geometry changes in the Ravishankara and co-workers reveal that our Cl quantum yield
course of dissociation. All the dissociation channels at 235 nm at 235 nm is slightly lower than their values at 193 and 248
show measurable positive anisotropy parameters, indicating thatnm, whereas the CIO quantum vyield is higher. The quantum
the lifetime of the excited states must be much shorter than theyield we report here is actually the total Cl atom quantum yield
rotational period of the parent molecule {ps)3® from primary dissociation of CION® In the studies of

The ground-state equilibrium geometry of CIOMN® planar Ravishankara and co-workers, the authors are unable to
with Cs symmetry}” The positive anisotropy parameters indicate distinguish between primary and secondary photodissociation
that parallel transitions, involving excited states withsym- and only the total Cl quantum yield can be measured. Contribu-
metry, are involved in the dissociation because the transition tions from CIO products secondary photodissociation would
dipole moment of excitation t&' states lies in the molecular  result in a decrease of CIO quantum yield and an increase in
plane?® The A" states cannot be excluded completely from the the CI quantum yield. We have assumed in our analysis that
current experimental results, because the contribution from achannel (4), the primary elimination of oxygen atoms is
A" state will decrease the anisotropy, and this effect dependsnegligible at 235 nm. The quantum yield of O atom is not zero,

IV. Discussion

on the magnitude of the contribution. however, due to the secondary dissociation of hogN@hich
Because the current experiments represent the first state-will be discussed in detail in next section.
selected measurements of Cl and CI* from CIONiDotodis- According to calculations of CIONg£excited states by Gfan

sociation, the average values of total translational energy andet al.l” six or more excited states may contribute to the
anisotropy parameter were calculated in order to facilitate absorption spectrum in this wavelength region including three
comparison of our results with the state-averaged measurementstates that hav& symmetry. The 4\’ state, which has a—x*

of Nelson et al. This was done by weighting the distributions character localized on the NGchromophore with vertical
and anisotropy parameters for the Cl and CI* channels using excitation energy of 6.62 eV (188 nm), has a very strong
the primary CI*/CI ratio of 0.52 determined from FC fitting.  oscillator strength, 0.1849, compared to 0.0126 for théS8ate
The results are shown in Table 1. The average anisotropyand 0.006 for the Z\' state. Although the small variation of
parameter for the Ct NO;z; channel is slightly higher than the  the Cl and CIO quantum yield ratios at 248 and 193 nm could
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suggest that the A’ state may dominate in the UV region the NO +0, NO,+0
variance in the CIO channel anisotropy indicates that the
situation is considerably more complicated. A
C. Secondary Dissociation of N@ Nascent N@fragments
produced via channel (2) with sufficient internal energy can
undergo spontaneous secondary dissociation. The importance
of this secondary process depends on the competition between
two dissociation channels

NO, —NO + O, (10)
NO, —NO, + O (11)

because the N@& O, channel leads to direct ozone depletion.
It is important, therefore, to determine the branching ratio
between these two channels.

A schematic energy level of Nissociation is shown in
Figure 1. The thresholds for the N& O, and NGQ + O ) o )
channels differ by less than 1 kcal/mol. Near-threshold experi- Figure 7. Internal energy distribution of N¢xadicals, averaged over
ments show that at energies above the,NOO threshold, the Cl/CI* branching ratio.
dissociation leads to this channel exclusivéy’ The NO + 0.6
O, channel is only observed when the excitation energy lies
within the narrow energy region between the two thresholds.
This result is consistent with the ‘loose’ nature of the N©
O transition state, in contrast to the N© O, tight transition
state.

Davis et al. have measured the Ndecay rates between the
< 1 kcal/mol interval above the NG O, threshold using
picosecond resolution measurements. The rate was found to vary
from 1 x 10° s1to 5 x 10° s7! and was fitted by an RRKM
theory calculation with a 70 cn transition state frequency.
Mikhaylichenko et al. also performed the measurement of 0.1
decomposition rate of Nénear the NOt+ O, threshold regime °
using laser induced fluorescence methods. Their result varied 0.0 . " I
from 1 x 10* st at 16 780 cm! to 6 x 10’ s ! at 16 880 180 200 220 240 260 280 300 320
cm137 We have performed variational RRKM calculation of Wavelength (nm)

NOs; decay rate with internal energy above the N® O Figure 8. Wavelength-dependent O atom quantum yields. The solid
threshold. The rate varies from 1 1° st with 1 kcal/mol line is based on the model described in the text.

above the threshold to # 10'° s~ with 5 kcal/mol above the ) ] ]
threshold. Our calculations indicate that only N@dicals with the wavel_ength region of interest. The average total tran_slatlonal
internal energy close to the threshold may be collisionally €nergy distribution of the CI/CI*- NOs channel has a linear
stabilized in the lower stratosphere where the magnitude of dépendence on the wavelength. A linear function was adopted
collision frequency is-1(P. The solar flux near 235 nm becomes {0 Predict the average internal energy of N@dicals

significant only at altitudes above 335 km, where the gas NG o al

density is considerably lower than in the lower stratosphere. Ein (A)0= By, — Do(Cl — O) — [E;(A)- Ego  (12)
Therefore, most of the nascent Mfadicals with energy above

the NG, + O threshold will undergo secondary dissociation where Ep, is the photon energyDg(Cl-0) is the bond
before collisional stabilization. dissociation energy, anﬂg'o is the Cl spin-orbit energy. A

If we assume a unit dissociation quantum yield for internal Gaussian function was adopted to represent the internal energy
energies above threshold the results for the secondary NO distribution of NQ with a fwhm linearly depending on the
dissociation represent ampper limit Figure 7 shows the internal  available energy?
energy distribution of the N@radicals averaged over the CI/ The modeling results for the wavelength-dependent O quan-
CI* branching ratio at 235 nm. The two straight lines represent tum yields from NQ secondary dissociation are shown in Figure
the energy threshold for the N® O, and NQ + O channels 8. The solid line represents the model calculation, the filled
as shown. A comparison of the three areas of the distribution circles represent the results of Ravishankara and co-workers,
in Figure 7 indicates that N& O, secondary dissociation is a the triangle represents our result, and the diamonds represent
minor channel with a quantum yield of 0.006. The quantum the results of Nelson et al. At short wavelengths, the O atom
yield for the NQ + O channel is 0.20, which should account quantum yields are determined solely by the quantum yield of
for the O atom yield at 235 nm. Cl + NOs channel since all the N{radicals have sufficient

D. Wavelength-Dependent O Atom Quantum Yield.The internal energy for secondary dissociation. At wavelengths
O atom quantum yield arising from NGecondary dissociation 265 nm, no NQ radicals have sufficient internal energy for
depends on both the yield of the CI/C# NO3z channel and decomposition and the O atom quantum vyield drops to zero.
the NG radical internal energy distribution. Because the The model fits the results of Nelson et al. and current studies
quantum vyield of CI/CI*+ NOs; channel only varies slightly  very well. Results from Ravishankara and co-workers at 308
from 193 to 308 nm, we have used the average value thoughand 248 nm were reported as upper limits. The O atom yields
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absorption ban_d of N@e"f‘r 660 nnf? The phO_tOIVSiS frequency (13) Minton, T. K.; Nelson, Christine M.; Moore, T. A.; Okumura, M.
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indi ii i it Discuss.1995 100, 295.
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