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Trajectory calculations have been carried out for the title reaction over the range of translational energies
0.25< Ey/kcal mol? < 131.4. We present reactive cross sections for formation of stabjddd®anslational
energies up to 8.0 kcal md, while for O, formation the reported cross sections extend over the whole range

of translational energies. The former cross sections are shown to decrease with increasing translational energy,
while the latter cross sections show a slight increase leading to a broad maximum and finally approach zero
at high energies. Similarly, the formation of OH products has been investigated in detail and compared with
the corresponding process in the absence of argon. Formation and dissociation of energizenhtjexes

have also been analyzed and the decay rates rationalized by means of a simple two-step kinetic mechanism.

1. Introduction where X stands for a hydrogen or oxygen atom, respectively.
The first step is a fast complex formation equilibrium, in contrast
with the second which is the rate-determining process. The
results concerning the termolecular rate coefficients for, HO
formation have shown good agreement with the experimental
measurements?S In turn, the results for ozone formation have
where M is usually a rare gas, plays an important role in jndicated fair agreement with experimental results while showing
atmospheric H@formation and combustion processes. This some improvement over previous theoretical calculatfns,
recombination reaction of atomic hydrogen with molecular \hich have employed the energy-transfer mechatfisthand
oxygen is the dominant loss mechanism for H atoms in both fits to ab initio energie®3° using the many-body expansin
the troposphere and stratosphere and acts as the chain termingnethod. Although competitive, it is impossible to say which
tion step at the explosion limit of the hydrogeoxygen system.  mechanism predominates, and probably they should both be
Although the corresponding thermal rate coefficient has been considered.

the subject of marly® experimental measurements, only afew  The identification of HQ product molecules arising from the
studies have Suggested its theoretical interpl’etation in terms 0ft|t|e reaction is not free from some ambiguity, especia"y if based
elementary steps. Regarding the high-temperature rate coefsimply on geometrical criteria. Since not all the initial
ficient measurements, most studies have been obtained fromyansiational energy is transferred to the receding Ar atom, the
shock tube or flame data using argon as the third bodiyAt H + ArO, collisions may lead to formation of energized KO
300 K, the available kinetic studies for the title reaction consist Comp|exes_ This can easily be tested by Comparing the total
of scattered experiments using both ditéct and indirect (see  internal energy of the formed hydroperoxy! radical with the
ref 3 and references therein) techniques. More recently, corresponding energy threshold forHHO, dissociation. Thus,

Carletonet al? have carried out studies using several third it will be interesting to examine the detailed mechanism for
bodies, which include Nat 298—580 K, H,0O at 575-750 K, the unimolecular dissociation reaction

and Ar at 298 K.
Theoretically, Galluci and Schafz have employed the HO,* —H + O, 4)
classical trajectory method to study the HeHO,* system (the
star indicates H@ molecules excited above the dissociation
threshold) and reported cross sections for energy transfer,
stabilization, and dissociation of HO In addition, Brown and
Miller20 have carried out calculations for the same system, with
the HG* complexes being excited to energies just above the
dissociation threshold. Both studi&g°have used the Melius
Blint?! potential energy surface for the H@dical. In a similar
context, Gelf? has performed calculations for the ADs
system, employing the £potential energy function of Varandas
and Murrell23
In a recent Lettef* the authors have obtained the termolecular
rate coefficient for the three-body recombination processes H
+ O + Ar — HO; + Ar and O+ O, + Ar — Oz + Ar using
the two-step chaperon mechanism

The three-body gas-phase reaction

H+ 0,+M —HO,+ M 1)

which has been a topic of recent theoretical investigatfors
using the DMBE I\#° potential energy surface for the ground
electronic state of the hydroperoxyl radical (for improvements
on the DMBE IV surface, see ref 36). Soagal32 have also
utilized quantum and semiclassical variational transition state
models to obtain microcanonical rate constants for reaction 4,
and a comparison of the different results allowed them to
conclude that there is weak coupling between theQDstretch

and H-0O, bend modes along the reaction path. Moreover,
Dobbyn et al33 have reported the bound states of Hip to

the dissociation threshold. They observed that although the
wave functions are mostly irregular close to the dissociation
threshold, there are some regular states that are associated with
large excitation in the @stretching mode and little excitation

in the other vibrational coordinates. Based on these results,
Dobbyn et al3® have suggested the existence of regions of
regularity (again, probably due to a partial decoupling of the
O—0 stretching coordinate from the other two modes) in the
classical phase space, which have been associated with “vague
® Abstract published irAdvance ACS Abstract€)ctober 1, 1996. tori”.3” These have been suggesfan provide bottlenecks to
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Figure 1. Schematic representation of the system of coordinates used ~
in the present work. For clarity, the oxygen atoms are labeledn@d > I
Op. ok
the intramolecular vibrational energy redistribution and associ- 2
ated with approximate constants of motion that confine trajec- I
tories to quasiperiodic orbits even in seemingly chaotic regions 4 K |
of phase space. In addition, a paper has appeared in the -6 6
literature by Mandelshtarmet al34 reporting vibrational energies A
and resonances for nonrotating kH®oth studies have shown X/

consistent results. More recently, Dai and ZHdnglculated Figure 2. Isoenergy contour plot for the H atom moving around an
numerous bound and resonance (both inelastic and reactive)AroZ molecule fixed at its equilibrium geometry. The solid dot indicates
states for H@ using a time-dependent wave packet approach the ArQ; center-of-mass.
and the DMBE IV potential energy surface. 3. Computational Procedures

In this work, we report a dynamics study of the title reaction
over the range of translational energies 02%/kcal mol
< 131.4. Besides the main dynamical aspects of the ArO,
reactive system, we give emphasis to the argon solvation effects
in the cross section for OH formation and to the study of,HO
dissociation. The plan of the paper is as follows. In section
we describe the potential energy surface for AgHQAIl 2
computational proc?edures are reggrted in section 3. Section 4 0i(Ey) = 97D Ni(E)/N (6)
discusses the details of the-HArO, reaction dynamics. The
cross sections for H§ O,, and OH formation are presented in
section 5, while section 6 analyzes the dissociation of the*HO
complexes. The conclusions are in section 7.

3.1. Classical Trajectory Method The quasiclassical
trajectory method as applied to atomtriatom collision4344
has been used in the present work to study the-H\rO,
reaction. According to this methdd;*” the cross sections are
2, obtained from

wherei labels the reactive channel and the fager 1/3 is the
same as for HS) + O(°%;) reaction’®32 The remaining
symbols in eq 6 have their usual meaniagy, N; is the number

of reactive trajectories on thigh channel out of a total oN
trajectories considered for the statistical analysis. Similarly, the
68% confidence intervals are given by

N = N(EJ] 2

2. Potential Energy Surface for ArHO,

Since the main details concerning the Arpitotential energy
surface have been discussed elsewPfetaye present here only Ao, = o(E,)
some additional features with importance for the dynamics of LT NN(E,)
the title reaction. In terms of the six internuclear distances
shown in Figure 1, the ArH@potential energy surface assumes with N;, ¢;, andAog; depending on the initial translational energy

()

the form (Ey) of the approaching reactants. Although the total number
of trajectories,N, may also be chosen to depend Bg this
Varrio(R) = Vo, (RuRaRy) + Vao(Re) + Vao(Rs) + dependence is clearly arbitrary, and hence, it is not explicitly
Vv stated in the aforementioned formulas.
arti(Re) () In the remainder of this subsection, we address the way the

reactants have been prepared. Usually, the initial vibrational

whereR = (Ry, ..., Re), Vho, is the DMBE IV®® potential for states of the triatomic are defined in terms of the corresponding
the hydroperoxyl radical, and the pair-potenftéiéao andVar normal mode frequencies, and the initial rotational energy is
describe the ArO and ArH interactions, respectively. To set by employing the rigid rotor approximation. However, as
represent the pair-potentials, we have employed the EHFACE2it is well established®5354the quasiclassical trajectory method
model?° which have been calibratéto reproduce the attributes  suffers from the problem of zero-point energy leak. Because
(well depthem and locationRy) of the corresponding experi-  of this, and since rotationabibrational energy conversion is
mental minima: em = —2.798 x 10 *E, at Ry, = 6.65 & for possible, we have fixed initially the triatomic molecule at its
ArO* andeyn = —1.5273x 10 *En at Ry = 6.84a for ArH.42 equilibrium geometry to integrate the classical equations of

Figure 2 shows a contour plot for the hydrogen atom moving motion. This scheme avoids unphysical energy flow from the
coplanarly around the ArOmolecule fixed in its equilibrium bound modes to unbound ones, which would otherwise be
geometry; the solid dot represents the center-of-mass of theresponsible for an early breakoff of AO bonds even before
triatomic molecule. We note the absence of energy barrier for any significant interaction with the H atom has occurred.
the H atom to approach the reactant An@olecule from the 3.2. Identification of the Reactive Channels Atom-—
side opposite to the Ar atom. Indeed, this almost inhibits triatom collisions can lead to 14 possible channels, 2 of which
reaction for the corresponding angles of attach. Also depicted correspond to the nonreactive and completely dissociative
in Figure 2 are the potential barriers next to the O atoms and processes, respectively. As beféfeye do not consider as
the saddle point for isomerization. Note that the center-of-mass distinct channels the various isomers of a given species. Thus,
of the reactant molecule falls in the repulsive region close to a possible scheme for identification of the various reactive
the Ar atom, and hence, zero-impact parameter trajectorieschannels requires the inspection of every interatomic distance
represent nearly head-on collisions with argon. that becomes increasingly large and the simultaneous charac-
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TABLE 1: Definition of the 14 Channels in the H + ArO, TABLE 2: Summary of the Trajectory Calculations for the
Collisions? H + ArO , Reaction over the Range of Translational
H -1
channel products R/A RJ/A RJA RJA RJA RyA Energies 0.25< Ey/kcal mol™* =< 8.0°
1 . *
1 H -+ ArO, 121 o 352 o 352 o Eu/kcal mol™ bm@/A ch N N1 N2 Nz N5
<1.66 >20.0 <4.40>20.0 <4.40>20.0 0.25 5.75 8 1492 1303 187 2
2  Ar+HO; 1.33 0.97 o 1.83 o S 0.50 5.25 2 1498 1302 100 95 1
<1.66 <2.29>4.68 <2.29>4.68 >4.68 1.0 4.75 1 1499 1282 40 155 22
3 Os+ ArOpH o 0 ® 0.97 352 3.62 2.0 45 1500 1282 10 157 51
>5.63 >5.63>5.63 <2.29 <4.40 <4.52 4.0 4.0 1500 1251 2 152 95
4 O+ ArOH @ 097 352 o o 3.62 8.0 4.0 1500 1266 1 118 115
>5.63 <2.29<4.40 >5.63>5.63 <4.52
5 Ar+H+0, 121 o ) ) 0 0 aThis includes one trajectory which led to @ArH (channel 11).
<1.66 >4.70>4.70 >4.70>4.70 >4.70 b See text.
6 Ar+ Os+ OH 0 0 0 0.97 o 0
>5.51 >5.51>551 <2.29>5.51 >5.51 According to eq 8, a small reduced mass implies a large value
7 Ar+0Op+ OH [ 0.97 o ) co ) i s
>551 <2.29>55] >551>551 >551 for Rﬁﬂ and vice versa It has been showff that the reduced
8 O+H+A0, o 00 o0 o0 352 o mass comprises a wide range of values, varying figth=

>551 >551>551 >551<4.40 >551 @ = itrarily fixindR® =
9 Ot+H+AO, o - 352 o . - 0.99 tou 18.07. Thus, by arbitrarily fixindgiy’ = 20 A,

>551 >5.51<4.40 >5.51>551 >551 one obtains the values fcﬁ(,\j,l) (i =2, .., 14). These are also
10 O+ Op+ ArH 0 0 o 00 o 3.62 given in the second entries of Table 1. Although arbitrary, our
1 oA >11.Zi> >470>470 »4.70>4.70 <‘3‘-2§ choice of R} results from an attempt to account for the
<166 >4.70>4.70 >4.70 >4.70 <4.52 relatively small reduced mass of channel 1 while avoiding long
12 OH+ ArOp 00 0.97 o 00 352 o integration times.
>5.51 <2.29>5.51 >5.51<4.40 >5.51 3.3. Technical Specifications All trajectories have been
13 QH+ArO, T B run using an extensively adapted vergfoof the MERCUR Y
>551 >551<4.40 <2.29>551 >551 The determinati ¢ th e f ical
14 O+ Out H+Ar o o o o o - program. e determination of the step size for numerica
>563 >5.63>5.63 >5.63>5.63 >5.63 integration has been done by trial and error on the basis of

accuracy requirements. The value £.2071% s has been found
to be sufficient to warrant conservation of energy to better than
1073 kcal mol 2,

terization of the product molecules on geometric grounds. Batches of 1500 trajectories have then been runEpr=
Accordingly, we define the 14 channels for the collisional 0.25, 0.50, 1.0, 2.0, 4.0, and 8.0 kcal mglkeeping the Ar@
system H+ ArO, as shown in the first entries of Table 1. molecule initially fixed at the corresponding equilibrium
Clearly, the characterization of the product molecules can be geometry. To select the maximum value of the impact
done by comparing at every point along the trajectory the parameter for which there is reactidomax, we followed the
interatomic distance®; (i = 1, ..., 6) with the corresponding  usual procedure by computing batches of 100 trajectories for
equilibrium values there reported. However, to avoid any fixed values ofb. Although optimized for the A+ HO,
ambiguity (since it is not possible to know priori which outcome, thebmax values so obtained have been found to be
products will be formed at the end of the trajectory), all also good for studying the formation of,O They have been
interatomic distances must be compared at each step with thecalculated with an accuracy @f0.25 A and are reported for
corresponding bond distances in equilibrium Ar-Qn the case each translation energy in Table 2. Also shown in this table is
of indistinguishable fragments, such ag—® and GQ—H (a the number of incomplete trajectorield{;) that lasted longer
andb are arbitrary labels of the oxygen atoms), we choose as than the time limit initially allowed for the integration procedure,
the reference the largest equilibrium bond distance. Of course,i-€. 9.6 x 10712s. Because such trajectories cannot be assigned
all reference bond distances must additionally admit a small to 1 of the 14 channels, they have been removed from the total

tolerance (typically 25%) to acount for the vibrational motion number of trajectoriesN) for the purpose of statistical analysis.
of the formed molecules. Thus, these will be considered as The results, shown in Table 2, are discussed in sections 4 and
formed when the corresponding interatomic distances satisfy 5. . .
the requirements indicated in the second entries of Table 1. For the range of translational energies 15.&/kcal mol*

It remains to specify the distancézgﬂ) (i = 1-14), beyond < 131.4, the batch size has been increased to 3000 trajectories
which it is reasonable to consider the products as separated!0 warrant better converged cross sections. In such cagags,

For simplicity, we have adopted in this scheme only &g Ragaee" o_;l)_tiraizeld fo_lththe rcleacltivedchalnnels leading to ('I?Hblor
distance per channel. Thug{) is associated with thetype rOH (see Table 1). The calculated values are given in Table

products and must replace for practical purposes the infinities =

indicated in the first entries of Table 1. Because the velocity . . .
of the receding products depends on their reduced mass, the4' Dynamical Details of H+ ArO 2 Reaction
Rﬁf values must also account for the specific mass factor. This 4.1. Energetics and lllustrative Trajectories Although

2 The second entry defines the various channels, which are specified
in the first entry; see text.

is achieved through the relatit 14 distinct outcomes are possible for the collision between a
hydrogen atom and the AgQran der Waals molecule, only a
R}\‘A) ﬂ(j) 1/2 few of them are likely to occur at low energies. Indeed, it is
vl I (8) seen from Figure 3 that only three product channels are opened
Rﬁ’,] U for the range of translational energies 02%/kcal molt <

_ 8.0. They correspond to formation of Ar HO, (channel 2),
from which one may generate the remainRﬁﬁ; distances once  which has an exoergicity 0f-54.51 kcal mol~1, and Q +
it is fixed for theith-channelu® andu®) stand for the reduced  ArH (channel 11) and Ad- H + O, (channel 5), which have
masses of the products in channeélsand j, respectively. endoergicities of 0.26 and 0.35 kcal mgl respectively. Of
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Figure 3. Energetic features of the Ht ArO, reaction. Note that the
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distance/A

time/ ps

Figure 4. Distance vs time plot for a typical trajectory leading to a
stable HQ product: ) Ry; (—— =) Ry (---) Rs; (-*-) Re; (-+*) Rs;
(*-*) Rs. The initial translational energy is 4.0 kcal mélThe time is

zero of energy corresponds to the reactants and that all other channelgiven in picoseconds.

are referred to this one.

TABLE 3: Summary of the Trajectory Calculations for the
H + ArO , Reaction over the Range of Translational
Energies 15.5< Ey/kcal mol~! < 131.4

Eu/kcal mol? bmadA N2* N3 Ny Ng N7 Nip Nig NOH  gPH/A2
155 40 156 1 0 0 O O 1 2 0.0H0.008
191 40 123 00 1 2 2 0 5 00280012
27.6 35 63 01 5 7 3 4 20 0.0860.019
42.8 35 20 4 1 16 13 12 4 50 0.2340.030
59.3 35 13 3 6 1015 5 5 44 0.1880.028
717 3.0 8 8 22316 9 9 67 0.210.025
95.6 275 6 3 3 27 25 17 14 89 0.2350.024
107.6 275 510 2 2316 9 10 70 0.185.022
119.5 275 1 6 0 17 11 7 1 42 0.1%0.017
131.4 275 1 2 0 1010 2 5 29 0.0760.014

aFor this translational energy, there
trajectories. The corresponding cross section is 0:608004 &. b For

9

distance/A

time/ps

Figure 5. As in Figure 4 but for a trajectory leading to an energized

have been three dissociative HO* molecule [part a]. The trajectory is allowed to continue until

dissociation into H+ O, occurs [part b]. See text.

all translational energies, the number of integrated trajectories has been

3000. Note that in column 10N°H = 5i.,N;. See text.

course, there is always the possibility of reforming thetH
ArO; reactants, as indicated by the double arrow in Figure 3.
In turn, with the reactant molecule fixed at its equilibrium
geometry, the channels leading to ArO + OH, OH + ArO,

and O+ ArOH are opened only for translational energies above
13.49 kcal motl. This is the case for the high-energy regime

discussed in section 5.2. Moreover, channels number 8, 9, 10,
and 14 are opened only for translational energies above 120

kcal mol1.
Tables 2 and 3 show the trajectory results for the-FArO,
reaction. In Table 2, we distinguish between stable,HO

12

distance/A

0.3

time/ps

molecules i{;) and those that have an internal energy exceeding Figure 6. Distance vs time plot for a typical trajectory of the reaction

the H+ Oy limit (N2*). All trajectories of both sets have been
identified using the geometrical criteria described in section 3.2,
the assignment tdN, or Ny* being donea posteriori by
comparing the internal energy of HBIO,* against the value
of 54.86 kcal mot! associated with the H- O, dissociation
limit (see Figure 3). We should note that the @omplexes
with internal energy above 68 kcal mof™ can also dissociate,
though not frequently, to form @ OH. For the range 15.5
Eyw/kcal moi! < 131.4, no stable H® complexes are formed
(see Table 3).

Figure 4 shows the interatomic distance vs time plot for a
typical trajectory leading to a stable H@nolecule, while Figure
5 illustrates another for the formation of an energized,HO
species. In the latter figure, after the Khas been formed
[part a of Figure 5], we have allowed the trajectory to continue
until dissociation into H+ O, [part b] has occurred. We note
that the time elapsed from the beginning of the trajectory to
formation of HQ* is only a small fraction of the total integration

H + ArO, — O, + H + Ar. The trajectory corresponds to a relative
translational energy of 2.0 kcal mdl Lines are as in Figure 4.

time. This suggests the existence of a dynamical bottleneck
for the energy randomization among the H@egrees of
freedom. Additionally, Figures 4 and 5a seem to indicate that
the formation of HQ@ products occurs through indirect-type
collisions.

Unlike formation of HQ, collisions leading to Ar- H +0,
are usually of direct-type as shown in Figure 6 through a typical
bond-distance plot. In fact, the collision lasts only the time
required by the argon atom to leave the reaction shell, since
the energy transferred from the incoming H atom is sufficient
to immediately break down the two weak AD bonds. It is
also seen from the trajectory of Figure 6 that only a very small
amount of the initial translational energy is transferred to the
vibration of the Q product molecule; note, from the previous
figures and the following, that there is initially no vibratioral
rotational motion associated with the A©® and OG-0 bonds,
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distance/A
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N N N N NS

0 IR U RN DA
6.05 0.10 0.15 0.20
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Figure 7. Distance vs time plot for a typical trajectory of the reaction
H + ArO, — OH + O + Ar. The trajectory corresponds to a relative
translational energy of 19.1 kcal mél Lines are as in Figure 4.

since the Ar@ molecule has been fixed at its equilibrium
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P, (0)

(d) (e)

b/A

Figure 8. Opacity function for HQ@ formation at the translational
energies (in kcal mol): (a) Ex = 0.25; (b)Eyx = 0.5; (c) Ex = 1.0;
(d) Ex = 4.0; (e)Eyx = 15.5; (f) Ex = 19.1. The solid lines are for

geometry. Besides the nonreactive trajectories and those leadindgormation of a stable HOmolecule, while the dotted ones refer to

to Ar + HO, and Ar+ H + O, products, only one has been
found that produces £+ ArH (channel 11) forE;, = 4.0 kcal
mol~1 (see Table 2).

Table 3 shows the more significant results for the high range

energized HE@* species. For botlt, = 0.25 and 4.0 kcal mot only
one curve is shown, since the corresponding number of trajectories is
too small to be significant. See text.

atom and the other is essentially due to the attractive wells of

of translational energies studied in the present work. The main the HC; potential energy surface.

difference is the formation of OH molecules (or OH-type
products,i.e., ArOH) that arise in channels 3, 4, 6, 7, 12, and
13 (see section 5.2 for further discussion). In turn, we illustrate
in Figure 7 one such trajectory that leads to formation of OH
(channel 4). It is important to note from this figure the small
collision time (direct-type) when compared with those leading
to HO, at low translational energies. Although slightly longer
than for Ar+ H + O, formation (Figure 6), all energy transfer
now occurs during a short period of time, which is consistent
with the direct-type behavior expected for the dynamics of the
title reaction at high energies. It is also clear from Figure 7
that part of the initial translational energy of the incoming
hydrogen atom is retained in the vibration and rotation of OH,
the remaining part being transferred to translation of the leaving
argon and oxygen atoms.

4.2. Opacity Functions Plots of the opacity functioni(e.,
reaction probability as a function of the impact parameter) are
a common way to analyze the dynamical behavior of a given
collisional system. For atonft diatom systems the three atoms

In Figure 8 we present the opacity functions for HO
formation. Note that we have distinguished in this figure the
opacity functions for H@ and HQ* formation by using the
solid and dotted lines, respectively. Since thejd@ecies arise
only for very low translational energies, we conclude that the
formation of these molecules is dictated by a capture-type
mechanism where the long-range forces develop an important
role as it has been found for H O,* and O+ OH#*?53.56
reactions. In fact, forE; = 0.25 kcal mot?! (Figure 8a),
although decreasing as the orbital angular momentum increases
(i.e., asb increases), the opacity function shows approximately
constant values for most of the impact parameters bélgw
Because of the low value of the translational energy, this can
be partly transferred to the leaving Ar atom through the
formation of a long-lived collision complex (see Figure 4). Thus,
almost all the HQ molecules arise with less internal energy
than the threshold for dissociation to give-H O, products.
This assumption gives support to our reéénse of a chaperon
mechanism to calculate the rate constant for the three-body
reaction H+ Ar + O, — HO, + Ar. As the initial translational

specify the plane where the collision takes place, and the reactionenergy increases, the probability of forming H#@omplexes
occurs in a circle centered at the diatomic center-of-mass and;|sq increases. and f@ > 4.0 kcal mot® we hardly observe

radius defined by the maximum impact paramelgf.§. For
atom + triatom systems, the collision no longer occurs in a
plane, while the nonzero reaction probability is now confined
to a sphere with radius equal to the valuebgfx Thus, we
need some caution to deduce dynamical features for atom
triatom systems from the corresponding opacity functions

formation of stable H@ molecules [see panels—d in Figure

8]. Another important feature, though not explicitly shown in
Figure 8, is the decreasing behavior of the opacity function for
the total (stable plus energized) Hf@rmation as the transla-
tional energy increases, which appears to be due to a less
significant role of long-range capture effects. In this case, the

because the atoms of the reactant molecule are usually notyrajectories leading to HOtend on average to have a more

symmetrically distributed around the corresponding center-of-
mass. However, since in the present study theAr@lecule
has been fixed at the respective equilibrium geometry, we do
not expect a great efficiency for out-of-plane collisions,

direct-type behavior.

Panels af of Figure 9 show the opacity functions for the
reaction H+ ArO, — O, + H + Ar at E; = 4.0, 8.0, 19.1,
59.3, 95.6, and 131.4 kcal md| respectively. Itis clear from

especially for those energies for which the short collision times Figure 9 that the reaction probability deacreases with increasing
do not allow energy randomizationg., momentum transfer).  value of the impact parameter, especially for high translational
Because of this, we believe that it is reasonable to explain the energies [panels-bf]. Obviously, the formation of AH- H +
opacity functions based only on the features of the potential O, products implies that the collision between the incoming H
energy surface that arise when hydrogen approaches WrO  atom and the Ar@molecule would be efficient to remove the
the plane (Figure 2). In such an analysis it is important to keep argon atom, the hydrogen atom also leaving the reaction shell.
in mind that the dynamics of the title reaction is governed mainly For high translational energies, this appears to be favored for
by two features of the potential energy surface (see also sectionhead-on collisions with argon (leading to short time encounters),
2): one is related to the strong repulsion region around the Ar which are generally associated with small impact parameters,
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Figure 9. Opacity function for @ formation at the translational 0 2 4 0 2 4
energies (in kcal mol): (a) Ex = 4.0; (b) Ex = 8.0; (C) Ex = 19.1; b/l

(d) Ex = 59.3; (e)E, = 95.6; () Ey = 131.4. See text.

Figure_ 10. Opacity function for OH formation at the translational
since the center-of-mass of the triatomic An@olecule is close ~ energies (in kcal mof): (a)Er = 59.3; (b)Er = 71.7; (C)Ew = 95.6;
to that of the Ar atom. However, “perfect” head-on collisions (d) Er = 117.6. See text.

with argon only occur for impact parameters different from zero, . . . .
which explains the maximum of the opacity functions foe argon is easily removed from the system, since it only solvates

0 [panels ef in Figure 9]. Moreover, we observe fd& = _the G molecule. FolEy = 59.3 kcal mot?, the opacity function
59.3, 95.6, and 131.4 kcal mdl[panels d-f in Figure 9] that IS alwgys zero for values df Igss than~0.9 A Indged, for.
the optimal impact parameters for, @rmation stay around small impact parameters the light H atom collides directly with
the maximum probability fronb = 0 to b = 1.5 A, while for the Ar atom and, since the translational energy is not sufficient
larger values ob the opacity function suddenly decreases. This (© @void reflection of the incoming atom and form ArH +
may be rationalized as follows. From Figure 2 we observe that O, the reaction pro_bablllty becomes apprommately Z€ro for low
values ofb < 1.5 A increase the chance for head-on collisions translational energies (eyen for those. not shown in Figure 10).
with argon, which favors the formation of;Owhile values of Hovyever, as the translaﬂongl energy increases [see panélls b
b > 1.5 A enhance the probability for the approaching H atom of Figure 10], the approaching H atom may get deflected from
to pass in the region of strong influence of the +t@ep wells the Ar atom to the attractive wells close to the O atoms, which
which allows for the possibility of forming other productsd, produces the maximum in the opacity function for small impact

OH molecules). Finally, as the impact parameter increases, theParameters aEy = 71.7, 95.4, and 107.5 kcal mdl Note
orbital angular momentum also increases and the opacityalso that, for all translational energies, the opacity function is

function tends slowly to zero. The exception to the general NOt@sSymmetric curve around the maximum. The enhancement
trend observed for the high-energy regime arisesEfor= 4.0 of the probability of OH formation for impact parameters smaller

kcal molt [Figure 9a], where the opacity function presents than~1.5 A may be caused by the aforementioned deflection

small values for all impact parameters with a broad, small (and a certain damping effect) of the incoming H atom, which

maximum around = 1 A. Indeed, as the translational energy S 9uided to a favorable approaching angle, allowing a more
becomes lower, the efficiency of head-on collisions with the Efficient collision. _ _
heavy Ar atom decreases and the reaction probability (to form _Finally, we note that in general the shape of the opacity
O,) naturally tends to zero. For very low translational energies funcﬂon for OH formation remains the same as the energy
the O, molecule can hardly be formed: even if the Ar atom is ncreases, unlike what happens for the other products just
allowed to leave the collision shell, the attacking H atom is considered. Thus, we believe that OH formation depends to a
promptly “captured” to form the H@species. Accordingly, large extent on steric effects.
Table 2 shows that the ormation diminishes (while the HO
formation increases) as translational energy decreases (se
section 5.1 for further discussion on this topic). 5.1. O;and HO, Formation. On the basis of the trajectory

In Figure 10 we show the opacity function for OH formation, results of Table 2 and using eq 6, we are able to calculate the
which is an important outcome of the title reaction for cross sections for the various channels arising in thie ArO,
translational energies abovel3.5 kcal mot?! (see Figure 3; collisions; the corresponding 68% error intervals are also
for further discussion see section 5.2). The opacity functions obtained from eq 7. Thus, we show in Figure 11 [panel a] the
presented in panels—al of Figure 10 are for translational reactive cross sections for HOormation (excluding the
energies ofE, = 59.3, 71.7, 95.6, and 107.5 kcal mé| energized hydroperoxyl radicals that will be treated in section
respectively. Unlike the opacity function obtained by one of 6) and the corresponding ones fortHAr + O, products. The
the author® for the gas-phase reaction H O, — OH + O, cross sections for HOformation show a markedly decreasing
which shows a maximum fds = 0 A and then deacreases for trend with increasing translational energy. At low energies, this
larger impact parameters, the curve for OH formation from the behavior is similar to that found in capture-dependent processes
H + ArO, system shows the maximum probability tor 1.5 like the reaction O+ OH — O, + H.495356 However, as the
A. Clearly, this maximum value of the opacity function translational energy increases, the cross sections approach zero
corresponds to collisions where the H atom has the opportunity more rapidly, owing to the antithreshold energy above which
to pass in the region of the H@ells, which is the most efficient  no stabilized triatomic H@can be formed* To describe this
way to approach the O atoms. This favors the energy transferdependence with the translational energy, we have adopted the
from the incoming H atom to the outgoing O atom. Note that excitation functiof’

g. Reactive Cross Sections
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Figure 11. Cross sections as a function of translational energy for the 0 35 70 105 140
title reaction. The cross sections for kifdrmation @) are significant Etr/kca]l mol

only in the range of translational energies 025Ey/kcal mol? <

8.0. For clarity, the calculated points for channelaj @re connected Figure 12. Cross sections for OH formation as a function of the
with dashes. The solid line in panel a corresponds to the fit of the HO translational energy: & and—) this work; © and - - -) QCT results
formation cross sections to eq 9. The 68% confidence intervals are (ref 50); () Aos (difference between the solid and dashed lines). The

also shown. lines for o, represent the least-squares fit to egs 10 and 11, while the
points indicate the calculated cross sections. The error bars and the
o,(Ey) = CE”" exp(—mE,) 9) threshold energies for reactiok(;) and dissociationH 4 are also
shown.
whereC = 1.97 2 (kcal molY)™, n= —0.77, andn = 1.12 formed ArOH molecules will dissociate at some stage to produce

squares fit to the calculated cross sections. Figure 11a showsrajectories leading to G- ArOH products in the calculation
that the fitted curve describes rigorously all the calculated points. of the cross sections for OH formation represented in Table 3.

observe formation of stable H@nolecules, and hence, the cross  formation as a function of translational energy. The points
section for channel 2 vanishes. shown by the black dots have been calculated by running

Also shown in Figure 11 [panels a and b] are the cross trajectories for the title reaction, while the open ones represent
sections for @ formation over a wide range of translational the reactive cross sections for the reactior-HD, — OH +O
energies; the calculated points have been connected by straighgptained in ref 50 using the traditional QCT method. (It should

dashed lines. Clearly, the cross section ferf@mation first be stressed at this point that, since we have fixed the reactant
increases from the threshold energy at about 0.5 klcarhol ArO, molecule in its equilibrium geometry, zero-point energy
until it reaches a maximum at abd¢ = 27.6 kcal mot* and effects are disregarded in the present work.) We also show in

then decreases for high translational energies. Note that therigyre 12 the least-squares fit of the calculated cross sections
small threshold for reaction H ArO; — O, + H + Ar arises of the forn®?

because it is a slightly endoergic process. In fact, a somewhat
similar behavior is found for the endoergic reaction that leads ;" = (g, — E,, )" exp[-m(E, — E,,)] (E, = E;,,)

to OH formation (see section 5.2). Thus, although the reactive (10)
cross sections for HOformation are essentially capture-

dependent (which corresponds to large values-ofor very and

low translational energies), those for diregtformation result o

mainly from head-on collisions with argon. Because of this, o =0 (<K, (11)

the calculatedss never assumes large values. Finally, since
O, formation increases as HOformation decreases, and WwhereEy ,is the threshold energy for reaction obtained by trial
particularlyo, increases drastically & aproaches zero [note  and error for the QCT results (see ref 50). For comparison
thatn is negative in eq 9] whiless vanishes, these two channels  purposes, we have used in the present work the same \Ejuye (
may be viewed as competitive for the low-energy regime [Figure = 10.16 kcal mot?) for the threshold energy and have given a
11a]. Of course, for the high energies [Figure 11b] where weight of 10 to the two cross sections closestEtg; in the
stabilized HQ molecules can hardly be formed, channel 5 least-squares fit (see ref 50 for details about the QCT fit). Thus,
competes with those leading to the formation of OH. for the parameter€, m, andn of eq 10 the numerical values
5.2. OH Formation. The present work makes it possible arising in that least-squares fit (full curve in Figure 12) are 3.92
to establish the dynamical similarities (and differences) between x 104 A2 (kcal mol1)~" and 2.0984 and 3.695 102 kcal !
the H + O, reaction and the solvated H ArO, system, mol, respectively. Although not all calculated cross sections
especially in what concerns the OH formation. Since this were reproduced within the stated error bars, the two excitation
contains the former reaction, we are led to believe that it is functions appear to resemble the general behavior of the
possible to reproduce the cross sections for the reactive processorresponding points. Thus, Figure 12 shows that the excitation
H + O, — OH + O calculated using quasiclassical trajectory function obtained in the present work (solid line) has the
methods through the addition of reactive events leading to maximum slightly shifted to higher translational energies when
products that contain OH. For this purpose we have run compared to that of the corresponding curve for the nonsolvated
trajectories for the H+-ArO, system at translational energies H + Oz calculations. Accordingly, we also show in Figure 12
E, = 15.5, 19.1, 27.6, 42.8, 59.3, 71.7, 95.6, 107.6, 119.5, and the line that represents the difference between the two excitation

131.4 kcal mot?, the first value being below the experimental functions, Aos = o ™2 — g% which accounts for the
H + O, reaction endothermicityi.e., AH = 16.6 kcal mot?). solvation effects by the Ar atom. We observe that for low

The main results are collected in Table 3. Since the energiesenergies theAosE;) curve assumes negative values, which
associated with A+O and ArH bonds are very low and the  seems to be due to the steric restraint of the large Ar atom as
considered translational energies are high, we assume that thehe hydrogen approaches,.O As the translational energy
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Figure 13. Vibrational-rotational energy distribution of the HO Figure 14. Fraction of dissociative H® complexes withEyip > 54.863
complexes. Panel a refers to the initial translational energy of 2.0 kcal kcal mol (—) and E,ip < 54.863 kcal mot! (---) as a function of
mol~%, while panels b, ¢, and d correspond to 4.0, 15.5, and 19.1 kcal time. Panels are as in Figure 13. See text.

mol™?, respectively. In each case, the solid lines indicate the vibrational

threshold for the Ht- O, dissociation, while the dotted ones refer to  sponding to complexes that last longer than 60 ps are the most
the O+ OH limit. The solid dots indicate_ disso_ciative trajectories, while  gcattered. Although some scattering is also observeH;for

the open ones correspond to pGpecies living longer than 60 ps. 15 5 keal mot? [Figure 13c], all HQ* species dissociate to
Also shown in dashes is a line for constdi + Era: form H + O, products before~12 ps. In turn, forlg; = 19.1

kcal mol?, the last HQ* complex dissociates before5 ps.
rI\/Ioreover, for this initial translational energy only three $#O
complexes dissociate to form OH molecules, all others leading
to O,. (Although not shown, we notice that f& = 27.6 kcal
mol~! the whole set of HgF complexes dissociates, but only
two form OH products.) This may be due to the fact that the
incoming atom is hydrogen, and hence, it is expected that the
H—0O, mode will contain most of the HOvibrational energy.

As a result, the formation of OH molecules after dissociation
is possible only through the rapid flux of energy to the ©
stretch mode (associated with the reaction coordinate). How-
ever, we expect a weak coupling between thestretch and
H—0, bend modes (note that a similar finding has been
reported? for the HQ, — O, + H reaction using quantum and
semiclassical variational transition state models), which explains
the formation of Q rather than OH.

Moreover, we indicate in Figure 13 [panelsd] the energy
threshold for H+ O, dissociation (solid lines), while the

In this section we address the dynamics of the,HO corresponding value for forming @ OH products is shown
complexes, which carry an internal energy above the thresholdfor E;, = 15.5 [panel c¢] and 19.1 kcal mdi [panel d] by the
for H + Oy dissociation. Thus, once a HOcomplex has been  dotted lines. In turn, Figure 14 shows the time evolution of
formed, we continue the trajectory until it dissociates or the the dissociated fraction of H® complexes with initial vibra-
integration time reaches 60 ps, which may be considered a verytional energy E,i,) above and below the H O, dissociation
long time in comparison to that required for the formation threshold i.e., 54.86 kcal moi?) for E; = 2.0, 4.0, 15.5, and
process H+ ArO; — HO, + Ar (typically, <1 ps). One such 19.1 kcal mot? [panels a-d, respectively]. Note that the solid
trajectory for initial translational energ, = 4.0 kcal mot? line (Evib = 54.84 kcal mot?) is associated with the vibrational
has already been illustrated in Figure 5. excitation while the dashed oné&,, < 54.84 kcal mot?)

In panels ad of Figure 13 we present the vibratioral accounts in a certain way for the significant rotational motion
rotational energy distribution of the HOspecies for the initial of the HG* complexes. From a glance at Figure 14, we
translational energies & = 2.0, 4.0, 15.5, and 19.1 kcal mé) immediatly observe forgy = 2.0 kcal mof?! [panel a] an
respectively. From this figure, we conclude that the internal enormous increase of the Hdissociative fraction folE,i, >
energy Ein) of the HQ* complexes is almost constant in all  54.86 kcal mot?! at lower integration times. The curve then
cases, being higher fdf; = 19.120 kcal mot! [panel d, for reaches a plateau at about 20 ps, which extends up to 40 ps,
which the intersect is aE i, = Eint & 72 kcal mof], then and slowly increases again. For those#@ith E,i, < 54.86
decreasing foE, = 15.5, 4.0, and 2.0 kcal mol (for the latter kcal mol the dissociative fraction always increases but more
Evib = Eint & 58 kcal mot?). Thus, for each H+ ArO, slowly than for the vibrational excitation case, the values being
translational energy, it is possible to assign a very narrow rangevery separated in magnitude. However, as the translational
of HO; internal energies. It is apparent f&; = 2.0 [Figure energy increases, the two curves coalesce [panet§.bThis
13a] and 4.0 kcal mot [Figure 13b] that the points corre- appears to indicate that for high translational energies the

time/ps

increases, the argon atom no longer resists the strong hydroge
impact and acts as a damping factor during the collision,
allowing a reorientation of the trajectory followed by the
incoming H atom. Obviously, this effect causes an additional
increase in reactivity. Note also that the dissociative cross
section for Ey = 131.4 kcal mot! is 0.008 & (only 3
trajectories lead to dissociation in 3000), while for QCT the
corresponding value is 0.044 fsee Table 3). This discrepancy
in the dissociative cross sections for valueggtlearly above

the threshold for dissociationEf,g) can be understood by
assuming that a large amount of the initial translational energy
is transferred to the leaving Ar atom in thetHArO, collisions.
Typically, for high values of the translational energy, the
solvation assumes little importance, since the energy is sufficient
to remove the Ar atom, and the two curves tend to coalesce.

6. HO,* Complexes after Collision



H + ArO, Reaction J. Phys. Chem., Vol. 100, No. 44, 19967521

Og Og TABLE 4: Relative Collision Energies, Values of

Parametersk,, k, 12, and f3 in eq 13, and Corresponding
(2) (b) Average Lifetime of HO,* Complexeg

Ew/kcal molt kipst kypst 5 2 Gips Gi0ps @hps

2 2.0 6.79¢3) 1.11 (1) 0.51 0.49 84.2 143 144
4.0 9.06 (3) 2.09(1) 0.10 0.90 162 61 59
155 1.39¢1) 1.82 0.02 0.98 070 070 0.70
19.1 2.76 1.00 0.36 039 0.36
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2 The last two columns contain the trajectory results for the same
average lifetime and the corresponding least-squares values based on
eq 16.

In [Ntoth(t)]/Nmt
|

]
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Assuming mechanism 12, the distributions displayed in Figure
15 can then be fitted through the simple three-parameter function

f(t) = cyexp(-cyt) + (1 — ¢y) exp(—cyt) (14)

1
S

0 5 10 15 which allows us to assign values to the initial fractions and
time/ps average lifetimes of the individual species, as well as to estimate
the overall average lifetime of the HOcomplexes. In turn,

Figure 15. Logarithm of the decay rate of the HOcomplexes as a the distribution of Figure 15d seems to exhibit an essentially

function of time. Panels are as in Figure 13. The lines represent the

least-squares fit to eqs 14 and 15, respectively, for panets and RRKM-type behavior, which we describe by
panel d. In panels b and c two sets of points have been marked
corresponding to distinct decay regimes. See text. f(t)= fg exp(—kbt) (15)

influence of rotation becomes negligible. Note also from panels o .

a and b that a fraction of the HOcomplexes have not been The fitting prpcedure e}lmed tp reprqduce thg key features of
dissociated at 60 ps, that fraction being higher for those with ach curve, with the points being weighted with the value of
Evib < 54.86 kcal motl. These observations clearly show that the corresponding ordinate. FBf; = 2.0 kcal mof* and Ey

for most cases there is a small coupling between rotational and= 19-1 kcal mot* direct fits to expressions 14 and 15,
vibrational degrees of freedom so that the complexes need anf€SPectively, have been performed. For the remaining transla-
induction time prior to dissociation, probably to allow the energy tional energies the fits have been done in two steps, one for
transfer into vibration associated with the dissociative ®4 each decay regime. The points used in each step are marked
stretching. This finding is quite consistent with the existence With different symbols in Figure 15. )

of “vague tori"3” which delays the energy flow among the Table 4 displays the |.n|t|al fraction of A and. B,'the decaying
various degrees of freedom of the pfOcomplexes. This constants for each species, the t(_)tal average lifetime of th#& I_—|O
argument has been pointed out by Dobstral33 to explain complexes, and the corresponding result based on the trajecto-

the appearance of highly excited regular states in theé#@rgy ries. The trend followed as the internal energy increases is what
spectrum. would be expected: the fraction of A diminishes as the fraction

Additionally, in Figure 15 we represent the logarithm of the ©Of B increases, the decaying constants increase, and conse-
decay rate of the H® complexes as a function of time. The duently, the average lifetimes decrease. The major feature of
distribution of complex lifetimes found in Figure 15 seems to thiS table is the discrepancy between the average lifetimes as
indicate that H@* decays with an intrinsically non-RRKM extrapolated from the fitted curve and the direct trajectory
behaviors859.6%specially for low energies. This situation arises, re;ults_, which is absent in the case of the two h|g_her energies.
as it is well-known, when transitions between two or more 1his discrepancy results from the fact that trajectories have been
individual molecular degrees of freedom are slower than interrupted after 60 ps of integration, leaving 37% of nondis-

transitions leading to fragments, creating one or more dynamical Sociated H@* complexes forEy = 2.0 kcal mof™ and 5.7%

bottlenecks. for 4.0 kcal mot? (both values being closely predictable from

The mechanism leading to dissociation can then be expressedh€ fitting results). If we then compute the average lifetime
as for the fraction that has dissociated up to 60 ps, which constitutes

the only part contemplated in the trajectories,
kK
A—B—C (12) 60
3T — f60) o

with the thermal rate coefficients, < ky (or ka < ky). A and ErgtOD: (16)
B stand for HQ* complexes not coupled and strongly coupled 1-1(60)

with the reaction path, respectively, and C represents the
fragments. Thus, the total fraction of HOcomplexes present
at each instant as a function of time is given by

we get a close agreement between the trajectory calculations
and the least-squares results, thus verifying the consistency of
the fitting procedure. The latter values are also displayed in

. kafgka) the last column of Table 4.
fit)y ="f, +fg = |fzg — expkyit) +
ACB 8 Ko — 7. Conclusions
{0 . .
Kefa n f,(i expkp) (13) We have reported a detailed dynamlcs study Qf the ArO,
ky, — K, reaction over the range of translational energies <25/

kcal mol! < 131.4. The opacity function for HCformation
wherefa andfg denote the fractions of A and B, with values has been shown to be mainly dictated by a capture mechanism
ffi andfg fort=0. where long-range forces play the dominant role. In fact, the
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cross sections for formation of stable bifdolecules have been

shown to deacrease with increasing translational energy. In3422

contrast, the opacity functions for the reactiorHArO, — O,
+ H + Ar have been shown to have a maximum for impact

parameters around zero, which indicates that head-on collisions

with argon favor @ formation. Thus, the reactive channels for
O, and HQ formation are the only competitive channels at low
translational energies. In turn, for high translational energies,
the @ and OH product channels become the competitive ones.
We have also found that in comparison with the previously
reported® cross sections for the reaction-HO, — OH + O,
those calculated for H+ ArO, — OH + O + Ar show
significant solvation effects over the complete range of trans-
lational energies considered in the present work. Finally, we
have analyzed the dynamics of the energized;H€pecies
arising in the reaction H+ ArO;— HO,* + Ar. At low

Marques et al.
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energies, we have assumed a two-step mechanism to describe (32) song, K.; Peslherbe, G. H.; Hase, WJLChem. Phys1995 103

the main features of the unimolecular decay, since the corre-

sponding decay rates differ by more than 1 order of magnitude
for those energies. This is an indication of non-RRKM
behavior. However, the H®dissociation process is predicted
to exhibit a more pronounced RRKM-type behavior with
increasing energy.
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