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The dynamics of the title five-atom atmospheric reaction is studied by the quasiclassical trajectory method
for vibrational states of OH over the range<2v < 9 and initial vibrational energies of {between 9 and

21 kcal mot? using a previously reported double many-body expansion potential energy surface for HO
(°A). The results show that the reaction is controlled by both capture- and barrier-type mechanisms, with the
rate constants depending strongly on the reactants’ internal energy content. Also suggested from the magnitude
of the calculated rate coefficients is that the title processes may not be ignorable when studying the stratospheric
ozone budget.

1. Introduction vibrationally excited species. In fact, the past decade has seen
considerable effort, both experimental and theoretical, aimed
at yielding a complete picture for Ob(colliding with a variety

of atmospheric partners such as, @s, Ny, CO,, NHjs, etc.
Although significant progress has been made in measuring the
vibrational level dependence of the total removal rate constants
$h these collisional process&s28 an important natural species

of the atmosphere that is essentially absent from such a progress
list is vibrationally excited @[this is hereafter denoted through

its vibrational energy content ag(@,)]. This provided a strong
motivation for carrying out the present study of the @H{
Os(E,) reaction.

Of course, a potential energy surface (or eventually more) is
required for studying the title collisional processes, which
became available in 2000 with our publicat#dmf a global
éunction using double many-body expansion theory (ref 31 and
references therein). Such theoretical work has been followed
by one of u8 through limited electronic structure calculations
carried out using a complete-active-space self-consistent-field
wave function (which comprised nine active electrons and nine
4 active molecular orbitals) and subsequently by other authdrs
using the same as well as other levels of ab initio theory. In
particular, Mansergas and Angl&daperformed extensive
calculations at various levels of ab initio theory aimed at the

Collisional processes involving vibrationally excited mol-
ecules have a long and rich history in the development of
reaction dynamics as they offer a firm basis for the modern
study of the chemistry and physics of such species. Uncovering
their dynamics also greatly enhances our understanding of area
with practical interest, namely, atmospheric chemistry, combus-
tion, and unimolecular decomposition of activated spektiés.

Of particular importance is the role of internal energy in the
collisional process, especially for energies close to the dissocia-
tion threshold. Indeed, the internal-energy dependence holds
important information about the behavior of the colliding
species, providing clues for the microscopic details of the
intermolecular energy transfét.

Vibrationally excited hydroxyl radicals [hereafter denoted by
OH(v)] are generated in the upper stratosphere and mesospher
by the reaction of hydrogen atoms with ozone, and at lower
altitudes (ref 14, and references therein) through the reaction
of oxygen atoms in the lowest electronic singlet state with water
molecules, O) + H,O. Being chain carriers in a number of
systems and playing a prominent role in the study of the infrare
emission from the earth’s upper atmosphere, they have not
surprisingly received considerable experimental and theoretical

attention over the years. Indeed, spectral and temporal informa- ;
y P b study of the OH--O3 van der Waals complex in the reactants

tion from such emissions is commonly used in monitoring 3 ; o ) e
atmospheric phenomena and in creating models of atmosphericChanneP' They have predicted two minima (8" and

chemistry and kinetics (see, for example, refs 10, 12, and 15 symmetries) with_well depths qf 0.87 and 0.67 keal Tol
and references therein), (respectively), which compare with the value of 1.5 kcal ol

Because of its atmospheric importance, the set of collisional predicted by the double many-body expansion (DMBE) potential

; . ; energy surfac® and the experimental prediction of Engdahl
processes involving Ohf became one of the most extensively and Nelandéf that such a minimum should be weaker than
studied examples of collisional dynamics involving highly 1.2 keal mot

. 36 . . . .
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TABLE 1: Summary of the OH(») + Os3(E,) Trajectory Calculations

= Bmax HO3/HO, + OH O, +0,+H O, +0OH+0O oloal 4 Agtotal
(v, E) kcal mol? Nr Nr Nr a’
(2,9) 1.0 9.64 109 31 2 20. 722 1.68
2.0 8.13 102 24 1 13.1#1.13
4.0 7.18 99 33 1 10.7£ 0.90
6.0 7.18 116 36 3 12.56 0.97
8.0 7.18 141 44 12 15.96 1.08
12.0 7.56 180 56 17 22 A 1.33
(4,9) 1.0 9.83 153 136 38 49.602.51
2.0 9.45 116 79 33 31.9% 1.99
4.0 8.50 102 86 27 24.42 1.57
6.0 7.94 121 71 39 22.861.41
8.0 7.75 132 99 47 26.2% 1.46
12.0 7.37 172 156 78 34.641.54
(4, 15) 1.0 10.39 162 155 86 68.383.04
2.0 10.20 111 120 60 47.6D 2.58
4.0 9.07 96 100 72 34.64 1.97
6.0 8.69 105 124 62 34.541.87
8.0 8.13 136 129 81 35.881.75
12.0 7.75 189 160 106 42.991.77
(4, 21) 1.0 10.58 159 253 176 103.443.58
2.0 10.39 110 225 161 84.163.28
4.0 10.20 97 180 148 69.52 2.99
6.0 10.20 96 150 150 64.H 2.92
8.0 9.45 108 162 173 62.12 2.60
12.0 9.26 124 181 175 64.652.57
(6,9) 1.0 10.39 104 241 65 69.973.06
2.0 10.02 77 187 62 51.3% 2.60
4.0 9.26 74 141 55 36.36 2.06
6.0 8.88 70 144 62 34.261.91
8.0 7.94 98 199 88 38.14 1.74
12.0 7.75 120 266 98 45.64 1.81
(6, 15) 1.0 10.39 107 302 120 89.%#63.35
2.0 10.20 80 249 92 68.86 2.98
4.0 9.26 56 195 92 46.28 2.27
6.0 9.07 70 175 109 45748 2.21
8.0 8.69 85 195 120 47.482.12
12.0 8.13 123 258 146 54.662.04
(6, 21) 1.0 10.96 88 359 215 124.923.97
2.0 10.77 94 291 177 102.42 3.66
4.0 10.39 71 238 175 82.183.25
6.0 10.39 66 209 174 76.193.17
8.0 9.83 68 232 185 73.562.91
12.0 9.84 89 218 208 75.142.85
9,9 1.0 10.58 60 280 132 83.833.34
2.0 10.20 38 258 123 68.54 2.98
4.0 9.64 29 207 103 49.46 2.45
6.0 9.07 40 226 95 46.66 2.22
8.0 8.13 52 277 136 48.22 1.96
12.0 7.94 72 333 140 53.981.97
(9, 15) 1.0 11.15 26 311 181 101.153.83
2.0 10.39 41 305 193 91.46 3.37
4.0 9.83 41 268 128 66.28 2.80
6.0 9.45 51 264 140 63.8t 2.63
8.0 9.07 56 275 157 63.0F 2.48
12.0 8.50 76 339 180 67.502.32
(9, 21) 1.0 11.72 88 359 215 142.744.54
2.0 11.34 94 291 177 113.494.06
4.0 10.96 71 238 176 91.52 3.62
6.0 10.58 66 236 174 83./3.35
8.0 10.20 68 241 185 80.803.15
12.0 9.83 89 239 234 85.24 3.05

complete since the role of reactants internal energy in such where the vibrational quantum number of OH is chosen to vary
processes has practically been left unanswered. Thus, a needver the range Zv» < 9, and the total vibrational energy content
exists for obtaining insights into its behavior and to identify the of O; between 9 and 21 kcal n1dl. Such combinations will be
1 important physical parameters and propensities in suchdenoted by 4, E,), with E, assumed to be given in kcal nmél
collisional processes. In the present work, we extend previous Ngte that the star in reaction 1 indicates that the formed
calculations to higher_internal energies by reporting a detailed hydroperoxyl molecules have an internal energy above the
study of the title multichannel reaction: dissociation limit. Of particular relevance in this study is the
" clear prediction of a substantial and specific enhancement of
OH() + O4(E,) — HO/HO, + O, @ reactivity due to vibrational excitation of both reactants. As in
—0,+0,+H @) previous work, we will employ the well-established quasiclas-
sical trajectory (QCT) method and the K&\ DMBE potential
—0,+OH+0 (3) energy surfacé? Although the presence of the light hydrogen
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atom suggests that an accurate quantum dynamics approach is -100
required for obtaining accurate results, such an approach is
currently far beyond our capabilities (ref 8 and references ®E,)

therein) for systems with more than four atoms. Moreover, the ~ -150 e OH(v)+04(E,)
high-energy regimes involved and the quality of previous
resultd? (for cases as extreme as H H,, see ref 30 and
references therein) suggest that the QCT approach is here toog

ol!

-200

well justified. & @9 0;+0H+0

The paper is organized as follows. Section 2 provides a brief & — T
. . & -250 |

survey of the methodology, while the dynamics results are g

presented and discussed in section 3. Section 4 gathers the major®

conclusions. 300 -

2. Computational Details Hou
We have utilized the QCT method as implemented in our 35 ronction coordinate

own extensively adapted version of the VENUS@GO_deS' Figure 1. Schematic diagram showing the energetics of different
Calculations have been done for diatetriatom translational processes according to the HHOMBE potential energy surface.
energies over the range 1=0Ey/kcal mol? < 20, which are

summarized in Table 1. They cover vibrational excitations and @ + OH + O formation. This implies that the reactions
ranging from the ground state energy to values close to the 1—3 will be feasible over the complete range of translational
dissociation threshold in the case og,@nd OH vibrational energies.

excitations for the most populated states in the atmosphere. In - For a given value of the translational energy, all relevant
all cases, the initial rotational quantum number of the colliding reactive cross sections and associated 68% uncertainties have
OH has been fixed at the ground level € 1). Since the OH  been calculated. They will be denotetland Ao, respectively,
molecules are highly vibrationally excited, one expects to a first with x specifying the reaction outcom;= total stands for
approximation the initial rotational excitation to play a minor formation of HG/HO, + Oz, O, + O, + H, and Q@ + OH +
role. In fact, such a behavior is likely to be similar to that O, From the cross sections, and assuming a Maxwell

reported elsewher:*This does not imply that a study of the  Bojtzmann distribution over the translational energy, the specific
rotational excitation should not be interesting in itself as the thermal rate coefficients are obtained as

use of initial state-selected conditions has recently been invoked

as a potential explanation for the slight discrepancy between K (T)=

our previously reported QCT calculatidfigor the OH+ O3 12

reaction and thermalized orf€®ased on same potential energy 2 ¥ 1|2 e o =

surface but employing variational transition state theory. Thus, 9(T) ksT) \u ﬂ) E,0” exp — kT dE, (4)
we omit heretofore the specification of the initial rotational state

. . - _ 3 A . . )
of OH, which will be set aj = 1. In turn, E, = 3,_,E,, wheren; = (v, ) andn, = (E,, E;o) denote specific vibrationad
denotes the total vibrational energy of,@ith E,, indicating rotational states of OH ands@in the present cage= 1, while
the energy content of the various vibrational normal modes of g, is the rotational energy associated with a temperature of
the triatomic molecule. Note that the chosen vibrational excita- 300K), g«(T) = [1 + exp(~205T)] L is the electronic degen-
tion energy range for §E,) covers internal energies of the  eracy factor that corresponds to the ratio of the electronic

triatomic up to near dissociation, with the initial conditions partition functionskg is the Boltzmann constant, andis the
having been defined through the standard fixed normal mode reduced mass of the colliding particles.

sampling procedure which is implemented as an option of
VENUS9637 Note further that, as in previous works of this 3. Results and Discussion
series, the rotational energy about each principal axis of inertia . . .
of Oz has been taken &gT/2, while the rotational temperature Table 1. provides a summary of the trajectory cglculatlons
has been assumed to be’ 300 K. This corresponds to anreported in the present work. Column one indicates the
intermediate value in the range of témperatures 200K < vibrational combination, while the studied translational energies
500, which are likely to be the ones of major practical interest are in column two. Eor these initial translatlonal energies, the
in atmospheric chemistry and combustion processes. The initialdom'nam open reactive channels leading to products are

diatom—triatom separation has been fixed atad Buch as to

make the interaction there essentially negligible, with working OgH + 0,0,0, — HO40, + 00, ®)

parameters for numerical integration and maximum value of — HO,0,. + 0,0, (6)

the impact parametebygay) being determined according to the

usual procedure. Batches of 2000 trajectories have then been —0,0,+ 004 +H (7)

carried out for each translational energy and initial vibrational .

combination, making a total of 144 000 trajectories. 004 + 0,0+ H (8)
The energetics of the involved processes are best seen from — 0,0, + OH + O, 9)

Figure 1, which indicates by the line segments on the reactants

side the various vibrational combinations according to thg HO — 0,0, + O4H + O, (10)

DMBE potential energy surfac€ Note that the internal energy

combination on the reactants side not only are quite above thewhere the indices, b, ¢, andd label the four different oxygen
energy of the transition state of reaction 1 but are higher than atoms. Note that in the case of E{80, formation, the

the energy of the product channels leading 0400, + H, reactions 5 and 6 have identical probabilities of occurrence, with
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1.0 TABLE 2: Average Value of Scattering Angle in Degrees
(a) (v, E)) Ey/kcal mol? [Oscatl]
2,9 1.0 79.30
2.0 82.82
4.0 73.72
2 6.0 72.76
av 8.0 72.97
” 12.0 81.98
) 4,9) 1.0 86.14
2.0 84.39
4.0 72.71
4 6.0 74.60
| 8.0 75.98
o 12.0 76.06
o | o (6,9) 1.0 83.69
b/b : : 2.0 77.08
max 4.0 76.53
. 6.0 70.79
' ®) 8.0 72.96
12.0 82.11
_______ 9,9) 1.0 72.01
2.0 86.50
4.0 81.57
- 6.0 74.40
< 8.0 67.38
o 12.0 77.28
N
=4
- corresponding t&, = 1 (panel a) and 12 kcal nol (panel b)
are shown. Note that the abcissae in these plotb/apgy, with
bmax being the largest impact parameter found in the present
work (11.72y). One would expect two different patterns
according to the translational energy regime: a bell shape for

high translational energies as in the case of reactions that have
a threshold energy (such a shape may be rationalized as due to
the existence of a corresponding anti-threshold energy for
formation of the products under analysis); a flat reaction
probability with increasing impact parameter (up to the cutoff
bmay for reactions controlled by long-range forces. It turns out
any differences being attributable only to statistical errors in that substantial internal/translational energy mixing is expected
the QCT calculations. For the,G- O, + H, and @ + OH + on such collisional processes (especially when conducted using
O formation, not only are the probabilities of reaction identical C/assical mechanics), which prevents a sharp distinction of such
in egs 7 and 8, but also are those of egs 9 and 10. Note further"©9imes and may explain the inefficiency of reaction for nearly
that the probability of breaking the bonds increases in vibra- head-on CO'.“Sf'OnS (reorientation of the colliding species to
tionally excited @, and hence the formation of such products foI!I_ovi/)Ithg mlnim_umtﬁnergy path wlould t?fhn be utrtlfgvor%blel).
shows a significant growth. In summary, the processes leading . avle = contains Ihe average values ot ine scattering dngle
to formation of HQ/HO, + 05,0, + O, + H, and G + OH + distribution in the reaction OH+ O3 — HO, + O, for
0 hold a dominant osfition ?orzthe tiile multichannel reaction. ViPrational combinationsi{ 9) at several translational energies.

X nt pe o ! » The significant observation is the small dependence of the
For the higher vibrational energy combinations, formation of

. average scattering angle on the translational/internal energy
Oz + O; + H and Q + OH + O may play a more prominent o0t the reactants for the combinations here considered:

role than HQ/HO; + O. 77.3 for (2, 9), 78.32 for (4, 9), 77.19 for (6, 9), and 76.52
The dependences of the maximum impact parameter with for (9, 9).
translational energy is shown for the title reaction in Table 1. The partitioning of energy release in the products of the
As expected, the maximum impact parameter increases withreaction OH+ 0O; — HO, + O, has been carried out from the
the internal energy of reactants for a fixed translational energy. knowledge of the coordinates and velocities of each atom in
Conversely bmax is found to increase with decreasing transla- the molecule in the center-of-mass frame of the mole&ule,
tional energy, while, for higher translational energiBgax is which are exhibited in Table 3. As shown, the outcoming,HO
essentially constant, as it usually happens in reactions occurringmolecules have a considerable internal energy content, with a
via both capture-type and barrier-type mechanisms. Thesesignificant part of it being in the rotational degrees of freedom.
observations may be rationalized from the fact that the dominant Thys, part of vibrational energies in the reactants has been
interactions at low collision energies are of the long-range type. converted to rotational energy in the products. The notable
As for high translational energies, long-range forces are lessfeature is perhaps the fact that the average value of the
important with increasing initial translational energy, hence vibrational energy of the Hgxadicals represents more than half
leading only to small changes Iax. of the total energy of the products. Note that the average
Figure 2 shows typical opacity functions for relatively low vibrational energy of the product H®O, species is much
(a) and high (b) translational energies and vibrational combina- higher than the corresponding zero-point energy (ZPE). Thus,
tions, namely (2, 9), and (4, 21). For clarity, only the cases we may safely ignore in the present study the problem of ZPE

1.0

max

Figure 2. Opacity function for formation of HOHO,; (a) low
collisional energy (“capture-type”) regime; (b) high collisional energy
(“barrier-type”) regime.
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TABLE 3: Energies (in kcal mol~1) Partitioned to Different 160
Degrees of Freedom for Formation of HD3/HO, + O, (a)
HO3/HO; O, 140 1
(v, E,) Ex E,O E0 EO EOD [EOD 120 OH(V)+O4(E,)
2,9 1.0 1381 4941 918 397 192 «
2.0 13.70 49.96 9.99 3.62 2.04 f
4.0 15.76 50.61 9.66 3.26 2.01 § 100 -
6.0 16.05 51.33 10.30 3.49 2.10 8
8.0 17.21 51.84 11.51 2.63 2.08 © so L
12.0 18.87 53.33 11.38 3.28 2.30
4,9) 1.0 20.82 5506 1344 381 321
20 2063 5679 13.72 374 248 60 -
4.0 22.15 56.81 13.66 3.73 3.03
6.0 22.48 58.39 13.83 3.69 3.03 40 L L L
8.0 2447 5772 1525 285 3.06 0 5 10 15 20
12.0 2696 5858 15.16 3.68  2.80 E, /kcal mol~!
(6,9) 1.0 27.38 61.74 16.00 3.70 3.66
2.0 25.90 63.65 16.88 3.57 3.56
40 3130 5831 1694 418 481 120 (b)
60 2591 6531 1848 391  3.96 OH(v)+O5(E,)
8.0 30.86 64.05 17.93 2.81 3.89 100
12.0 31.53 65.74 18.70 3.45 3.98
(9,9) 1.0 31.31 76.37 17.25 3.98 4.06 N _ 80
2.0 2960 81.09 1452 402 476 §
4.0 34.11 73.86 17.49 4.24 6.22 3 60 |
6.0 3647 7419 1832 446 450 k]
8.0 36.10 81.78 14.02 3.96 4.15 ©
12.0 41.55 73.38 19.69 4.83 4.39 40
leakage (refs 8 and 36, and references therein). Also noteworthy 20
is the percent of translational energy increase with increasing
internal energy, representing up to one-third of the total energy 0 ! ! !
of the products. It is then fair to conclude that most of the 0 5 oo 18 20
reactants initial internal energy is converted into vibrational and E,/keal mol
translational energy of the products. Figure 3. Specific cross section®® as a function of the translational

We now examine the shapes of the calculated excitation energy. Also indicated are the 68% error bars and the fitted curves as
functions (cross section vs translational energy) for the title givenbyeq11: (a)4 E, = 21 kcal mof™); (b) (v, E, = 9 kcal mof™).
reaction. These are shown in Figure 3 together with the
associated 68% error bars. For simplicity, the vibrational
energy content has been kept fixed at a given value, while the

TABLE 4: Numerical Values of Least-Squares Parameters
in eq 11 (see also texd)

vibrational quantum number of Ok)(was allowed to vary over parameter 4 9) (v, 21)
the whole range of values considered in the present work. As 1 —0.49265 0.85145
observed in previous studies of the filand4! OH(v') + G 3'23:2%93(52)4 2'11%3;%%%2) 4
O4(v'"") reactions, two distinct trends are visible that may explain gz 8 10168 €4 :0'125066 )
the observed shapes. At low translational energies, a capture- d —3.24991(-3) 8.24004(3)
type regime dominates leading to the well-established decreasing d; 6.19020(5) —1.14669(4)
dependence af°@ on E. At high energies, an increase @@ ds —3.16728(7) 5.23532(-7)
with Ey is observed, which is typical of reactions with an energy o 0.44231 0.31790

a 2.57415 2.48279

threshold. As a result, the excitation function shows a minimum
in the region where the two effects balance each other. Note 2Units are the energy in kcal mdland the cross section m?
that the energy ranges where the two distinct regimes dominate . .

depend on the internal energies, as can be seen from the positio/nere En, and Ey, are the internal energies of OH and; O

where the minimum occurs. molecules. Note that such representation depends only on the
To analytically describe the dependence of the cross sectionintérnal energy of the reactant species but not on any specific
with the translational energy, we have adopted the form model that expresses the dependence of the.lnternal energy on
guantum numbers. Except fg# = 0.05, which has been
a"(Em E.E)= optimized by trial and error, all the parameters have been
1 2

determined from a least-squares fitting procedure, with their
i optimum values being reported in Table 4. The resulting fitted
Z CiEsum 3 functions are exhibited together with the calculated points in
= e o2 - Figure 3. It is seen that the fits show very good agreement with
o * (;d'ES”m)E" eXp(-fR,) (11) the points and hence reflect the general trends of the calculations.
St . We emphasize that eq 11 is written in termdsgf, and works
equally well for all internal energy combinations here consid-
ered. Of course, it will only be accurate for the two fixed
vibrational energies of ozone and hence cannot be used without
risk to extrapolate to other values of this energy parameter.

3

with

Eaum= En1 + En2 (12)
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a capture type regime to a barrier controlling §ie&41Such a
minimum manifests in the present case also as a “dip” in the
rate constant as a function of temperature for a fixed value of
Ewm after which the rate constant starts to increase (say,
between 500 and 700 K for a fixed value®f,,n= 53.43 kcal
mol~1). Since this “dip” occurs for relatively high temperatures
where the sampling of reactants initial conditions is perhaps
guestionable, it will not be shown in Figure 4; the reader is
referred to ref 42 for a similar behavior in the case of the Cl

+ CHsBr S\2 reaction.

4. Conclusions

Despite its importance in environmental (atmospheric and

mol-1) as a function of temperature and sum of the reactants internal COMbustion) chemistry, there is a paucity of knowledge

energies.

TABLE 5: Calculated Thermally Averaged Total Rate
Coefficients at Room Temperature, in cnd st

(v, E) Esunfkcal mol? k (T=298 K)
2,9 35.3 2.92¢11)
(4, 9) 53.4 6.78(11)
(6,9) 69.6 1.02¢10)
(9, 9) 90.0 1.29¢10)
(4,15) 59.4 9.18¢11)
(6, 15) 75.6 1.27£10)
(9, 15) 96.0 1.58¢10)
(4, 21) 65.4 1.47¢10)
(6, 21) 81.6 1.79¢10)
(9, 21) 102.0 1.99¢10)

By substitution of eq 11 in eq 4 and performing the integration
analytically, one obtains for the specific thermal rate coefficients

1/2

8
knl,nZ(T) = ge(T) -
i

3
(D GEunT(2 — 0y)
3 (o, + 2)(RT)
(R4 (3 dEum)
£

(1+ BRT)*" 49

wherel'(...) is the gamma function, and all other symbols have

concerning collisions of highly excited molecules, with impor-
tant questions awaiting definitive answers. In particular, the title
multichannel reaction has not been studied thus far, perhaps
due to the lack, until recently, of a realistic potential energy
surface for ground doublet HOIn this work, we have made
the first attempt to bridge this gap by running trajectories for
several combinations of vibrational excitation of the title system
using the realistic DMBE potential energy surface from ref 29.
The results suggest that the title multichannel reaction occurs
both via capture- and barrier-type mechanisms, respectively, for
low and high translational energies. They also predict the
product HG/HO, radical to be formed with a substantial
amount of internal energy (mostly of vibrational type) and the
rate constants to be strongly influenced by the vibrational energy
content of the reactant species. No comparison with experimental
data has been possible (as such data are unavailable thus far),
with the magnitude of the calculated rate constants suggesting
that the title reaction may be of relevance in studying the
stratospheric ozone budget as such high vibrationally excited
species should be abundant at those altitdéleopefully, the
present work may stimulate measurements that employ laser
techniques to prepare such vibrationally hot reactant species.
Clearly, these experiments would be most welcome.
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The notable feature from this table and Figure 4 is perhaps the™""
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