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Ozone Chemistry
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Although steady-state distributions are commonly accepted to be of the Boltzmann-type, such an assumption
can be rather unrealistic when modeling the high atmosphere. Corroborating evidence is reported for the
vibrational and rotational distributions of,@nd OH from detailed trajectory calculations, which shows that

the thermalization assumption is untenable at such environmental conditions. The implications jratite O

HOy catalytic cycles are also assessed.

1. Introduction O(lD) + 0, — 20,(v) (5)
Ozone is known to be produced via photodissociation £f O
by solar ultraviolet radiation followed by O O, + M that was considered to be primarily responsible foi(ep
recombination in excess OM = N, and Q), while its formation after photolysis of © (rather than from direct
destruction involves catalytic cycles of the form photolysi§). In fact, reaction 5 may also yield appreciable
amounts of vibrationally excited £s it is sufficiently exoergic
X+ 03— X0 + O, 1) to excite simultaneously both molecules:te= 20. Moreover,
because the yield of @D) is about 9 times larger than that of
O;+h—0,+0 ) Oy(v) in the initial ozone photodissociation process, only 10%

or so of O{D) needs to react in order to produce vibrationally
excited Q in an amount comparable to that produced directly

XO+0—=X+0, 3 from the G photodissociation. As additional sources o{®,
we may mention the @ O; and O+ HO, reactions: the former
net: 20, + hv — 30, (4) populates vibrational levels up to = 149 or even much
higher!®1tand the latter up te = 138
where X=H, OH, HO;, NO, halogen atoms, etd;is Planck’s Although the quenching of £v) may not be rapiti*? (for a

constant, and’ the photon frequency. Because they have the recent paper that addresses the. earlier work, see ref 13), the
potential to change the biological makeup and possibly the Suggestion has been made by Hickson €t #hat “...from the

climate of earth, enormous attention has focused to such catalyticStandpoint of atmospheric chemistry relaxation from high
sinks. However, only a relatively minor effort has been vibrational states of @by the major atmospheric constituents,

devoted 35 to find new ozone sources. This effort concentrated N2 and Q, is much too rapid for the photodissociation of these

mostly on the role of electrorié and vibrationa4-6 excited molecules to contribute significantly for the formation of ozone
. . . s i 2
states of G, with the role of the vibrational excitation of X0 N the upper atmospheré® However, for the temperatures and
in eq 1 remaining unappreciated until recertlit.is on the pressures of relevance at altitudes between 40 and 85 km (these

energy distributions and role in the ozone chemistry of such COVer the rangéé 160 < T/K < 280 and 0.003< P/Torr <

vibrationally excited species that we focus in the present work. 20), the assumption of local _ther_modynagnlc equilibrium (LTE)
Ozone photodissociation occurs via two electronic path- May represent a massive simplificatiort®while questioning

ways: the singlet channel contributes about 90% to givép(  Such a remark. _

+ Oy(a 1Ag) while the triplet channel contributes the remaining A Well-established example of a serious departure from'£TE

10% to yield OfP) + O, (X 329—)' This leads to vibrationally is the observation of intense emission from highly vibrational

excited Q in its ground electronic state [heretofore denoted as (v = 6) and rotational I{ = 33) eXCiF‘?d states of .OH in the
O4(v)], which may react with any XQ{ produced in reaction mesospheré® Among the first recognitions of vibrationkdcal

1 to regenerate ozone. At wavelengths of 226, 230, 233, 234’thermodynamic di.sequilibriur(rh_TD.) effects is_ that.of Me.‘"e" .
and 240 nm, virtually all oxygen molecules formed from the who correctly assigned the near-infrared night-time air-glow in
05 photodissociation are vibrationally excitédypically, the the mesopause (85 km) to vibrationally excited hydroxyl radicals

iai i 48—21
O,(v) formed at 226 nm shows a bimodal vibrational distribution arising from the reactioi
peaking in the vicinity ofv = 15 andv = 272 while at longer

wavelengths the peak at= 27 disappearsalthough there is H + O;— OH(X *I,0) + O, (6)
still an appreciable fraction of highly vibrationally excited.O
Note that in the past it was the reaction Additional evidence comes from the vibrational quenching rate
constants of OHY{), which have been found to be considerably
T E-mail: varandas@qtvs1.qui.uc.pt. smaller than the reactive ones in collisions wit§f<and Q(v).23
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Thus, both ») and OHg) may exist in sufficient abundance 0.08
to question the LTE assumption in atmospheric modeling
simulations.

Of central importance in atmospheric modeling is therefore 0.06
the choice of three possible vibrational distributions that can
be formulated. If thermal equilibration exists, one has the
popular Boltzmann distribution at a particular temperature. On
the other hand, one has the nascent distributions of the relevant
chemical species, namely,@) from O; photolysis and OH()
from reaction 6. These distributions are fairly well understood
at present but they can be modified in collisions with other 0.02
environmental species f@nd N, which are by far the major
constituents of the atmosphere). Thus, we are led to a third
distribution which is actually the one present in the environment 0.00
at discussion:steady-state distributioriThis cannot be antici- 0 5 10 15 20 25 30 35
pated prior to considering the environment in its full photo- v
chemical complexity, although we may think that any modifi- Figure 1 A(_:omparison of the initia_l and fir_1a| vib_rational distributions
cations would be restored by subsequent photochemical and/orfor the vibrationally excited oxygen in the simulation study of th&.Q

. . + O,(v'=0) inelastic collisional process carried out in the present work.
reactive processes. In this work, we attempt an answer to theThe results refer to a total of 25000 trajectories, being the initial and

question: what happens to the nascent distributions of vibra- fing viprational distributions shown by the dashed and solid lines,
tionally excited Q (formed from the ozone photolysis) and respectively. The translational energy is thermalize@ at 255 K.
vibrationally excited OH (coming out of reaction 6) upon
collisions with cold molecules in the high atmosphere? In so
doing we assume that collisions with cold Play the major ~ vibrational excited products; = 1.0052,a; = 0.9560,b, =
role: collisions with N and other minor atmospheric constitu- 0.02242,b, = 0.076634,c; = 13.6570,c; = 28.7014,d =
ents are considered not to drastically alter the final results and2.39483, ande = 27.4546 are the optimum least-squares
are hence ignored. parameters. AT = 255 K, a thermalized vibrational distribution
The paper is organized as follows. Section 2 summarizes theleads essentially to a single peak &t = 0, and hence all
dynamics calculations on the vibrational relaxation processescalculations have been done by considering the cold O
leading to the steady-state distributions. The possible implica- molecules in their ground vibrational state. A thermalizéd (
tions of such results on the concentrations gfs@d OH in the = 255 K) rotational distribution has also been assumed for the
stratosphere and lower mesosphere are examined in section 3vibrationally cold Q molecules. However, the nascent rotational
In addition to some potentially important HGnechanisms  distribution of the vibrationally excited oxygen molecules
(section 3.1) and dynamics calculations on an elementary resulting from the ozone photodissociation will certainly differ
reaction not studied thus far (section 3.1.1), this section containsfrom a thermalized one. Unfortunately, such a distribution is
the kinetics results obtained from a stationary-state analysisunknown at present, and hence we have assumed that it could

0,(v’,j)+0,(v=0, )

o
B 0.04
=

(section 3.2). The conclusions are in section 4. be represented by the rotational distribution observed by Daniels
and Wiesenfeldifor the product @v=12) molecules in their
2. Trajectory Simulation of Steady-State Distributions ozone photolysis experiments at 248 nm. From an analysis of

their results, we have concluded that their rotational distribution
is well reproduced by summing a Boltzmann distributionTor
= 600 K to the nascent distribution indicated in Figure 12 of
their paper (this carries a weighting factor of 355 when the
maxima of the two separate distributions are both set to unity).
Thus, we have replaced the former by a Boltzmann rotational
distribution forT = 255 K while leaving the second distribution
and corresponding weighting factor untouched.
Except for the trivial vibrational distributions of the cold
oxygen molecules (where only the = 0 state is basically
o populated fofT = 255 K), the initial vibrational and rotational
distributions employed for the simulations of the present work
are displayed in Figures 1 and 2. In fact, a computer simulation
employing the traditional approach (ref 25, and references
therein) has shown that such distributions can be accurately
mimicked with a few thousand trajectories, and it is the very
conservative results obtained in this way by using a total of
25000 trajectories that we consider as the initial distributions.
Also shown in Figures 1 and 2 are the final distributions
obtained after the collisional simulation study. Despite some
2 significant energy transfer, the results indicate that both the
P, :{Z a expb (v’ — ¢)’} A() (7 vibrational and rotational final energy distributions maintain
most of the features of the corresponding initial (nascent)
distributions.
where A(v') = {1 — tanhfd(v' — €)]} is a damping function Of particular relevance for the ozone chemistry are the
which controls the antithreshold behavior for formation of differences between the initial and final vibrational distributions

All calculations reported in this work (see also section 3.1.1)
employed the classical trajectory method as implemented in an
extensively adapted version of the MERCURY/VENU396
computer codes. Since the technical details concerning the
integration of the classical equations of motion and boxing
procedure for the assignment of vibrational and rotational
guantum numbers are similar to those employed in previous
work (refs 11 and 23, and references therein), no details will
be given here.

2.1. The Oy(v, j) Distributions. To study the involved gfv'")
+ Oy(v""=0) inelastic processes, we have employed the
DMBE I° potential energy surface. The initial states of the
colliding species were defined as follows. The initial vibrational
distribution of the vibrationally hot oxygen has been chosen so
as to mimic the distribution obtained from the @hotodisso-
ciation experimentsat 226 nm, while that of gf+''=0) (cold
oxygen) was assumed to be thermalized at 255 K. For the
former, the relative micropopulation has been modeled by the
following bimodal distribution:
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Figure 2. As in Figure 1 but for the rotational distributions of in the
Oy(¢") + Oz(v''=0) inelastic collisional process: (a)@''=0) and (b)
Oz(U').

of the vibrationally hot oxygen molecules (as usual, the indices
“i” and “f” will be used to label the initial and final states).
Clearly, the most significant changes refer to the vibrationally
excited states’ > 20, where the major alterations correspond
to an increase of the populations fgr = 25 andes’ > 28 at

the expense of's = 27. For small values aof' (for example '
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could even be observed at the expenses of a somewhat more
pronounced ¥R energy transfer; note that the(@ molecules
are formed in this reaction highly rotationally excited.

Similarly, no drastic changes are visible in the rotational
distributions. Specifically, one observes some rotational warming
for the vibrationally cold @ molecules, while the bimodal
rotational distribution of the vibrationally hot Omolecules
shows on average hardly any changes, except for a small shift
to the left of the second peak corresponding to thed@ational
distribution from the photodissociated ozone.

Despite the fact that the initial and final distributions show
similar patterns, this by no means implies that there has not
been a significant energy transfer at the microscopic level. In
fact, although only six €0.1%) out of the total number of
trajectories ran led to a vibrational excitation of the colgd O
molecules ta''s = 1, there have been 3529 (14%) vibrationally
hot molecules that experienced vibrational relaxation. However,
if rotational transitions are considered, then the number of
vibrationally cold Q molecules that suffered a rotational
transition raises to 7306 (29%), while this number increases
further to 16548 (66%) for the hot ones. Table 1 summarizes
in more detail the important energy transfer processes involved.
For simplicity, they have been catalogued according to their
V—V and V—R characteristics, leaving aside the translational
degrees of freedom. For example, a process labeteR Yhay
also have a strong component of vibrational-to-translation energy
transfer, which we have made no attempt to discriminate in this
work. Note that the four vibrationally coldOnolecules which
transited tov"'s = 1 involved a ¢',0) — (¢'—1,1) transition,
while the ¢',0) — (¢'—1,0) transitions amounted to 2333. From
these results, one may calculate the thermal rate coefficients as

(8kBT)1/2
KM =aM{| 7O
wherex specifies the event under consideratign= %3 is the
electronic degeneracy factor (apparently considered to be unity
in ref 13), kg is the Boltzmann constant, is the reduced mass

of the colliding diatomic molecules, andis the temperature

in Kelvin. In turn, ¢* is the calculated cross sectiarf =
nbﬁ]aXNX/N, with bmax = 16.33 being the maximum impact
parameter. The calculated thermal rate coefficients are also
shown in Table 1. Of these, the result for the totatW energy

(8)

< 15 or s0), the differences between the two distributions are transfer may be compared with the corresponding value obtained

negligible, which may be explained from the larger size of the
vibrational quanta at low' and the small translational energies
involved. Leaving aside the translational energy, it is plausible
to expect rotational-to-rotational (RR) and rotational-to-
vibrational (R-V) energy transfer (the latter involving primarily

from Table 3 of ref 13 al = 300 K using a potential energy
surface which does not allow for reaction. One obtains for the
latter (suitably multiplied byge) the value ofy ,/k, o-y-11=

2.5 x 10718 cm? s71, which compares well with the result of
(1.1+ 0.4) x 10 cm?® s reported in Table 1 fol = 255

high ' states) to be the most efficient mechanisms since a K. Finally, we observe from Table 1 that multiquanta vibrational
smaller amount of energy is transferred. As a result, the secondtransitions tend to predominate, possibly involving higlstates

peak in the final distribution of the vibrationally hot,O
molecules arises af; = 26, rather than at its original value of

since most vibrational transitions occurred for such a regime.
This result may be explained from the smaller size of the

vy = 27. We emphasize that the molecules are left after the associated vibrational quanta, allowing a wider variety of

collisional process sufficiently energetic to react with vibra-
tionally excited hydroxyl radicals leading to ozone forma-
tion.2326Note also that the population of = 29 has increased
slightly, while the states’s = 30 andv'; = 31 have also become
populated. Although such excitations occurred only to a small
extent, it is also true that they have led te(©) species with a
higher propensity for reaction. A final remark to note: if one

combinations susceptible of matching the vibrational and
rotational energy spacings of the cold @olecules.

2.2. The OH(, j) Distributions. Despite the fact that a
detailed dynamics study of the OH(+ O,(''=0) vibrational
relaxation process has been repofethe major role played
by such a process in the title issue warrants a simulation similar
to that presented in the previous paragraph but for the nascent

had instead assumed as the initial rotational distributions thoseversus steady-state distribution of QH( We emphasize that

obtained from a quasiclassical trajectory sttdgr the reaction
O + O3 — Oy(v) + O, then some vibrational warming of the
final vibrational distributions with respect to the initial ones

only collisions of OH{¢') with vibrationally cold Q are
considered, leaving aside the reactive processes which have also
been a subject of previous stud®@g€7-28 For consistency, all
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TABLE 1: A Summary of Some Energy Transfer Processes Involved in the &2',j'") + Ox(¢"'=0,") Inelastic Collisional
Simulation Study at T = 225 K Carried out in the Present Work?

probability kxv',,j',,L"'|,j”|"b"hj'M/'ij”f

ype pI’OC9§S(:X) Nx ¢ (%) (1013 X Cm3$’1)
&Y, Ox(v1) + Ouft/'=0") — Onlufr=0/i—1{'9) + On(t/'=L1]") 6 <0.1 11+04
V-R O{0/i) + Oale”1=0") — Oal'i=2/—1]'1) + Oal"=0J") 2333 9.3 42058
V-R O{1/1f') + Oa(1/1=0y") — Oult'i=0'—2'r) + Oalu/"=0j") o7 0.4 e
VoR  Ofufi) + 0o =0]") — Onlu/i=f—nj)) + O/ =0j") 1093 44 bos o
V—R OZ(U’i,j’i) T Oz(U”iZOyj”i) . Oz(U'le/’i,j’f) + Oz(Z/”fZO,j”f) 3529 14.1 635k 8

R-R Ouv/i') + Ol =04") — Oulu/i=r/1]'1) + Oulu"=0j") 4372 175 a1l

2 The maximum impact parameter in this simulation has bmgp= 16.38. ° If a quantum level is left unspecified, the reported quantity refers
to all possible initial states.N* represents the number of effective events out of a total numbRr=sf25000 trajectories raf.n > 3.

0.30 subject to collisional relaxation before emittiffy.Such a
relaxation is most likely responsi§fefor the two-temperature
0.25 F L. o T rotational distributions observed in the night-glow data: a low
OH(, j)+0,(=0,j7) : § temperature €200 K) in the rapidly relaxed lower rotational
0.20 | levels {' < 5) and a much higher apparent temperature in the
—._]_ slowly relaxed higher rotational levels (for a two-temperature

rotational distribution observed in calculations for thetGDs
reaction, see ref 11). Note that Polanyi e¥’&have also carried
out an experiment where they measured the Meinel emission
of nascent OH created by crossed beams of H apd/0
comparison between the nightglow (partially relaxed) values
of Osterbrock et ail0 and Polanyi'8?33 nascent (but also
: partially relaxed) values show significantly lower rotational
0.00 L .- L L populations with increasing rotational excitation. Of course, such
0 2 4 6 8 10 differences may have implications on the result of the current
simulation, although no attempt will be made here to quanti-

Figure 3. A comparison of the initial and final vibrational distributions tatively assess their magnitude. Llewellyn and L¥nderived

for the vibrationally excited hydroxyl radical in the simulation study - _ 32,33
of the O(v') + O(v''=0) inelastic collisional process carried out in nascent rotational temperatures for- 7—9 from Polanyi'$ 38by’
the present work. The results refer to a total of 20000 trajectories, being data. These are found to be somewhat smaller than CdSby’s

the initial and final vibrational distributions shown by the dashed and temperatures for = 7 but larger forv = 8 andv = 9. It should
solid lines, respectively. further be noted that the nascent OH rotational and vibrational
distributions are dependent on the reaction producing the OH,;

calculations employed the HODMBE | potential energy ~ SE€ ref 35 for an example of OH produced fromCy

surface?® As in the case of gfv') + O,(¢/'=0), the vibrationally Figure 4a shows the effective nascent rotational distribution
cold O, molecules aff = 255 K are considered to be in their 0f OH employed in the simulations of the present work. It
ground vibrational state, while the O nascent vibrational represents the result obtained from the rotational sampling done
distribution has been taken from Ohoyama et&kee Figure according to Cosby® relative rotational micropopulations for

3. In turn, the relevant rotational populatidhsised in the  the six OH Meinel bands. In turn, Figure 4b depicts the
present simulation are those of Co&bipr the six OH Meinel corresponding rotational distribution for the vibrationally cold
bands (40, 5-1, 6-1, 7—2, 8-3, 9-4) in the coadded data Oz molecules, which was taken as the Boltzmann distribution
set “order”. These bands were recorded simultaneously by thefor T = 255 K. Although such rotational distributions are well
HIRES schelle spectrograph on the Keck | telescope during the mimicked with a few thousand trajectories, a very conservative
14 months in the period Dec 199May 1997; a description of ~ number of 20000 trajectories has been employed in the present
this data set can be found in ref 31. Such populations refer to simulation. Also shown for comparison in Figures 3 and 4 are
the upper state rotational levels and were conveyed to us as théhe final distributions obtained after the QM) + Ox(v"'i=0)
natural logarithm of the ratio of the population divided by the — OH('r) + Ox('"1) vibrational-rotational relaxation. Clearly,

P®)
o
&

rotational degeneracy, namely, N{J')/(2J' + 1)], wherelJ' is there is significant energy transfer, with the results indicating
the total rotational quantum number. Assuming the Hund’s casethat the final vibrational steady-state distribution maintains
(b) limit, the nuclear rotation quantum numbsrfor the spin- roughly 70% of the initial populations for the three highest
orbit levelsF is given byN' = J + 1/,; for Fo, N = J — 1/, vibrational levels {' = 7—9). Although one might conjecture
We have used\' (denotedj' heretofore for consistency), that this would inhibit the OH() reactivity in a corresponding
although we should note that for OH ealsh will consist of proportion, the quantitative effect is likely to be significantly
two levels separated by significant energies at Mv(actually less than the observed 30% reduction for te= 7-9

there are four levels if we also consider the nondegeneracy ofpopulations since the lower OH vibrational states may also
the lambda doublets, but the#f splitting is significant only at contribute to the reaction with 2'") to form ozone. In fact,
highJ, e.g., iti$°5 cmml atJ = 17.5 inFy). the populations of the' = 4—6 states is found to increase by
Despite the care taken in deriving the QH(rotational 60% or more with respect to the initial values, with similar
populations, the authoi%cannot warrant that there are no populations being observed fgf < 3 which were initially zero.
systematic changes in the absolute populations from band tolt should also be pointed out that some fraction of the OH-
band. Hence, the relative vibrational populations may not be (¢'+=9) molecules have an energy significantly higher that the
guantitative. Moreover, they represent season-averaged valuesjuantum mechanical value associated to this state. Given the
for OH in the nightglow (i.e., created by the H O reaction) limitations of the boxing procedure, such an observation may
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Figure 4. As in Figure 1 but for the rotational distributions of (a)
OH(2") and (b) Q(v'"") in the OHE') + Oy(v''=0) inelastic collisional
process.

be taken as evidence to support the faint @H{0) emission
line recently detected in the night air-gldWNeedless to say,
these %' = 10 states” would contribute to enhance further the
reactivity and, hence, support our estimate of a reductid@%
on the reactivity of OH{") in collisions with Q(2'") when one
replaces the OH() nascent distribution by the steady-state one.
In this regard, it is not excessive to emphasize that the initial
rotational distributions employed for the simulations are partially
relaxed, which gives further confidence to the expectation of a
scaling down in reactivity significantly smaller than 30%.
Another interesting result concerns the rotational distributions.
One observes that the depletion of the [0 wtates in the initial
“nascent”) rotational distribution of OHl{) is compensated by
a rotational warming of the final (steady-state) one. From

energetic considerations, one expects that highly excited rota-

tional states (populated up f6 = 30) correspond to low's
levels. This is an interesting result in itself, since there is strong
evidence from the mesosphere that highly excited rotational
levels as high as 3633 are preseri although such levels were
completely undetected from Polany?s® pioneering studies.
Highly rotationally excited states have also been recently
observed for the OH(=0,1) products in the reaction of fast
hydrogen atoms with ozorf.It is not clear though whether
the highj populations are formed directly through the reaction
6 or through a secondary energy transfer proég&Sance such
highly rotationally excited products could not be observed from
our H+ O3 dynamics studied, we are tempted to believe that
they may (at least partly) be an outcome of an unusually efficient
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V—R collisional energy transfer with the nascent OH(high
low ") states. This is corroborated from the last entry in Table
2, which shows that pure RR transitions are extremely
unlikely.

As already noted, important energy transfer processes have
occurred. For example, 7.3% of the vibrationally cold O
molecules transited to's = 1, but of these, only 0.6% and
0.9% involved the processes Q) — (¢v'—m,1), withm=1-2
in that order. Even smaller fractions of cold, @olecules
transited ta''s = 2 andv''s = 3, respectively, 0.8% and 0.1%.
The total deexcitation of OH() amounted to 41%. Table 2
summarizes some of the thermal rate coefficients obtained from
eq 8 withge(T) = Y3[1 + exp( 205M)]"%; all other symbols
retain their meanings corresponding to those previously assigned.
Thus,o* is the calculated cross section for procgswith the
maximum impact parameter being n@w.x= 11.3a0. The only
piece of experimental data that may be offered for comparison
is the collisional removal rate constant reported by Chalamala
and Copelant for the OH(IT,»=9) radical in collisions with
ground state @ They report a value of (1% 11) x 10 2¢cm?3
s 1 at room temperature. This is about 3 times smaller than the
total deexcitation rate of (62 1) x 1072 cm?® s™! extracted
from the present calculations, which is in turn about twice
smaller than our previously report€dstimate. Such a differ-
ence may be attributable to the fact that the rotational states of
the colliding species have thérbeen fixed af’; = j''; = 1.
Thus, rotational excitation seems to play a significant role on
the removal rate constants in QH)(+ Oy(+''=0) collisions,
an issue that warrants further investigation. As in the case of
Ox(¢'1)j'1) + Oo(¢'"i=0j";) discussed above and in ref 26,
multiquanta vibrational transitions are found to dominate.

3. Possible Effect on the Concentrations of @and HO»
in the Stratosphere and Lower Mesosphere

3.1. Some Potentially Important HOQ, Mechanisms. We
examine here some potentially important H@enoted also
HOy+3) mechanisms which have not been investigated thus far.
We start by recalling that the concentration of H atoms is rather
smalP? for altitudes up to~40 km. Thus, to a first approxima-
tion, the mechanisny = 0 may be ignored at such altitudes.
Moving upward, [H] is know# to slightly exceed [OH] and
[HO,] above~60 km. In turn, [Q] shows?® a decreasing pattern
with altitude from its maximum at+40 km, being always larger
than [H], [OH], and [HQ]. The study of the HQ}3 mechanisms
may then be split inty = 1 and 2 for altitudes below40 km
and intoy = 0—2 for higher altitudes. Moreover, owing to the
disparity of the rate constants for reaction 1 [fortHO3;, OH
+ Oz, and HQ + Oz at 255 K, one ha8 2.1 x 1071, 3.8 x
10714 (this can be much larger if OH is vibrationally excitéyl
and 1.3x 1071 cm? s71], a further split of the latter inty =
0 and 1 and intoy = 2 is plausible.

They = 1 and 2 mechanism assumes the form

3[OH + O, — HO,(v) + O] 9)

HO, + O; — OH+ O,(v) + O, (10)
4[0; + hv — O,("") + OCP)] (11)
HO,(V) + O,(¢'") — O4+OH (12)
HO,(v) + O,('") — OH + O, + O(P) (13)
HO,(v) + O,(v'") — HO, + 20(¢P) (14)
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TABLE 2: A Summary of Some Energy Transfer Processes Involved theu(,j') + (¢'=0") Inelastic Collisional Simulation
Study at T = 255 K Carried out in the Present Work?)

probability Kiraritvrigei'
type process(=x) Nxe (%) (10713 x cmis™)
V-V OH(V/1,j")) + Ox(¢i=0j"}) — OH('=v/i—1'1) + Ox(¢"=1j") 123 0.6 1141
V—-R OH(';,j"i) + Ox(v"i=0j") = OH(V'=v'i—1}'1) + Ox2"'+=0""r) 1131 5.7 103t 3
V—-R OH(®'i,j"i) + Ox(v"i=0j") — OH('i=0'i—2}'s) + Ox(v"'+=0""1) 1090 5.4 99+ 3
V-R OH('i,j"1) + Ox(¢/i=0") — OH(v's=v'i—m,j’1)%) + Ox(v/"=0,"7) 4418 22.1 4015
V-R OH(1,j") + Ox(¢/i=0,") — OH(v'=0/ij's) + Ox(¢'=0,"7) 6639 33.2 603t 5
V—-R OH(U'i,j'i) + Oz(l/”i:OJ”i) - OH(U'fill'i,j'f) + Oz(l/”f,j”f) 8266 41.3 750t 6
R—-R OH(U'i,j'i) + Oz(U”iZO,j”i) e Oz(U'f=U'i,j'f) + Oz(U”f=0,j”f) n.o¢ n.o. Nn.o.

aThe maximum impact parameter in this simulation has l®gp= 11.3%. ° If a quantum level is left unspecified, the reported quantity refers
to all possible initial states.N* represents the number of effective events out of a total numblIr=sf20000 trajectories raf.m > 3.€n.0.=
not observed for the specified state conditions.

O,(v') + O,(v") — O, + OCP) (15) 08
0.7 -
8[O(P) + 0,+M — O;+M] (16) o6 HO,(v)+05(27) — HO»+0+0
Net: 30, + 4hv — 20, a7 o5
where v denotes collectively the three vibrational quantum "5 04
numbers of the triatomic, and,Q'>v'¢) [denoted simply by "o

Oy(¢')] is an oxygen molecule formed via chemical reaction, 0.3
which is typically less vibrationally excited than the(@'=v" o)

molecules formed by ozone photolysis. Thus, within the spirit 02r

of LTD, they will be treated as distinct species. Note that 01k

reactive collisions involving two &''>v"g) molecules are

ignored since such a second-order process{o'Qis less likely 00 - 1 2 3 4 5 6 7 s

to happen, while pertaining more to,Orather than HQ
chemistry. If the reactions 9, 11, #24, and 16 are instead

considered with appropriate stoichiometric factors, one obtains ('=27)— HO, + 20. Indicated by the dots (with corresponding 68%

they = 1 mechaniswhose net result is OH 20, + 3w — error bars) are the actual calculations, while the line indicates the fit to
Oz + HO;. In turn, they = 0 mechanistinvolves the reactions  gq 27.

OH(') + Ox(¢") — O3 + H, OH(') + Os(v/) — O, + O +
H, and OH{') + O(v"") — OH + 20, leading to the net result  when OH has one or more quanta of vibrational excitation (for
H + 20, + 3hw — Os + OH. For they = 0 and 1 mechanism,  ground vibrational OH, it is energetically allowed only for
one then obtains H- 40, + 6hv — 20; + HO;,, showing that  translational energies above?.5 kcal mot?). By considering

it is a source of @and HQ at the expense of OH. This result  eqs 9-17 and eqs 1826, one obtains thg= 0—2 mechanism.
may be of significance to explain the so-called “OH surplus” we emphasize that the above mechanisms find support on
in the lower mesospheré:2 theoretical studies of the involved elementary chemical reactions

Alternatively, we may formulate thg= 0 and 1 mechanism  (ref 5, and references therein), including those for the reaction
in a way similar toy = 1 and 2 by replacing OH by H and HO 14 which are reported next.

E;/kcal mol™!
Figure 5. Calculated cross sections for the reaction d®+ Oy

by OH. One then has 3.1.1. The Reaction HQ¥) + Ox(¢'") — HO, + 20. Although
no evidence has been reported thus far for this reaction,
3[H + 03— OH(v) + O] (18) trajectory calculations have shown that it occurs when the
. , vibrational excitation in H@exceeds 36 kcal mot (this is the
OH + O —~ H+ O() + O, (19) average vibrational energy of the Hroducts in the OH(=0)
4]0, + hv — O,(v") + O(3P)] (20) + O3 reaqtion, which is the main source of hydroperoxyl radi_cals
in the middle atmosphere). In fact, rotationally thermalized
OH() + O,(v'") — 05+ H (21) calculations for the reaction HQ¥) + O(v"'=27) — HO, +
20 with such a vibrational excitation democratically distributed
OH(®') + O,(v'") — O, + O(SP)+ H (22) by the three vibrational normal modes of K@ives a rate
constant ok = (4.6 4+ 0.8) x 108 cm¥statT=255K (a
OH(') + O,("") — OH + 20(P) (23)  total of 12500 trajectories have been run, with an optimized
. ., 3 maximum impact parameter dfn.x = 5.9%0). A somewhat
Oy(v') + Oy(v'") — O5 + O(P) (24) smaller value is obtained whern @ fixed at the rotational state
3 . j = 1, while HG; is kept thermalized. Figure 5 shows that the
8[O(P)+ O;+M — O3+ M] (25) calculated cross sections given in Table 3 are then well fitted
Net: 30, + 4hv — 20, (26) by the excitation function
The major difference with respect to the sunmyoef 0 andy = o'= CE," + BE; exp(~ mE,) (27)

1 mechanisnfds therefore the assumption of reaction 19 instead
of 9. In fact, a careful analysis of the output from recent with B = 0.0228,C = 0.2032,m = 0.1382, anch = 0.7157
trajectory calculatiord43has shown that the reaction 19 occurs being the optimum least-squares parameters; units are such that
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TABLE 3: Summary of the Calculations for the Reactior?
HO2(v) + Oy(¢'=27) — HO, + 20

=

(kcal mol) Brmax(@o) o' + Ad'(a?)
0.5 7.9 0.33+ 0.15
1.0 6.8 0.24+ 0.11
2.0 5.9 0.18+ 0.08
4.0 5.3 0.29+ 0.09
6.0 53 0.4+ 0.11

a See the text.

with the translational enerdg; in kcal moi™! the cross section

J. Phys. Chem. A, Vol. 107, No. 19, 2003775

photolysis which takes place at wavelengths shorther flgan
and Jo—o@p) = PJoy(4,2y)dA is the total Q photolysis rate
constant leading to GR). Note that the wavelength-integrated
photolysis rate of @is 2Jo,[O-], and hence the extra factor of
4 accounts for the fact that there are four photons consumed in
the mechanisms-916. For simplicity, we consider now the;O
photolysis to be at = 226 nm,»""q = 26, R,>2 = 0.081, and
the long wavelength threshold for production of vibrational
excited Q to bely = 243 nm, since these data can be taken
directly from ref 4. We should point out that such conditions
may be somewhat too restrictive as the calculafibffshave
shown that ¢',»'") = (3,12) is about the lowest vibrational

is in aj. From eq 27, the corresponding specific rate constant combination in OH{') + Ox(+") collisions capable of leading

can be calculated analyticatfyas a function of temperature
yieldingk= 1.7 x 1072 cm® st atT = 255 K. This is roughly

one-half of the rotationally thermalized value reported above,

to reaction. Table 4 gives the rati®s, so obtained (we have
further assume#t = kp andk's = kjs). As seen, the proposed
new source producesz@t rates which range from 0.15 to 0.04

although the 68% error bars in the reactive cross sections arethe principle Q photodissociation source as the altitude varies
appreciable despite the fact that 3000 trajectories have been rufrom 40 to 55 km. Note that the second term in eq 29 gives a
per translational energy. Thus, conversely to findings in studies minor contribution due to the smaller magnitudekgfrelative

of other reaction8**4°rotational excitation seems to play an
important role as it promotes the dissociation of vibrationally

hot O, by increasing its energetic content. However, the salient
feature is the magnitude of the total reactive rate constant which

is found to be 2 orders of magnitude larger than for,HEOO;;

a detailed study of such a reaction will appear elsewtfere.
3.2. Kinetics Results.The possible effect of thg = 1 and

2 mechanism on the concentration of stratospherici®©

investigated by using the stationary-state assumption fgep

and [HO(v)] + [O2(v'")]. This may be rationalized from the

to klO-
In turn, the ratiog~o; can be approximated by

[Og]

Foi = (ZRy"zu"oRAOJOfO(zP) +3 Zkh[H])m (30)
2

wherek;, is the rate of the H+ Oz reaction; since the rate
constant for the reaction OH O3 — H + Oy(¢') + Oy is
expected to be rather small at typical stratospheric temperatures

magnitude of the rate constants of reactions 9 and 10, which even for OH radicals with one quantum of vibrational excitation,
suggest that gv') may be best treated independently from the the corresponding contribution can be neglected. Table 4 shows
other two intermediate species. Substitution of such stationary-that Fo; dominates at high altitudes due to the increasing role

state concentrations into the rate of additionglpgPoduction
due to reactions 1215 gives

d[o
% - %(4 Sz, 00 22D 2 (D)L + 3k[OH] —

2k
dHODIO] + 5o (04 (28)

whereJo,(4, zy) is the photodissociation coefficient og@hich
depends on the wavelength altitude z, and zenith angle;
®,= (1) is the quantum yield for production of Q"' = v"¢),
andk, is the rate constant for reactionIn turn,kp andk'p are
the total collisional removal rates of H@) and Q(v'"),
respectively, which may be approximatedtpy~ ki» + ki3 +
k14 and k'D ~ k15. Moreover,k = k12 + k13 + 2k14, with the
factor 2 accounting for the fact that O recombines fast wigh O
to form Q.

Relative to the rate of ©production in the conventional
mechanism, the fractional additional odd oxygen production
assumes the form

k
F12 - {K(4Rv”> U”OR/lo\]Os_’O@P) + 3k9[OH]) +

2Ky5 k [O4]
(K_D - %)"“’[HO?]} 835103

where the constant yiel@®, > o) = PRy, [P is the
quantum yield of reaction £+ hv — O, + O(P) for production
of Oz in a stater” = "o, and R, =0 IS the probability for

(29)

of atomic hydrogen. In fact, althoudty; assumes values 3 times
smaller than those obtained from the Wodtkeechanism at

40 km (0.48), it becomes 30 times larger than that at 55 km.
This estimate is smaller than fgr= 0° and about twice larger
than fory = 0—2, which may be explained by the lower
efficiency of the photons used to sustain less reactive processes.
Yet, even in this less favorable situation, the ratio of additional
odd oxygen production is more than 1 order of magnitude larger
than predicted by the Wodtke mechanism at 55 km!

In an attempt to find a more realistic answer, consider what
happens to a newly formed OH) species. Two basic situations
can arise. The first is a collision of OHJ with a N, molecule.
Since N occupies 80% of the atmosphere, the question is then
to know whether such a collision can still leave OH sufficiently
hot to react with Q(»''). Measurements have sho#that N,
is a slow collider leading to a slow decrease in the population
of OH(v=9), while G is the dominant quencher. The remaining
20% probability refers to a collision of the nascent @Hith
molecular oxygen. Using the calculated steady-state distribu-
tions, the chance of such a collision to involve ag(0=>24)
is estimated to be about 12%, becoming 8% if one takes instead
O,(v''=25). By considering now that the probability of obtaining
OH(v'=3) is about 80%, one obtains for the composite prob-
ability of a reactive collision a value of 8%. One might argue
that a further reduction by a power of 10 should be introduced
to account for the proportion of ') directly formed in the
ozone photodissociation. However, such a reduction might lead
to a severe and most likely erroneous underestimation of the
O4(¥'") concentration having in mind eq 5, and hence, it has
not been considered. Of special significance though is the fact
that vibrational deactivation in OH() + Ox(v'"") collisions

such a reaction to produce such high vibrational states] has beer{which is dominated by multiquanta vibrational transitions) has

assumed,R;o = Jo,(4,2))dA/ fJo,(4,2,x)dA is the fraction of Q

been founé® to be insufficient for quenching the population of
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TABLE 4: Ratios of Additional Ozone Production? Obtained from Mechanismsy = (0,1) andy = (1,2)'

altitude  10%40,-0¢p) 1071905 101J, 10750, T 10%¢ 108 10°8H]> 10°9OH]® 10°§HO,°

(km) (s (cm™3) (s (em™®) R (K) (cmPsd) (cmPs™) (cmis™?) (cm™9) (cm™3) Fio Fo1
55 14 2.3 11 2.4 0.14 265 4.36 1.46 1.1 1.1 6.0 0.04 4.15
50 12 7.0 8.0 4.5 0.12 270 4.68 1.52 x71072 1.0 5.0 0.08 0.68
45 11 15 6.5 8.4 0.11 268 4,55 1.49 71074 0.8 3.0 0.09 0.09
40 8.0 58 3.7 17 0.08 255 3.76 1.33 10 0.5 1.0 0.15 0.15

a Except where indicated, input data has been taken from ref 4. For the reactto®+H— OH + O, which is necessary to estimdfg;, we
have used the recommended expression in ref 40 for2a0K < 360: k = 1.4 x 10 P%exp(~ 480/M) cm?® s™L. b Estimated from ref 39 From
the recommended expression in ref 40 for 220/K < 450,k = 1.9 x 10 *%exp(=1000M) cm® s~*. ¢ From the recommended expression in ref
40 for 250< T/K =< 400,k = 1.4 x 10~ exp(—600/T) cm? s™1.

vibrationally excited molecules before reaction takes place to the actual collisional processes in the high atmosphere, the above

form odd oxygen. Naturally, the analysis should entail other findings support our claim that vibrationally hot @ formed

factors. For example, the existence of other vibrationally excited there copiously and not rapidly quenched. Despite a somewhat

species in the upper atmosphere may enhance reactivity througtigher degree of vibrational quenching due mainly to the low

V-V processes (intermolecular transfer), particularly in colli- rotational energies involved, similar conclusions can possibly

sions of Q with vibrationally excited N: the resulting be extracted for the vibrationally hot hydroxyl radical formed

moderately excited ©molecules would then collide with each  from reaction 6. Thus, there are reasons to believe that the

other to self-deactivate one and self-activate the other. Thus, if populations of vibrationally excited £Oand OH will roughly

the total collisional removal ratdg, andk'p turn out to be a be maintained on an average sense under the environment of

factory-fold larger than those assumed in obtaining eqr29, the high atmosphere. Although similar studies would be useful

(similarly for the other ratios) will be a factoy-fold smaller. for the Q(v) + N2 and OHg) + N processes, we see no reason

For example, if one choosgs= 12.5 to allow for the fact that  of principle for expecting a different result since I$ known

only about 8% of the collisions are predicted to involve @H( to be a poorer quencher of both(@) and OH¢) than Q.

+ Oy(¢"") in vibrational states that lead to reactidiag will still We have also reformulated the K6ycle for ozone depletion

be twice the Wodtke ratio at 55 km (and probably significantly to become a source of stratospherig @lthough much work

larger at higher altitudes). Of course, we have ignored all but a on such a cycle has been done by other groups, we believe that

particulaf vibrational distribution of @ (such distributions take  the focus on the atmospheric implications of H@actions with

place over a continuous range of photodissociation wavelengths),vibrationally excited @ is unique thus far. Clearly, it is too

since an exhaustive treatment would be out of scope of the early to assess the impact of the present proposition. While

present work. In any case, the assumptions made seem a lotipgrading the theory may not change the major trends concern-

more plausible than to assume thermal equilibration at such high,ing the elementary reactiorlsTD atmospheric modelingould

rarefied, regions of the atmosphere. Thus, then@chanism definitely be valuable to resolve some standing issues addressed

of Wodtke and co-workefsr our revision of i¢®together with in the present work.

the novel HQ cycles may offer an important clue to the “ozone
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ones. Professor H. Teitelbaum (University of Ottawa) and helpful
Finally, we examine briefly the implications of the above HO  correspondence with Dr. P. C. Cosby (SRI International) are
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