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We investigate the effect of vibrational excitation on the dynamics and kinetics of the atmospheric reaction

OCP) + HO, — OH + O, using two double

rch 17, 2004

many-body expansion potential energy surfaces previously

reported. The results show that such an effect is relatively minor even consideringvittOcontents of
vibrational excitation close to the H O, dissociation asymptote. It should therefore not bear drastic

implications in atmospheric modeling where

1. Introduction

The reaction of a oxygen atom with a hydroperoxyl radical
both in their ground electronic states is important in the
chemistry of the middle atmosphere where it provides a natural
odd-oxygen destruction pathway. Moreover, along with the
reactions

O+OH—H+0, (1)
H+0,+M—HO,+ M @)
H+0,—~OH+ 0, ©)

it plays a crucial role in controlling the partitioning among H,
OH, and HQ radicals! It is therefore not surprising that it has
been much studied both experimentallf and theoretically~13
Despite such an effort, it has been propé4émm atmospheric

such an effect has been ignored thus far.

otherg®33 suggest H@ to be a metastable species that lies
above the OHt O, dissociation limit being separated from the
products by a small activation barrier. This is the case also for
the HQ; double many-body expansion potential energy sufface
(heretofore referred to as DMBEI surface), which shows the
lowest energy H@structure to be about 2.3 kcal mélabove

the OH+ O, dissociation limit, with the dissociation proceeding
via a loose OH-O, transition state with a small activation
energy. In fact, such a surface was calibrated at short range
from the ab initio unrestricted configuration interaction energies
with single-electron and double-electron excitations (UCISD)
reported in ref 33, whereas its long-range part includes the
electrostatic energy up to four-body terms and the dynamical
correlation truncated at the three-body level. More recéiitly,
an improved DMBEII surface has been reported based on 5038
QCISD/CBS (quadratic configuration interaction including
single and double electron excitations extrapolated to the

modeling studies that best agreement with observations couldcomplete basis set limit) points, which should be accurate in

be attained only if the recommended rate condtamere scaled
down by values up to 75% or so. In turn, one ot® has
recently suggested that the internal energy content,pf0B!,

and HQ species could not be ignored when discussing the so-
called “ozone deficit problem” (refs 16 and 19 and references
therein) and “HQdilemma®®in the middle atmosphere having

in mind that situations of local thermodynamic disequilib-
rium!61are probably the rule rather than the exception at such
rarefied regions of the atmosphere.

regions of configuration space covering from the Hoéxer-
mediate up to the OH- O, products channel. Such QCISD/
CBS calculations predict HOto be stable with aissHO3
geometry, although this is only 1.35 kcal mblower than the
trans-HO3 isomerlé

Although some significant differences are obsef§ea the
spectroscopy of the HQintermediate relative to the data
reported* from measurements of the infrared spectra ofsHO
generated in argon matrixes, they are not expected to play a

Due to being a pivotal intermediate in atmospheric chemistry major role in the kinetics of the reaction®©HO, — OH + O;
and combustion processes as well as in chemical and biologicalsince this is highly exothermicAH = —51.94 kcal mat?). In

oxidation, the ground electronic state of kiftas been widely
studied!® Experimentally, measurements of heats of formation
have shown thaH3e(HOOO) = —1 + 5 kcal mof?, which
led to the predictioft-22that HG; should be a relatively stable
intermediate species, lying 105 kcal mol* below the HO+
O, dissociation limit. Neutralizationreionization mass spec-
trometry experiments by Cacace et?&#* confirmed such a
hydrogen trioxide to be stable toward dissociation by18 kcal
mol~1, although the barrier could be purely kinéfi¢experi-
mentally, this implies that H9 may still be metastable!).
Theoretically, except for a few ab initio calculatiof¥s?” most

T Part of the “Gert D. Billing Memorial Issue”.
* To whom correspondence should be addressed. E-mail: varandas@
gtvsl.qui.uc.pt.

fact, dynamics studies of the title reaction carried in the DMBEI
potential energy surface employing both classical traject8ries
and reduced-dimensionality quantum dynarffidsave shown
fairly good agreement between themselves and the available
experimental data. A similar trend has been observed for
classical® and quantum reduced-dimensionaiftgalculations

in the H+ Os reaction using DMBEI, as well as for the O#

+ Ox(v") reverse reaction using both the DMBEI*! and
DMBEII®? potential energy surfaces; for further details, see ref
16.

In discussing possible clues related to the so-called “ozone
deficit problem” and “HQ dilemma” in the middle atmo-
sphere'® we have shown that vibrationally excited kiadicals
may be abundant at such altitudes, providing a nonconventional
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-120 TABLE 1: Geometrical and Energetic Attributes of Most
—— E,=48 keal mol'! Important Features in DMBEI and DMBEII Potential
——E kcalmol:: Energy Surfaces
-140 | — E,;= 36 keal mol
property DMBE | DMBE IP
- F e DMBEI
'._°. DMBE II HO; Minimum
g -160 - ) B Rio/a0 1.8964 1.8440 (1.8468)
= B Bkl ot Ro.0/8 2.9446 2.7880 (2.7914)
8 1so L0 o : Ro.0/% 2.3311 2.3778 (2.3793)
4 OHO.0J/deg 96.3 97.8 (97.7)
& 00,0,04deg 1135 110.4 (110.2)
8 200 | OHO.0,0/deg 90.6 0.0 (0.0)
g energyE, —0.3580 —-0.3717 ¢0.3721)
HO4(%A) HO--0,~TS
-220 AE'=1.50 kel mor’ Ruo/a 1.9491 1.8106 (1.8119)
OH:- -0, OH+O, Roaob/a() 3.3073 3.4817 (34927)
240 HO, AE"=7.84 keal mol™ Roxod0 Jd 2.3897 2.3092 (2( . 306)9)
- . . OHO.0O./deg 94.6 98.7 98.8
_ ~ reaction coordinate 00.0:04/deg 118.7 125.7 (125.4)
Figure 1. Ene(getlcs of the title reactlon_ba_sed on the DMBI_EI and OHO.0,0J/deg 82.9 0.0 (0.0)
DMBEII potential energy surfaces. Also indicated by the horizontal energyE, —0.3556 ~0.3597 £0.3596)

lines are the internal energies associated to the various vibrational

excitations of HO employed in the present work. aThe numbers refer to the current working version, with those in

parentheses corresponding to the originally published &nes.
source of H atoms and hence a crucial role in the partitioning
of odd-hydrogen species. The relevant question would then be

T

how much do such vibrationally excited hydroperoxyl radicals = "\V\"‘"’,"’"’%’ i-:;:.-..;i' _
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The paper is organized as follow. In section 2, we summarize
the essential features of the two potential energy surfaces utilized
in the present work, whereas the trajectory calculations are
described in section 3. This includes a brief summary of the
methodology in subsection 3.1, and the discussion of the results
in subsection 3.2. The conclusions are in section 4.

_ 50730
2. Potential Energy Surfaces Figure 2. Perspective view/contour pI_ot for the reactiortCH,0 —

andJHOO angles as well as the torsion anglElOOO and the HO
surfaces has been reported elsewfgand hence, we focus distance are partially relaxed (1127 OHOO® < 104.3, 82.6<

here on their egsential .features. Figure 1 summarizes theqioocr < 90.6, 0.9708< RowWA < 1.0315). Contours start at
energetics of the title reaction based on the DMBEI and DMBEIl _g 3618, with an equal spacing of 16 E.
== DMBE II

potential energy surfaces. Although the values of some numer-
\
v I

ical coefficients in the four-body extended Hartrdeock energy =
added in ref 27 have been slightly changed to avoid instabilities ..:-;g'fv ’v'v',’r:
7

in some of the trajectories (due to a drastic but continuous |
‘ | \\\‘w 'lIm,I,

variation of the energy), the implications are minor, and hence, i ,'
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we maintain the denomination of DMBEIl for the current 00 < \\\\\\\\\\\\\\\\\\\ \\ ." i ””’"’ ”’
working version (this may be obtained from the corresponding g5 -o0.1 \\ \\\\\\\‘“',' Whagy T ’lllll
author upon request). In fact, the differences are negligibly small % oz | m\\\\\\%\“\\\é&\&&}é@&hﬂﬂ#ﬁ#ﬁ&éﬁ:’:ﬁ%
as can be assessed by comparing the values indicated in Figur%; ’ \\\\\\\\\\\\}\\\\\ \\\\‘\~ =

g =

1 with those of the corresponding plot in ref 16. Furthermore,
a comparison of the energetic and geometric attributes of this
slightly modified version of DMBEII are reported in Table 1
and compared with the original valu&sNote that the differ- > ——
ences between the original and modified forms are probably e —
within the error of the ab initio calculations from which the
DMBEII surface has been modeled. Note especially that the
Zifwagg Inntqifr?i:nruericggtn bc()a(lzg\lljvr?haeﬂ:;etrgey ZT?ga?tg; t\éar':'hus Figure 3. As in Figure 2 but for the DMBEII potential energy surface
. : > utilized in the present work.

one expects long range forces to dictate the course of reaction
especially at low collision energies such as those of relevanceenergy surface, with a similar one being shown in Figure 3 for
in the middle atmosphere. DMBEII. The notable feature is the minimum which in DMBEII

Figure 2 shows a perspective view/contour plot for the represents a stable structure while in DMBEI corresponds to a
reaction O+ HO, — OH + O, based on the DMBEI potential  metastable one which lies above the @GHO, asymptote. As

3.0 3.0
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TABLE 2: Summary of the Dynamics Results for DMBEI TABLE 3: Summary of the Dynamics Results for DMBEII
Eui/ Ee  Dual P/% o' £ Ad'l Evio/ Ee Dl P/% o'+ Ad'l
kcal molt kcalmolt A N, eq6 eq7 eq5 Az kcalmol? kcalmol! A N, eq6 eq7 eq5 Az

8.5 0.1 8.1 500 86.0 1.0 1.2 177.263.20 8.5 0.1 8.1 500 73.4 0.2 0.2 151.294.07
0.5 6.0 500 756 0.8 0.8 8550217 0.5 6.0 500 59.0 0.0 0.0 66.232.49
1.0 54 500 704 14 0.6 64.491.87 1.0 51 500 534 0.0 04 43.631.82
2.0 47 500 658 1.6 1.2 45.661.47 2.0 44 500 57.2 0.0 04 34.#1.35
4.0 42 500 628 2.0 1.0 34.801.20 4.0 3.9 500 59.0 0.0 0.2 28.191.05
6.0 40 500 67.0 1.8 1.2 33.681.06 6.0 3.7 500 59.8 0.8 0.4 25.720.94
8.0 3.9 500 61.6 24 0.2 29.431.04 8.0 3.5 500 59.8 0.8 0.6 23.a10.84
12.0 3.7 500 60.2 14 0.6 25.890.94 12.0 35 500 56.0 1.4 04 21.850.85
16.0 3.6 500 58.2 2.0 1.0 23.200.90 16.0 3.4 500 56.2 0.8 1.4 20.4140.81

36.0 0.1 8.2 500 824 4.2 114 174663.60 36.0 0.1 81 500 76.6 04 0.2 157.893.90
0.5 6.1 500 76.8 4.2 6.0 89.7482.21 0.5 6.0 500 65.2 0.0 0.2 734241
1.0 55 1000 67.2 2.0 5.6 63.861.41 1.0 5.2 500 58.0 0.0 0.4 50.971.86
2.0 4.6 1000 66.4 2.8 4.2 44.670.99 2.0 46 500 55.8 0.6 0.4 36.831.48
4.0 4.2 1000 66.8 2.7 3.8 37.820.83 4.0 42 500 536 0.2 08 29.1.24
6.0 41 500 626 24 34 33.861.14 6.0 3.9 500 554 2.0 0.6 26.471.06
8.0 39 500 61.0 24 0.2 29.11.04 8.0 3.8 500 55.6 1.2 14 2522101
12.0 3.7 500 644 40 4.2 27.20.92 12.0 3.7 500 51.8 2.0 1.0 22.280.96
16.0 3.7 500 57.0 2.0 1.0 24.510.95 16.0 3.6 500 524 26 16 21.330.91

42.0 0.1 8.1 500 80.2 6.2 38.0 165.:313.67 42.0 0.1 8.1 500 74.4 1.6 13.2 152453.04
0.5 6.1 500 74.0 4.4 33.6 86.312.29 0.5 6.0 500 788 14 6.4 73.292.42
1.0 5.3 1000 69.3 5.7 29.6 61.161.29 1.0 51 500 63.6 3.0 5.8 51.971.76
2.0 4.6 1000 68.8 3.8 16.0 45.240.97 2.0 46 500 558 1.0 3.6 38.821.47
4.0 4.3 1000 61.1 4.2 219 36.650.89 4.0 42 500 57.2 24 40 31.921.22
6.0 41 500 60.2 4.6 20.0 31.291.16 6.0 3.9 500 53.0 2.2 34 25.331.07
8.0 4.0 500 59.6 5.0 19.2 29.961.10 8.0 3.8 500 56.0 3.4 48 2540101
12.0 3.9 500 56.2 5.2 16.2 26.850.96 12.0 3.7 500 56.4 5.2 16.2 24.260.95
16.0 3.7 500 55.8 4.6 14.6 24.800.96 16.0 3.7 500 52.0 3.6 4.8 22.360.96

48.0 0.1 8.2 500 76.6 10.8 32.8 1618M.00 48.0 0.1 8.1 500 75.4 4.8 35.0 155413.97
0.5 6.1 500 74.2 10.6 31.6 86.742.29 0.5 6.1 500 66.4 3.2 29.8 77.622.47
1.0 5.4 1000 61.2 11.0 28.2 65.231.31 1.0 5.2 500 59.2 4.2 26.4 50.291.87
2.0 4.7 1000 68.4 10.2 29.5 47.471.02 2.0 45 500 65.0 52 28.0 41.351.36
4.0 45 1000 54.9 5.0 22.3 34.931.00 4.0 4.2 500 56.6 5.2 21.8 31.371.23
6.0 42 500 576 6.6 23.4 31.921.22 6.0 4.0 500 59.8 4.6 23.6 30.@61.10
8.0 43 500 52.8 6.4 19.6 30.671.30 8.0 3.9 500 55.8 4.2 214 27.941.05
12.0 42 500 473 6.0 17.2 26.210.94 12.0 3.8 1000 544 56 15.6 24.681.01
16.0 41 500 45.0 8.4 14.6 23.461.17 16.0 3.6 500 58.4 4.0 18.2 23.%#80.98

noted in ref 27, the topography of the two surfaces is very the title collisional processes. The initial conditions were defined

similar at other regions of the molecule configuration space, as PY using the standard fixed normal mode sampling procetfure.
indeed may be verified by looking at other cuts of the potential Needless to say, the normal mode sampling is an approximate
energy surface. For example, a plot similar to Figure 3 of ref method due to the significant anharmonicity of thefidtential

11 cannot be distinguished by naked eye for the two DMBE €nergy surface. Specifically, besides considering, HOits
surfaces and, hence, will not be reported. We also recall that, 9round vibrational state5, = 8.5 kcal mof™), we have also

for the attacking oxygen atom moving coplanarly around the considered triatomic vibrational energies of 36.0, 42.0, and 48.0
equilibrium HO; target molecule, the potential energy surface kcal mof™ which were democratically distributed by the three
is in both cases purely attractive when the oxygen atom attacksVibrational normal modes. In all cases, the rotational energy
the molecule along certain nonlinear paths, whereas the remain-2Pout each principal axis of inertia of the triatomic has been
ing directions offer significant barriers before it gets near the taken askeT/2, whereas the rotational temperature has been
molecule. Such a barrierless optimum reaction path is in @Ssumed to be 360 Calculations have been carried out for
agreement with the ab initio Hartre€ock MC(DZP) calcula- ~ &tom-triatom translational energies over the range 0.&/
tions of Dupuis et a¥ but for a normal approach. However, kcal molt < 16, as summarized in Table 2 for DMBEI and
the disagreement with the ab initio calculations in predicting a 1able 3 for DMBEII (for reproducibility, all cross sections are
coplanar barrier for the @ HO, (and H+ Os) channels should ~ duoted with two decimal figures). An optimum step-size for
not be overemphasized, since the picture may drastically change!umerical integration of 2.5 107°s has been chosen, which
upon use of more complete one electron basis sets and inclusiofVarrants conservation of the total energy to better than 2 parts
of full dynamical correlation. Both DMBE surfaces also predict 1N 10°. Further care has been put on this issue by employing a
the direct abstraction of the hydrogen atom to involve a high Physically soundful model to extrapolate the cross section to
activation energy, and hence, it is highly unlikely at low low t.ranslatlonal energies _(l.e., to represent the excitation
energies. For future reference, we indicate also in Figure 1 the function). In all cases, the initial atortiatomic separation has

energies associated to the various vibrational energies of HO been fixed a9 A such as to warrant that the interaction is
employed in the present work. essentially negligible at the starting point. To select the

maximum value of the impact parametér4,) which leads to

reaction, we have run as usual batches of 50 trajectories for

fixed values ofb. Batches of 500 up to 1000 trajectories have
3.1. Methodology and Technical DetailsFollowing previ- then been carried out for each translational enefgy énd

ous work3®we have employed the QCT method as implemented initial vibrational energy of H@ making a total of 4x 1C°

in the MERCURY/VENU$? codes, suitably adapted to study trajectories.

3. Trajectory Calculations
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(a) (b)
E,;;=8.5 keal mol’! E, ;=36 keal mol’!
0.8 DMBE I
m OH
1 Oy
0.4
0.0 1 1 1 — 1 1
1.2
(e) (d)
E, ;=42 keal mol™! E,;4=48 keal mol™!
0.8
04
0.0 ' -
0 5 10 15 20 25 0 5 10 15 20 25

vibrational quantum number
Figure 4. Distributions of vibrational quantum numbers in the products of the @80, — OH + O, reaction for the DMBEI potential energy

TABLE 4: Energy Partition (in Percent) for the Various Degrees of Freedom in the Products atE; = 1 kcal mol~?!

Evb B30 iifecin] moo mor'o randd
kcal mol? eq 6 eq7 eq5 eq6 eq7 egb eq 6 eq7 egb eq 6 eq7 egb eq6 eq’7 eq5
DMBE |
8.5 28.18 022 032 14384 013 0.23 996 0.12 063 11.39 012 0.19 32.78 0.26 0.62
36.0 26.92 194 044 1289 107 0.23 6.91 194 044 1039 058 0.64 29.30 231 050
42.0 1295 12.05 1.06 757 6.26 0.54 6.50 592 361 572 486 1.22 16.31 13.61 1.79
48.0 13.38 1051 0.97 541 6.16 0.50 6.13 554 981 595 568 205 12.83 1334 1.73
DMBE I
8.5 33.64 0.33 13.98 0.03 1467 0.13 9.61 0.06 27.35 0.20
36.0 34.59 0.38 13.89 0.03 1495 0.02 10.26 0.01 25.62 0.26
42.0 28.59 246 072 1186 1.17 011 1521 215 222 8.03 0.76 0.67 22.46 256 1.00
48.0 16.21 15.10 0.69 5,92 552 024 8.89 8.11 4.00 504 485 110 1224 11.00 1.06

For a specified translational energy, reactive probabiliis (
reactive cross sections, and associated 68% uncertaintiesia
(denoteds; andAdy, respectively) have been calculated. From
the cross sections and by assuming a MaxwBbltzmann

distribution over the translational energy, the specific thermal

rate coefficients can be obtained as

32 4 \12
k(T) = gT) (@) (é) LWE“ o eXF{—

2

E,
Er) dEtr (4)

where ge(T) is the electronic degeneracy factor which corre-
sponds to the ratio of the electronic partition functioks,is
the Boltzmann constant, is the reduced mass of the colliding
species, and is the temperature.

3.2. Results and Discussionfwo possible mechanisms can
be offered to explain the title reaction

0,+ HO,0.,—~ OH + 0,0,

0,+HO,0,—~ O,H + 0,0,

®)
(6)

in HO- is high, and hence, the possibility of reaction to occur

0,+ HO,0,— 0,0, + HO, (7)
is negligibly small for many translational energies of interest
in the present work, except for high vibrational excitations of
the reactant H@radical. Note that the classical barrier height
for the isomerization HGD, < HOOy, is 40.7 kcal mot?, and
hence, the attack to the;@tom may occur for high vibrational
excitations via the terminal oxygen atom of the (@pisomer.
Thus, eq 3 corresponds to a hydrogen-atom abstraction mech-
anism, whereas eq 3 refers to a typical oxygen-atom abstraction.
Although both mechanisms have been advarfédhe kinetic
measurement$® suggest that the title reaction should occur
preferentially via the oxygen-atom abstraction. In fact, this
mechanism has been confirmed experimentaiya 160/180
substitution and theoretically by our previous calculatitns.
3.2.1. Products Energy PartitioningVe now examine how
the energy is distributed among the two product molecules.
Table 4 shows a detailed distribution per channel. It reveals
that the dominant contribution comes from the attack of the
terminal oxygen atom in Hg¥or the whole range of vibrational

where the indices a, b, and c label the three different oxygen excitations considered in the present work, irrespective of the
atoms. In fact, the barrier for attacking the middle oxygen atom potential energy surface. It also shows that the largest fractions
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(a) (b)
E,;=8.5 keal mol ' E,;y=36 keal mol !
0.8 DMBE I
== OH
—— 0y
0.4
”
-
-p
: U 0 1 L
a d
8 12
..g (c) (d)
8 E,;y=42 keal mol ™' E, ;=48 keal mol ™'
0.8
0.4
- L O
0 5 10 15 20 25 0 5 10 15 20 25

vibrational quantum number
Figure 5. As in Figure 4 but for the DMBEII potential energy surface.

TABLE 5: Vibrational and Rotational Properties of the Product O , and OH Molecules atE; = 1 kcal mol?

Eui/kcal mol? v @0 voR @OHD j oy Gr-0 (T 20K j o GrHo T oK

DMBE |

8.5 17 3.91 6 0.73 115 49.52 5175 16 6.88 1475

36.0 19 4.27 9 1.06 137 50.56 5392 17 7.23 1619

42.0 21 3.86 12 1.46 119 52.70 5854 18 7.55 1756

48.0 23 3.75 13 2.45 119 49.10 5088 24 8.55 2222
DMBE Il

8.5 17 5.99 4 0.73 111 49.52 5175 14 6.55 1345

36.0 18 6.88 5 0.87 121 51.58 5610 16 6.93 1495

42.0 20 6.66 9 1.42 133 51.70 5636 16 6.92 1491

48.0 23 7.25 12 1.69 133 49.88 5250 28 7.86 1894

go to vibrational energy of the newly formed-@ bond and We conclude this subsection by examining the distributions

to translational energy, although in both cases their importance of vibrational and rotational quantum numbers in the products.
slightly diminishes with increasing vibrational excitation of the The data are shown graphically in Figures 4 and 5 for the
HO, reactant. However, it is possibly more relevant to look to distributions of vibrational quantum numbers obtained for
the changes occurring on the three reaction channels takenrDMBEI and DMBEII, respectively. The maximum and averaged
together. It is then interesting to observe that in DMBEI the quantum numbers of such distributions are gathered in Table
decrease on the fraction of vibrational energy in the newly 5 The salient feature from Figures 4 and 5 is thasfBows an
formed Q molecule is Only of 4% for an increase in the initial inverted popu|ation peaking at a VaerL& in the range 25
vibrational energy content of H®f about 40 kcal moit. Such for DMBEI and 4-8 for DMBEII. This is reflected on the

a decrease, if any at all, is even more minute in the case of 3yeraged vibrational quantum number in the produgt O
DMBEII. Since rather small decreases in the fraction of olecules which is abou®:0= 4 for DMBEI and 3°:0=

translational energy are also observed with increasing vibrationalg_~ t5r DMBEII. Note that there is only a small variation in
excitation, one is led to expect that the changes will arise mainly o0, going fromE,j, = 8.5 kcal mot to E,ip, = 48.0 kcal

in the fraction of rotational energy (of both,@nd OH) and mol-L, both for DMBEI and DMBEIL. The same trend is
vibrational energy of OH. In fact, hardly any noticeable change observed for the maximum populated vibrational quantum

is seen in the fraction of rotational energy of bothdhd OH, . . _
which leaves the more significant changes for the vibrational number which varies for gOth surfaces betweﬁ@x =17 at
Evib = 8.5 kcal moft andv,2, = 23 atEy, = 48.0 kcal mot™.

energy of the “unbroken” OH bond. As shown from Table 4, i
such a fraction nearly doubles when going fr&t, = 8.5 kcal Conver§ely to the newly formedﬂnglecules which are found
mol-1 to Eyi, = 48.0 kcal mot? in the case of DMBEI, with tq be 'V|brat|onally hot, the OH r§d|cals are fprmed ggngrally
the multiplying factor being roughly 1.5 for the DMBEI results. vibrationally cold excep'F for the highest V|bre}t|onal excitations
Such an increase in the vibrational excitation of OH may indeed ©f the reactant H@radical where the maximum populated
be attributed to the fact that reaction channels (5) and (7) becomeVibrational quantum number may reach values as larg€as
open for large values of internal vibrational excitation of HO = 13. Clearly, for such high vibrational excitations of kj@he

In fact, a careful examination of all asymptotic channels has OH bond may no longer be a “spectator” (as for the lowest
shown that some of the hydroxyl radicals correspond to newly vibrational excitations of Hg) but correspond to a newly formed
formed OH bonds with an appreciable content of vibrational species since the attack can in this case occur either to the central
excitation. oxygen atom of HQ@ or to its terminal hydrogen atom. Of
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Figure 6. Distributions of rotational quantum numbers in the products of the reactien D, — OH + O, for the DMBEI potential energy
surface.
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Figure 7. As in Figure 6 but for the DMBEII potential energy surface.

course, as discussed above, Hay isomerize above 40.7 kcal Corresponding plots for the rotational quantum numbers are
mol~1, and hence, the notion of the central oxygen atom is shown in Figures 6 and 7, with the characteristic attributes being
questionable. Such mechanisms have been verified by carefulgathered in Table 5. As seen, such distributions are rather similar
analysis of a series of trajectories; see also, from Tables 2 andfor hoth DMBE surfaces, specially when looking to the values
3, the drastic increase in the cross section when the vibrationalreported in Table 5 for the two lowest vibrational excitations
excitation reaches 42 kcal mel In fact, one observes that the ¢, The higher vibrational excitations lead both in the case
newly formed hydroxyl radicals can appear with vibrational S . - OH

- : of DMBEI and DMBEII to significantly higher values qiO
quantum numbers higher thar= 9, especially when the oxygen H . . . max. -
atom attacks directly the terminal hydrogen atom of,HIhese and 4P D reflecting the change of mechanlsm pointed _OUt In
results may explain the faint OHE 10) emission line recently ~ the previous paragraph. However, ignoring the many dips due
detected in the night airglott(see also ref 17). They may also 0 the small number of trajectories that would be necessary to
support our recent suggestidrthat vibrationally excited H® run to get a smooth distribution, both the &d OH rotational
radicals should be abundant in the middle atmosphere, sincedistributions do show some similarity with a Boltzmann
such species are formed when vibrationally excited OH radicals distribution, and hence, we have calculated the corresponding

react with ozone. averaged rotational temperatures by udiBg{I= ksT. These
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Figure 8. Calculated cross sections for the reactiof-GHO, — OH + O as a function of the translational energy and various initial vibrational
energies of HO as obtained in the DMBEI potential energy surface. The lines indicate the fits based onXhs 9

are summarized in Table 5, leading to average valugs.pf gﬁ?'l—E 6: Numerical Parameters of Cross Section in Egs
(5377+ 480) K andT Q' = (17684 450) K for DMBEI; T

= (5418 250) K andT ' = (1556 & 340) K for DMBEII. Bio G 7
Also shown for comparison in Figures 6 and 7 are least-squares__ <6 Mo" n kcal mof™*A A
fits to normalized Boltzmann rotational distributions. Clearly, 65 373 DMBE | 4,04 510
thr(e;i/juscl:ggest a roughly thermal rotational distribution in the 6.0 376 47.02 99
P o _ , 42.0 4.32 107.89 1.59
- 3.2.2. Reactie Cross Section§igure 8 shows, for the various 48.0 4.68 193.83 1.19
initial vibrational excitations of H@ the calculated cross DMBE I

sections for the O+ HO, reaction as a function of the 85 314 13.45 216
translational energy as obtained from the DMBEI and DMBEII 36.0 3.53 26.41 1.93
potential energy surfaces. The overall picture is that the 42.0 3.66 30.18 1.95
calculated cross sections show, on increasing the collisional 48.0 3.59 27.11 2.14

energy, a rapid decline at first and then a stabilization at high th lcul . h |
energies before reaching a plateau. Such a decreasing behavimh To model the calculated cross sections, we have employed
with increasing collisional energy may be rationalized from the the form
observation that the reaction is barrierless on both potential r ' '
energy surfaces and hence one expects reaction to be dominated 0 = Ocap Orsp (©)
by capture through a long-range interaction potential of the form )
Whereo[,,ap accounts for the cross section due to capture of an
v=Cr" (8) oxygen atom from H(;)anda{sp is a rigid spheres cross section
that should be operative at high collisional energies. To represent
where C, is the effective long-range interaction (due to the capture excitation function we have employed the form
electrostatic, induction and dispersion forces, which are ap- C \2n
proximately described by both DMBEI and DMBEII) amnds o =na(n— 2)(27n)/n _n (10)
the distance from the attacking oxygen atom to the center of cap 2E,
mass of HQ@. This is a fair explanation, since the incoming O
atom tends to attack the terminal oxygen atom of the triatomic while the rigid spheres component is represented by
molecule and the atom H is light (thus, the Hi@olecule can
easily rotate to offer the terminal O atom to the attacking one). O‘:sz my2 (12)
Finally, for the high energy regime, one expects the leveling-
off in the cross section to suggest a rigid spheres such aswith the coefficientsC,, n, and# being treated as adjustable
collision asymptote, i.e., the two interacting particles would see parameters to be obtained from a least-squares fit to the
each other roughly as unpolarizable at high collisional energies. calculated cross sections. As shown by the lines in Figure 8,
Naturally, one expects the effective radius of HO increase the calculated cross sections are in essentially all cases fitted
with initial vibrational energy, as indeed seems to be the case within their associated error bars (the optimum values of the
from the relative positioning of the asymptotic curves, especially least-squares fitting parameters are gathered in Table 6). The
for DMBEII. notable feature from this table is the small variation in the values
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of nand#. Forn, the fitted values may be rationalized from

the observation that the leading long-range forces are those du&(T) = 9(T)

to the electrostatic interaction of the permanent quadrupole
moment of OfP) with the permanent dipole and quadrupole
moments of OH. Based on the optimized atomic quadrupole
moment modet®47this would lead us to anticipate an attractive
dependence o or r =5 for all angles of approach, respectively.
Furthermore, one expects a further attractive contributiomtn
from the leading induced-dipole induced-dipole dispersion
interaction, with corresponding higher-order attractive contribu-
tions arising for subsequent terms in the dispersion expansion
In addition, contributions would arise from the induction energy,
but this has not been explicitly included in the construction of
the DMBEI and DMBEII potential energy surfaces. Since all

Silveira et al.

12
nz 2n — 2 -
Iﬂ( - )(kBT)(n 4)/n Cﬁm +

[(n . 2)(n72)/n‘u1/2
8k, T\
5o

wherel() is the gamma function, and all other parameters have
the meaning assigned above. The rate constants calculated from
eq 13 for temperatures over the range XJ/K < 500 are
shown in Figure 9. Each panel of this figure shows a comparison
of the results obtained using DMBEI and DMBEII for a specific
vibrational excitation of H@ It is seen that both surfaces,
irrespective ok, show the same general pattern as a function
of temperature, as one might anticipate for a reaction occurring
over a barrierless potential energy surface, i.e., controlled by

@—a)n

such terms have the same sign, one is led to anticipate that theilong-range forces. The other visible fact refers to the value of

sum should vary as™", with n < 4. Such an expectaction is
corroborated in all cases for DMBEII and approximately for
DMBEI, where forE,i, = 42.0 and 48.0 kcal mot the values

of n slightly exceed the value of 4. This may be attributed, at
least partly, to remaining errors in the least-squares fit to the
cross section data. Regarding the paramet@ffective hard-
spheres ratio), it is seen to assume a value clogeA except

for the two DMBEI cases just referred. Such a result may be
compared with the ©-HO, van der Waals radius that may be
estimated as the average of the<® and HQ---HO, van der
Waals radii. Using van der Waals diameters for the homonuclear
interactions of do...o = 3.61 A and® dyo,--+o, = 3.96 A, one
getsdo..-Ho, = 3.79 A which is fairly close to the average (3.77
A) of twice the values of; obtained for DMBEI (2 = 3.44

A) and DMBEII (27 = 4.09 A).

Finally, we need to address the effect of the initial vibrational
excitation on then and s parameters. First, the value ofis
seen to increase witk,j, in the case of both DMBEI and
DMBEII. This may be attributed to the average increase of size
of the HG, radical with vibrational excitation and, hence, of

the calculated rate constant which is predicted to be somewhat
smaller in the case of DMBEII for all values of vibrational
excitation considered in HO This may be attributed to
differences between the two surfaces which refer basically to
the regions associated to the gldtermediary and products
channel, i.e., to regions where reaction has essentially already
taken place. In fact, since the well depth associated with the
stable HQ species is somewhat deeper in DMBEII than in
DMBEI (specially if the well depth is measured up to the crest
of the barrier that separates Blfdom the OH+ O, asymptote,
i.e., 7.84 vs 1.50 kcal mol), one can probably attribute the
smaller reactivity of DMBEIlI to a higher probability that
trajectories forming a H® complex have to recross the
centrifugal barrier back to @ HO; rather than yielding OH-
O, products. In fact, a comparison of the nonreactive prob-
abilities in Tables 2 and 3 show that they are generally
significantly larger for DMBEII than for DMBEI, except for
the highest value d&,i, where the difference tends to level-off
or slightly increase at high collision energies.

The influence of the reactants vibrational excitation on the
thermal rate coefficient is perhaps best seen from Figure 10,

the associated permanent dipole and quadrupole moments. Awhich shows by the shaded areas the range of calculated results

similar consideration could effectively be extended to the various
polarizabilities, which would imply an increase on the value of
the associated, dispersion coefficients. Unfortunately, the
trends are not so clear fgr Although it is nearly constant and
close ton = 2 A in the case of DMBEII, its value is seen to
decrease with increasirg;, in the case of DMBEI. We believe
that this is simply a consequence of a strong correlation between
then andy parameters during the least-squares fitting procedure.
In fact, the largest deviations are associated to the two highest
vibrational energy values where the anomalies in the values of
n had already been pointed out. So, our tentative justification
suggests a cancelation of errors in the least-squares fitting
procedure (too large values compensated by too smathnes),
rather to any unambiguous physical effect.

3.2.3. Thermal Rate Coefficient§o calculate the thermal
rate coefficient of the title reaction, we have used the following
electronic degeneracy factor

1
5+ 3 exp(=227.6M) + exp(—325.9M)

o(m) = (12)

which accounts for the electronic degeneracies ofPDH-
HO,(?A") and the fact that the DMBE potential energy surface
refers to HQ(2A).11:33.50.51By substitution of eqs 911 into eq

4, one obtains the analytical solution

for the various initial values ofE,p. Also included for
comparison are the available experimental measurerfié#s.

the recommended values for the range 200/K < 400, and

the results from our previous trajectory calculatiéhhe first
significant observation refers to the small variatiork@f) with
vibrational excitation of HQ This is specially true for DMBEI,

as indicated by the narrow band covered by the calculated rate
constants for the four initial values &, considered in the
present work. In fact, even for DMBEII, the difference between
k(T) for the highest and smallest vibrational excitations of,HO
does not exceed H20%. The other notable feature refers to
the value ok(T) obtained from DMBEII which is found to agree
essentially within the error bars of the available experimental
values. This is significant, since atmospheric modeling stitlies
have suggested that to get the best agreement with the observed
densities of odd hydrogen in the atmosphere the recommé&hded
rate coefficient should be scaled down by a factor up te- 50
75%. The exception to the good agreement reported above seems
to be the measurement at 1600 K, which significantly overes-
timates the DMBEII results and lies slightly above the DMBEI
ones. As suggested elsewhéréhis may possibly be attributed

to the opening of a channel not considered in the present work.
In fact, we emphasize that nonadiabatic effects have been
neglected in the present work, and these may turn out to be
specially significant at high temperatures since there is the
possibility of other electronic states becoming available. A final
remark goes to the comparison between the results reported in
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Figure 9. Thermal rate coefficients calculated from eq 13 for temperatures over the range T80 < 500. Each panel shows a comparison of

the results obtained using the DMBEI and DMBEII potential energy surfaces for a specific vibrational excitation of the reactant hydroperoxyl
radical.
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Figure 10. Influence of the reactants vibrational excitation on the thermal rate coefficient, and comparison with the available experimental
measurements:0

this work for DMBEI and those previously reportédor the provide a nonconventional source of H atoms that might help
same potential energy surface. These are somewhat larger thato explain the partitioning of HQspecies into OH and HO
the average values now reported &5, = 8.5 kcal mot™, However, an important question that remained to be answered

which may be due to their poorer statistics. However, the two was how much the vibrational excitation of the hydroperoxyl
calculations essentially overlap within their associated error bars radicals would affect the rate of title reaction, since this provides
and hence can be said to be in good agreement with each otheran important sink of ozone and hence which could then be
In summary, there is good agreement (within 20% or so) enhanced via vibrational excitation of HOThe results of the
between the two sets of theoretical results based on two DMBE prent work have shown that such an effect should be rather small
potential energy surfaces and between these and the experieven when considering HOwith contents of vibrational
mental results. excitation (this has been partioned democratically by all
vibrational normal modes) close to the H O, dissociation
asymptote. Thus, as advanced elsewhggseich a vibrational

It has been recently suggested by one ofu$ that excitation should not have implications in atmospheric modeling
vibrationally excited species such as, @H, and HQ could studies. Moreover, it does not affect the theory there proposed,
offer a clue to simultaneously explain the so-called “ozone where such an effect has actually been ignored. In fact, to the
deficit problem” (refs 16 and 19 and references therein) and best of our knowledge, the explicit consideration of vibrationally
the “HO, dilemma”2° which were pending in the literature for ~ excited HQ as an atmospheric entity has only recently been
more than 15 years. Of special relevance in the theory was thesuggestetf 18 possibly because they are assumed to relax
observation that vibrationally excited hydroperoxyl radicals promptly in the middle atmosphere through collisions with

4. Conclusions
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environmental species such as vibrationally cold oxygen and
nitrogen molecules. To what extent this may happen is unknown
at present, with studies along this direction being currently in
progress in our group. Finally, the good agreement shown in
Figure 10 between the rate constant calculated in the presen
work and its recommendé&tvalue as a function of temperature
gives no clue for the need of drastically scaling it down in
atmospheric modelling studies. Of course, some tolerable down-
revision within the reported error bars cannot be ruled out.

Acknowledgment. This work has the financial support of
Fundaéo para a Ciacia e a Tecnologia, Portugal, via programs
POCTI/40154/QUI1/2001 and FEDER.

References and Notes

(1) Crutzen, PSciencel997, 277, 1951.
(2) Peeters, J.; Mahnen, Gymp. (Int.) Combusf.972 14, 133.
(3) Day, M. J.; Thompson, K.; Dixon-Lewis, Gymp. (Int.) Combust.
1972 14, 47.
(4) Hack, W.; Preuss, A. W.; Temps, F.; Wagner, Ber. Bunsen-
Ges. Phys. Cheni979 83, 1275.
(5) Lii, R. R.; M. C. Sauer, J.; Gordon, 8. Phys. Chem198Q 84,
817.
(6) Nicovich, J. M.; Wine, P. HJ. Phys. Cheml1987, 91, 5118.
(7) Keyser, L. F.J. Phys. Chem1982 86, 3439.
(8) Sridharan, U. C.; Qiu, L. X.; Kaufman, B. Phys. Chem1982
86, 4469.
(9) Ravishankara, A. R.; Wine, P. H.; Nicovich, B. Ml.Chem. Phys.
1983 78, 6629.

(10) Brune, W. H.; Schwab, J. J.; Anderson, JJGPhys. Chenil983
87, 4503.

(11) Wang, W.; GonZaz-Jonte, R.; Varandas, A. J. €.Phys. Chem.
1998 102 6935.

(12) Varandas, A. J. C.; Szichman, Bhem. Phys. Lett1998 295
113.

(13) Vvarandas, A. J. dnt. Rev. Phys. Chem200Q 19, 199.

(14) Summers, M. E.; Conway, R. R.; Siskind, D. E.; Stevens, M. H.;
Offermann, D.; Riese, M.; Preusse, P.; Strobel, D. F.; Russell, J. M., IlI.
Sciencel997, 277, 1967.

(15) Atkinson, R.; Baulch, D. L.; Cox, R. A.; Hampson, R. F., Jr.; Kerr,
J. A.; Troe, JJ. Phys. Chem. Ref. Datt992 21, 1125.

(16) Varandas, A. J. CChemPhysCher002 3, 433.

(17) Varandas, A. J. Cl. Phys. Chem. 2003 107, 3769.

(18) Varandas, A. J. Cl. Phys. Chem. 2004 108 758.

(19) Miller, R. L.; Suits, A. G.; Houston, P. L.; Toumi, R.; Mack, J. A,;
Wodtke, A. M. Sciencel994 265, 1831.

(20) Clancy, R. T.; Rusch, D. W.; Thomas, R. J.; Allen, M.; Eckman,
R. S.J. Geophys. Red.987, 92, 3067.

(21) Speranza, Minorg. Chem.1996 35, 6140.

Silveira et al.

(22) Speranza, MJ. Phys. Chem1998 102, 7535.
(23) Cacace, F.; de Petris, G.; Pepi, F.; Troiani S&iencel999 285

(24) Cacace, F. Private communication, July 2001.

(25) Dupuis, M.; Fitzgerald, G.; Hammond, B.; Lester, W. A., Jr.;
Schaefer, H. F., ll1J. Chem. Phys1986 84, 2691.

(26) Setokuchi, O.; Sato, M.; Matuzawa, &. Phys. Chem. 2000
104, 3204.

(27) Yu, H. G.; Varandas, A. J. Chem. Phys. LetR001, 334, 173.

(28) Blint, R. J.; Newton, M. DJ. Chem. Phys1973 59, 6220.

(29) Mathisen, K. B.; Gropen, O.; Skancke, P. N.; WahlgrenAtta
Chem. Scandl983 A37, 817.

(30) Mathisen, K. B.; Siegbahn, P. E. Mhem. Phys1984 90, 225.

(31) Chen, M. M. L.; Wetmore, R. W.; Schaefer, H. F., Ul.Chem.
Phys.1981, 74, 2938.

(32) Vincent, M. A.; Hillier, I. H.J. Phys. Chem1995 99, 3109.

(33) Varandas, A. J. C.; Yu, H. QJol. Phys.1997 91, 301.

(34) Nelander, B.; Engdahl, A.; Svensson,dhem. Phys. Let200Q
332 403.

(35) Yu, H. G.; Varandas, A. J. Q. Chem. Soc., Faraday Trarnk997,

93, 2651.

(36) Szichman, H.; Varandas, A. J. £.Phys. Chenml999 103 1967.

(37) Garrido, J. D.; Caridade, P. J. S. B.; Varandas, A. 1.®hys.
Chem.1999 103 4815.

(38) Caridade, P. J. S. B.; Zhang, L.; Garrido, J. D.; Varandas, A. J. C.
J. Phys. Chem. R001, 105, 4395.

(39) Varandas, A. J. C.; Caridade, P. J. SABem. Phys. Let001
339 1.

(40) Caridade, P. J. S. B.; Betancourt, M.; Garrido, J. D.; Varandas, A.
J. C.J. Phys. Chem. 2001, 105, 7435.

(41) Garrido, J. D.; Caridade, P. J. S. B.; Varandas, A. 1.®hys.
Chem. A2002 106, 5314.

(42) Hase, W. L., MERCURY: a general Monte Carlo classical
trajectory computer program, QCPE#453. An updated version of this code
is VENUS96: W. L. Hase, R. J. Duchovic, X. Hu, A. Komornik, K. F.
Lim, D.-H. Lu, G. H. Peslherbe, K. N. Swamy, S. R. van de Linde, A. J.
C. Varandas, H. Wang, R. J. WolQCPE Bull.1996 16, 43.

(43) Weisman, M.; Shum, L. S. G.; Heneghan, S. P.; Benson, S. W.
Phys. Chem1981, 85, 2863.

(44) Sridharan, U. C.; Klein, F. S.; Kaufman, J..Chem. Phys1985
82, 592.

(45) Osterbrock, D. E.; Fulbright, J. P.; Cosby, P.; Barlow, TPAbI.
Astron. Soc. Pac199§ 110 1499.

(46) Varandas, A. J. Cl. Mol. Struct. (THEOCHEM)L988 166, 59.

(47) Varandas, A. J. C.; Brafidal.; Quintales, L. A. MJ. Phys. Chem.
1988 92, 3732.

(48) Hirschfelder, J. O.; Curtiss, R. F.; Bird, R. Bolecular Theory of
Gases and LiquidsWiley: New York, 1954.

(49) Teitelbaum, H.; Caridade, P. J. S. B.; Varandas, A. J. Chem.
Phys.2004 120, 10483.

(50) Langhoff, S. R.; Jaffe, R. L1. Chem. Phys1979 71, 1475.

(51) Johnson, B. R.; Winter, N. Wl. Chem. Physl977, 66, 4116.



