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Dynamics Study of the OH+ O, Branching Atmospheric Reaction. 3. Dissociation in

Collisions of Vibrationally Excited Reactants
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We discuss the dissociation of the OH radical in the title molecular collisions when both species are vibrationally
excited. An analysis of the {dissociation is also reported. All calculations employed the quasiclassical
trajectory method and a realistic double many-body expansion (DMBE) potential energy surface for ground-
state HQ. The results are compared with those referring to formation of &@ G under similar conditions.
Possible implications on atmospheric models for ozone production are tentatively assessed.

1. Introduction

Production of vibrationatrotational excited OH radicals and
O, molecules, heretofore denoted as @h@nd Q(v"'), has

been observed in several atmospheric reactions; for a recent
review on theoretical work, see ref 1. For example, the reaction

H 4+ O, — OH(X’IL,v') + O, (1)
leads to OH in vibrationally excited states with quantum
numbers up ta/ = 92713 In turn, photodissociation of ozone
within the Hartley band yields vibrationally excited molecular

oxygen with a distribution peaking in the vicinity of = 14
andv" = 27* according to the reaction
O; + hw(A < 243 nm)— O,(X’%;,v") + OCP)  (2)

reaction

OH(j') + Oy(¢"j"") — HO, + O (5)

(6)

However, the study of reactants dissociation under such condi-
tions remains unanswered. In relation to ozone formation it is
an interesting problem because dissociation of both reactants
lead to formation of atomic oxygen, which will then form ozone
by the three-body recombination reaction

— 0, +H

oCP)+ 0,+M—0;+ M ©)
The OH radical has attracted much attention in recent years, in
particular its photodissociatici:>>However, to our knowledge,

no single study of OH collisional dissociation has been reported.

Although quantum models have been developed to describe the

Recently, another bimodal distribution has been observed in thedissociation procesd, the use of computational procedures

photodissociation of ozone at 266 nm with peaks né&a+ 9
and " = 515 An additional source of vibrationally excited
oxygen molecules in the stratosphere is the reatdion

O + HO, — O,(X°%, v"") + OH (3)

with O, populating vibrationally excited levels up t§ = 13.
Similarly, the reaction

O+ 0, — O,(X°%;, v") + O, (4)

is known to yield vibrationally excited molecular oxygen with
quantum numberg’ < 141417The existence in the stratosphere

based on the quasiclassical trajectory (QCT) approach makes
such a study easier and also general for collisions involving
polyatomic systems (for example, a QCT study of dissociation
in Hy + Hy collisions has been recently reporf&dA major
goal of the present work is therefore to report a detailed QCT
study of the reaction

OH(@'j") + O,(v"j")—0O,+H+ O (8)
by considering various combinations of vibrational and rotational
excitations. For this, as in paper¥ land 112° we employ a
realistic single valued DMBE potential energy surf&der the
electronic ground state of HOThis function will be denoted
from now on as DMBE |, since an improved potential energy

of such vibrationally hot species under conditions of nonlocal Surface (DMBE II) has recently been reportéd

thermodynamic equilibrium (non-LTE) or “local thermodynamic

disequilibrium” allows the occurrence of endoenergetic reactions

which would not be viable otherwisé® In a series of
papers®-21 (hereafter referred to as-1ll), we have studied the

role of the internal energy of the reactants in the branching

T Permanent address: Departamento tkicBi General y Mateftiaa,
Instituto Superior de Ciencias y TecnolagNucleares, 6163 La Habana,
Cuba.

* E-mail: varandas@qtvs1.qui.uc.pt.

H+0O;,—0OH+0, 9

for this system based on accurate QCISD/CBS (quadratic
configuration interaction including single and double electron
excitations extrapolated to the complete basis set limit) calcula-

tions. This DMBE Il potential energy surface has already been

employed in paper lI#! although we use here DMBE | for
consistency with previous studies in papéPsahd I° (see also
refs 16, 26, 2830).
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TABLE 1: Summary of the Trajectory Calculations for

OH(¥/ j'=1) + Oq¢'j"=1) = H + O + O, sor
6,1) 27,1) 2
v " Evibiro, kcal mol! Ey, kcal mol? bpax A 0% H + Ag©H A2 80 ¢ = HO4("A)
6 13 111.10 0.5 4.8 1.08 0.20 7, 100 F=\‘en g
1.0 4.2 0.64t 0.14 E L OffrG70
25 39  0.62:0.12 E 1200 en e 7575,
29 34 0465009 E 140 L ommewn
6 16 121.62 0.5 6.0 5.32 0.53 g -160 |
1.0 5.1 4.13+ 0.40 5
2.5 4.1 3.0+ 0.27 g -180 | O+HO,
5.0 3.9 2.46+ 0.24 =
10.0 3.7 2.56+ 0.23 200 -
3 27 128.45 0.5 6.0 9.0 0.71 220 |
1.0 5.8 7.34+ 0.60 s o
2.5 5.4 4.85+ 0.46 240 L
5.0 4.7 3.68+ 0.35 Reaction coordinate
9 13 131.48 10605 4600 390% 8% Figure 1. Schematic diagram showing the energetics of the title
: 1.0 53 6.9 052 reaction according to the HMMBE | potential energy surface. For a
25 44 5.00f 0.37 comparison with DMBE I, see ref 21.
5.0 4.0 4.4 0.32 .
10.0 4.2 3.6 0.30 to the usual procedure, leading to an accuracy of abduf
9 16 142.00 0.5 6.1 14.79 0.87 A the calculated values are reported in Tables 1 and 2. Batches
%-g g-g 1%-3& 8-;3 of 2000 trajectories have then been carried out for each
50 28 6.48+ 0.46 translational energy and vibrationaiotational combination
10.0 45 6.23+ 0.42 making a total of 8.6x 10* trajectories. The energetics of the
6 27 153.48 0.5 6.3 16.98 0.96 involved processes is best seen in the diagram of Figure 1, which
%-g g-g ﬁi% 8-23 indicates by the line segments on the reactants side the various
50 5.2 9.5+ 0.60 vibrational-rotational combinations according to the O
10.0 4.8 8.03: 0.47 DMBE | potential energy surfaé&employed in this work. As
9 27 173.85 0.5 6.2 19.88 1.00 seen, they are all quite above the energy of the transition state
%'g g'g %S'g% 8'38 for reaction. This implies that the QCT technique is ideally
50 54 12.18¢ 0.69 suited for the present study as the number of accessible states
10.0 5.2 12.02- 0.66 is so large that quantum results are nearly impossible at such

) . high energies.
TABLE 2: Summary of the Trajectory Calculations for
OH(v J) + O"=16/") = H + O + O, 3. Results and Discussion

Evi roty EI’) . . . .
J " keal m)rl keal okt b A 0O H £ AgOH A2 Tables 1 and 2 summarize the trajectory calculations carried
9 10 1 145.63 50 43 6.36 0.41 out in the present work for the t_|tle dlssomatlw_a reaction. For
25 4.7 8.92¢ 0.50 the 'calculatlons. we haye considered three distinct channels
1 9 142.29 5.0 4.7 6.7 0.46 leading to OH dissociation
2.5 5.3 6.7k 0.52 ) )
6 10 1 12599 5.0 3.8 3.180.26 OH(®@'j") + O0"j") — 0,0, +0O,+H (10)
2.5 4.0 2.8+ 0.26
1 9 121.91 5.0 4.0 2.34 0.24 —00.+0.+H 11
2.5 4.3 2.444+0.26 aze = b (11)
The paper is organized as follows. Section 2 provides a brief —0.0,+0,+H (12)

survey of the computational method. The results are presented
and discussed in section 3, while the major conclusions are in

. where the indices a, b, and c label the three oxygen atoms. In
section 4.

the case of indistinguishable atoms, the reactions in eqs 11 and
12 have similar probabilities of occurrence with the percentage
of reaction in eq 10 increasing with internal energy of OH. Thus,
Following previous work, the QCT method as implemented we will consider only their sum in the following discussion.
in extensively adapted versions of the MERCURY/VENUS96  For total internal energies close to 111 kcal miplwhich
codes has been used for the present study. Calculations haveorresponds to the combination QM€6, | = 1) + Oy
been carried out for diatorrdiatom translations energies over (v''=13j""=1), the cross section for dissociation is small. Thus,
the range 0.5 Ey/kcal molt < 10, as summarized in Tables we may consider this combination as the bottom limit for an
1 and Table 2. Thus, we focus the computational effort in the effective dissociation process (for the same internal and
range of small and middle translational energies, which are likely translational energies, one gets cross sections which are an order
to be of major interest in modeling atmospheric chemistry. The of magnitude smaller than those for the process yielding)HO
optimum step size for numerical integration of the equations of Clearly, the dissociation channel gets closed for energy com-
motion was obtained as in previous papers, and found to bebinations below the threshold given by the corresponding
10716 s (this warrants energy conservation up to 2 parts f.10  endoergicity.
The initial diatomic-diatomic separation has been fixed at 8 A Parts a and b of Figure 2 show typical opacity functions
to make the interaction essentially negligible. For each set of (reaction probability vs impact parameter) for dissociation of
initial conditions, the maximum value of the impact parameter OH in barrier-type (which is observed at high translational
(bmax) Which leads to reaction has been determined according energies) and capture-type (small translational energies) regimes.

2. Computational Details



PH + O, Branching Atmospheric Reaction J. Phys. Chem. A, Vol. 105, No. 31, 2002437

1.6 22

14 (a) 20 OH(v’ )+0,(v”)

@', v")

1.2

N
o
- g
| . =]
o opm
e
Ay 08 15}
Mo %
[~ w
S 06 g
&)

0.4

0.2

0.0 L2
1.0

E,/keal mol ™!

Figure 3. Reactive cross sectiar?H as a function of the translational

14 energy. Also indicated are tl&8%error bars. In all casgs=j" = 1.
(b)
1.2 energetic one, being larger for OH due to the higher value of
1o the rotational quanta. We find such an effect to be extensive
o (within error bars) to the collisional dissociation of OH.
S o8 However, it is not as significant as in previous Wik due to
A the higher levels of internal energy required to promote
; 0.6 dissociation. Table 2 presents the results obtained for several
= combinations having similar total internal energies and rotational
0.4 guantum numberg = 10 andj" = 9. These correspond to the
optimal populationd®?8 as given by the maximum of the
0.2 : associated MaxwelBoltzmann rotational distributions (i.e., we
0.0 : Jd , , , assume a thermalized distribution of rotational energies). It is
0.0 0.2 0.4 0.6 0.8 1.0 seen that the calculated cross sections are roughly dictated by
b/b,, .« the amount of total energy involved. This suggests that we may

Figure 2. Opacity function for OH dissociation: (a) barrier-type Keep the form employed elsewh&e* to describe the depen-
mechanism folE; = 10 kcal mot?; (b) capture-type mechanism for ~ dence of the dissociation cross section on translational energy.

Ey = 0.5 kcal mot™, Following previous work?—21 we then write
Note that the abscissae in these plotstabgax With bmax being f(Eow Eo.)
. ! o Hr Fo,
the largest impact parameter calculated in the present work (6. ¢ (Eow Eo, E)=———+
2

Eq
9(Eon Eo) Evexp(—mE,) (13)

3 A). Thus, for high translational energies (part a), the opacity
function shows a bell shape (common for reactions with a
threshold energy), while for low translational energies (part b),
it increases with impact parameter showing the effect of long- . .
ranges forces. As in previous papéts2l we encounter both whe_r_e all symbols have their _usual meaning. However, the
mechanisms in the collisional processes described in the presenfuiliary functions are now defined by

work.

3.1. Reactive Cross SectionsFor a given value of the f(EomEo) = 8 + ax + ax’ (14)
translational energy, the specific reactive cross section for OH
dissociation and associated 68% uncertainty assume the form 9(EonEo) = by + byx + bx® (15)
2

given in eqgs 10 and 11 of ref 20 withk = O—H. We now
examine the shape of the excitation functions (cross section vs
translational energy) for the dissociation of OH which are shown
in Figure 3 together with the associated error bars. For low Eoy+ Eo — E,
translational energies, the capture-type regime is seen to =" h
dominate over the whole range of internal energies considered Eq
in the present work leading to the well established (refs 32, 33,
and references therein) decreasing dependence of the reactivand the threshold energyfs, = 111 kcal mot®. The numerical
cross section witley. On the other hand, for high translational  values of parameters), n, and p have been constrained to
energies, one observes a dependerﬁﬁf,j” vs E; where the assume the same value for all reactive processes, and fixed by
derivative changes gradually from negative to slightly positive a trial and error procedure. The remaining coefficients in eqs
with increasing internal energy. Such a behavior means that,14 and 15 have been determined from a global least-squares
for high translational and internal energies, the contribution of fitting procedure; the optimum numerical values of all fitting
the barrier-type regime becomes significant. Further details parameters are reported in Table 3. The resulting fitted functions
concerning this type of mechanism can be found elsewiiefe. are shown together with the calculated points in Figure 3. It is
As noted in papers!? and IR, for a given vibrationat seen that the model fits well the calculated data. Note that in
rotational state of one of the reactant molecules, the effect of papers 1° and 1”0 the value ofn was fixed atn = /,, which
rotational excitation in the other partner is essentially an stemmed from the assumption that the dependence of the cross

where

(16)
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TABLE 3: Numerical Values? of Coefficients in Equation 13

@, v”)
(9,27)

m 0.02 n 0.4 p 12 OH(v’)+05(v™)
ap 0.652 116 a 39.041 9 a —12.5375
bo —0.015531 6 Dby 050774 b 0.287 34

aThe units are such that when the energy is given in kcalhtbe
cross section are A

section onE;, was essentially determined by the long-range
dipole—quadrupole electrostatic interaction. Despite this being
the leading long-range interaction between OH anyl tbe
potential energy surface contains also higher-order interaction
contributions, and hence we have recommeftigdtreatn as

an effective parameter to improve the quality of the least-squares

kO'H(T) x 10! ¢cm® molecule! s!

fit. Note also that the representation depends essentially on the 0 50 100 150 200 250 300 350 400 450 500
magnitude of the internal energy, but not so much on the model T/K
employed to express the dependence of the latter on the quantungigure 4. Specific rate coefficients of the title reaction for several
numbers. internal energies.

From the reactive cross section and assuming a Maxwell
Boltzmann distribution over the translational energy)( the - 6

specific thermal rate coefficient is obtained as

kO*H _ i 312 i 1/2 oH B E g
oM =Ml 3) | JE00; ex 7| 9E
)

OH(v’)+045(v”)

wherekg is the Boltzmann constany, is the reduced mass of
the colliding diatomic particles, and is the temperature. In
turn, g(T) = Y3[1 + exp(=205M)]~1 is the appropriate
electronic degeneracy factor, which corresponds to the ratio of
the electronic partition functions; note that the spambit excited g
level of OH @I1y;) lies 205 K above that of gr_ound state 00 5'0 1(')0 150 2(')0 250 3(’)0 3;0 4(')0 450 500
(°I13,2)%* (see also ref 35, and references therein). One then T/K

obtains

K*(T) x 10! cm® molecule™ s
w

Figure 5. Average thermal rate coefficients for the title reaction. Also
shown is the thermal rate coefficient for formation of &hd HQ, and
dissociation of @

1/2
Ko (EoEo, T = gem(%) (ke )" x

which should be valid for most temperature regimes of practical

(kBT)ern interest, including those considered in the present work. In both
@2 — nf(Eon Eo) + T'(p + z)g(EOH!EOZ)ﬁ limits, egs 19 and 20, the factd@T)Y2 " essentially determines
( mkgT) the functional dependence on temperature. Equation 18 shows
(18) a maximum at low temperatureb.{x), which can be calculated

from the numerical solution of the equation X2n = &[exp-
(—&)/1 + exp(—E&)], where& = 205/T. This leads tOl max ~ 58
K. Note that the shape of the specific thermal rate coefficients
for formation of HQ and @, and dissociation of OH, are all
very similar; the only difference is on their magnitudes. Figure
4 shows the curves in eq 18 for several values of the internal
energy. For the reasons given above, the details concerning the
rate of increase witfi for ultralow temperatures should be seen
112 with caution in Figure 4 (and the following). In fact, quantum
ko*H(EOH’EO = ge('l')(ﬁ) (kBT)”z*” x tunneling effects may also be not negligible at such ultralow-
2 T temperature regimes.
(1/m)p+n In Figure 5 we present, for a given vibrational_ distr_ibL_Jtion,
['(2 = Nf(EguEo) + T(p + 2)9(EouEo) ~— 5 the calculated thermal rate constant for OH dissociation. It
(mksT) assumes the form

(19)

wherel'(-++) is the gamma function. In paper$ bnd IE°, with
n = 1,, the temperature dependence in eq 18 was essentially,
determined by the electronic degeneracy faggm), having
now the factor kgT)¥2-" a marked influence.

For very high temperaturemigT > 1) and values ofi such
that/, — n > 0, a simple algebraic analysis shows that eq 18
can be approximated by

SEOE
w, W, K (Egu(@/, J'=10), Eq (v, " =1))

12 V=060 =g
K™ (EonEo,T) = gem(%) (g™ " x > 3w,
pn U=00"=0
(MksT) ‘ 20

On the other hand, for low temperatureg¢T < 1), one obtains

(21)

where v; = 4 and vy = 0. The populationsw, for the
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TABLE 4: Summary of the Trajectory Calculations for TABLE 5: Theoretical and Experimental Vibrational
OH(7',j'=1) + Ox(v"j"=1)— OH + O + O Relaxation Rate Constants (in cmd molecule™® s71) Involving
OH and O; Specie3
Eviblroty Etn
' " kcalmol? kcalmol? bpa A 06904 Ag© 0, A2 O,(v'=27) 4+ O,(v'=0) — O,(¢"") + OZ(U")b
9 13 131.48 0.5 6.0 0.56 0.17 V"' =27 0.5¢12)
1.0 4.9 0.43+0.12 OH(/) + 0,—~ OH('—1) + OZC
2.5 4.4 0.3%0.11 .
5.0 4.0 0.45t 0.10 v=1 1.3+£0.4(-13)
10.0 42 0.64 0.13 v=2 2.7+ 08(-13)
9 16 2.00 0.5 6.1 2.5% 0.38 v=3 5241.5(-13)
V=4 8.8+ 3.0(~13)
1.0 5.6 2.22+0.33 .
25 5.4 1.88+0.29 V=5 17+ 7(-13)
5.0 4.8 141+ 0.22 V=6 80+ 15(~13)
10.0 45 111 0.19 V=T , | rx2(t12)
6 27  153.48 0.5 6.3 7.86 0.67 OH(') + O3 — OH(v'=0) + O
1.0 6.0 6.39t 0.58 V=1 1.0-12)
2.5 5.6 4.78+ 0.47 . -
5.0 5.2 4.08 0.40 2 The powers of 10 by which the numbers should be multiplied are
10.0 4.6 3.89+ 0.35 given in brackets. For other results, see the original pap&sference
9 27 173.85 05 6.2 12.14 0.81 37, for T = 460 K. ¢ Reference 12¢ Reference 42¢ Reference 40.
1.0 6.0 9.90t 0.71 ) o o
25 5.7 7.55- 0.60 8 (together with that produced in,@issociation) can generate
5.0 5.4 6.69+ 0.53 ozone through the three-body recombination reaction in eq 7,
10.0 5.2 4.80£ 0.44 one is led to expect a significant influence of the reactions

studied in the present work in kinetic models of stratospheric
ozone. Of course, a quantitative assessment can only be made
through atmospheric modeling simulations which include (or
do not include) such reactions. Their importance can be further
strengthened bearing in mind that the improved;HIMBE I
potential energy surface leads to a predict@bout 50% larger

vibrational state’ of oxygen have been assumed to be those

obtained in the 226 nm photolysis of ozofewnhile the

populationsw,, for the state/’ of the OH radical are taken from

ref 8. Of course, many other factors (including a scanning over

the complete range of ozone-photolysis wavelengths) should

e e PIC2101% for et roccton ofozone o h reacion e &

the scope of the present work, and hence the results given here To conclude, we have.c_alculated the tot_al wpra‘uonally
. L . average thermal rate coefficients for the reactions in e¢8,5

should be taken as illustrative ones. As Figure 5 shows, the and dissociation of © by using

vibrationally averaged thermal rate coefficient for OH dissocia-

tion slightly increases for very low temperatures showing a ktotal(-l-) _

maximum at the temperature mentioned above. After the

maximum it decreases with temperature from about 201 z z WUvWUwN?ddzk'(EOH(U',J'=10),EOZ(U”,J"=1))
10 cm® molecule! st at T ~ 58 K to about 1.60x 10711 v=vg V=g’ '

cm® molecule® s™ at T ~ 500 K. Nevertheless, considering

the peaks reported for the photodissociation 0266 nmt> z Z W, W,

we can expect eq 21 to underestimate the real valt8df(T). /=00

Also shown for completeness in Figure 5 are the calculated (22)

vibrationally averaged thermal rate coefficients for formation
of O3 and HQ, which have been calculated in a similar way
but using an optimized value. The thermal rate coefficients
for O3 formation are seen to be a factor of about 2.5 larger
than the corresponding rates for dissociation of OH. In turn,
those for HQ formation are slightly smaller than for dissociation
of OH. For completeness, we also give for comparison in Figure
5 the average thermal rate coefficient fog @issociation. As
seen, its value as a function of temperature is about 3 times
smaller thank®H(T). Although the cross sections calculated
for O, dissociation (see Table 4) have not employed values o
the impact parameter specifically optimized for this process,
test calculations for a few sets of initial conditions have shown
that the results given here should also be reliable.

The consideration in atmospheric models of the reactions in  We have carried out a QCT study of molecular dissociation
egs 14, together with an effective mechanism for relaxation inthe OH@', j') + Ox(v",j"") reaction for several combinations
of the vibrational energy, lead to depletion of atmospheric ozone. of rotational and vibrational quantum numbers. The results have
However, as shown in papelof this series and also in this  shown that OH dissociation and ozone formation via collisions
paper, the rates for the reactions 5, 6, and 8 have magnitudef vibrationally excited OH and ©molecules are comparable
of 10710—10"11 cm® molecule? s™1, which overpass the over the same range of collisional energies. In particular, the
reported vibrational relaxation rate constant for the processescross section for @ormation has been found to be nearly twice
Ox(") + 02,3739 OH(Y) + O,,12183and OHY') + 034041 This as large as that of OH dissociation for the initial conditions
is best seen from Table 5, which compares such data with thestudied in the present work (for formation of HGee paper
rate constant values calculated in the present work. Moreover, 1129). Finally, we have pointed out that the title dissociative
by considering that the atomic oxygen produced in eq 5 and eqprocesses provide extra sources of ozone through a three-body

wherei stands for each of the four above-mentioned processes,
and NiOdd stands for the number of product “odd-oxygen”
species (i.e., O and/or ) vy and vy assume the values
indicated above. Thus, it represents the total reactive rate
constant leading to ozone formation. The value of this total rate
for a typical stratospheric temperatureTof= 150 K iskio@a! =

9.27 x 1072 cmB® moleculel s71. As seen, it is about an order

of magnitude larger than the corresponding vibrational relaxation
rates reported in the literature, as well as the rate suggested in
¢ ref 17 for the process ' ,j') + Ox(v"j") —~ O3 + O, k~ 6.5

x 10712 cm?® molecule® s72,

Conclusions
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recombination reaction with molecular oxygen. Thus, they
should not be overlooked when discussing the so-called ‘ozon

deficit’ problem.
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