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Quasiclassical trajectories have been computed on the Mdilist (MB) Potential Energy Surface (PES)

and on the Double Many-Body Expansion (DMBE) IV PES of Pastrana et al. describingth®H= OH

=+ O reaction with the nonrotatingl & 0) O, reagent vibrationally excited to levels= 6, 7, 8, 9, and 10

at four temperatures: 1000, 2000, 3000, and 4000 K. The vibrational energy levels were selected by using
a semiclassical EinsteirBrillouin—Keller (EBK) quantization procedure while the relative translational energy
was sampled from a Boltzmann weighted distribution. The rate coefficient for the formation of the OH
products is seen to increase monotonically with quantum number and nearly monotonically with temperature.
On the MB PES, al = 1000 K, the total rate coefficient increases by a factor of 5.2 as the initial vibrational
quantum number of the Qliatom increases from = 6 to v = 10. ForT = 2000 K, this factor drops to 3.3,

to 2.9 forT = 3000 K, and to 2.5 foil = 4000 K. On the DMBE IV PES, at = 1000 K the total rate
coefficient increases by a factor of 4.1 as the initial vibrational quantum number of,td@fom increases

from » = 6 to v = 10. ForT = 2000 K, this factor drops to 3.5, to 2.1 for= 3000 K, and to 2.0 foll =

4000 K. The less-direct group (defined below) of trajectories is sensitive to the injtiabf@tional excitation

in several different temperature ranges, apparently retaining the effect of reagent vibrational excitation. The
more-direct group (defined below) of trajectories does not exhibit this behavior. Reagent vibrational excitation
does not increase the total rate coefficients for the title reaction more than the increase due to a simple
temperature increase. The less-direct and more-direct groups of trajectories differ in their contribution to the
rate coefficient for the title reaction. In particular, Bt= 4000 K, the two PESs used in this work differ
dramatically in the roles of the less-direct and more-direct trajectories. The behavior of the more-direct and
less-direct groups of trajectories can be understood in terms of the efficiency of intramolecular vibrational
energy transfer. This work utilizes the recently introduced PES Library, POTLIB 2001, which made the

comparisons between the two PESs discussed in this work possible in a very straightforward way.

I. Introduction wells on the potential energy surface (PES) which support long-

Excited molecules often exhibit very different reactive lived addition complexes. Such a reaction is

characteristics than do ground-state molecules because the
available internal energy can be utilized to overcome barriers H+ O,= HO, < 0OH+0 1)
to reaction. While electronically excited molecules have been
studied extensively, it has been more difficult to produce that proceeds with no barriers in the forward direction via a
vibrationally excited molecules experimentallifowever, the relatively deep potential energy well. Reaction 1 plays a crucial
effect of reagent vibrational excitation on the rates of chemical role in fundamental combustion processes, with the forward
reactions has been a subject of extensive interest to the chemicadjirection being prototypical of a radicatliatom reaction
dynamics community for more than thirty yedrd? Consider-  occurring without a potential energy barrier on a single PES.
able effort has focused on simple bimolecular reactions of the This forward direction of reaction 1 has been characterized as
form A + BC as well as reactions which involve polyatomic the most important step in combusti®and is the primary step
reagents? In a previous study it was shown that at specific  initiating the chain branching phenomenon in the oxidation of
energies the assumption of vibrational adiabaticity is very good molecular hydrogen and the oxidation of hydrocarbon fuels. In
for exothermic reactions involving “early” barriers and for addition to combustion processes, the reverse direction of
thermoneutral reactions in which the barrier is located midway reaction 1 plays a critical role in both atmospheric chemistry
along the MEP (minimum energy path) connecting reactants and interstellar chemistry. In the upper stratosphere and meso-
and products. sphere, ozone chemistry is controlled by catalytic reactions
Previous work focused on direct abstraction reactions. Only involving “odd-hydrogen” HQ (wherex = 0, hydrogenx =
very recently? has there been a comparable study of addition 1, hydroxyl;x = 2, hydroperoxyl}:6:17 As a result, the reverse
elimination reactions that are characterized by deep energeticdirection of reaction 1 plays a key role in models of atmospheric

- - — chemistry describing ozone concentrations.
*Address correspondence to this author. E-mail:duchovic@ipfw.edu. " . . . .
t Student research assistant, Department of Chemistry, Indiana University N recognition of its critical importance, reaction 1 has been

Purdue University Fort Wayne, Fort Wayne Indiana 46805-1499. the subject of numerous experimental studies focusing on

10.1021/jp050561i CCC: $30.25 © 2005 American Chemical Society
Published on Web 06/15/2005




5884 J. Phys. Chem. A, Vol. 109, No. 26, 2005 Duchovic and Parker

spectroscopic measuremetts’335-53 thermodynamic measure-  threshold (QCT-VEQMT) results of Varand¥slt should be
ments?4-56 and dynamical measuremefts’! Several com- noted that this level of agreement depends on the imposition of
pendid?-74 of recommended rate coefficients for reaction 1 have stringent zero-point energy constraints in the QCT-VEQMT
been compiled based on this extensive experimental work. method. When a less-restrictive treatment of zero-point energy
Complementing the intense experimental activity, there has beenis applied (QCT-IEQMT method of Varanddy the agreement

a number of ab initi® =87 and theoretical dynamic#t131.133-136 between the quasiclassical trajectory results and the quantum
studies of this reaction. In total, these investigations now span calculations of Meijer and Goldfield® is poor. The issue of
more than a quarter century. zero-point energy will be discussed at greater length below.

In the early to mid-1990s, three quantum mechanical studies Meijer and Goldfield?® also reported that their calculated
of reaction 1 were completed using the DMBE IV PES of quantum mechanical cross sections, at almost every energy, were
Pastrana et & Leforestier and Millet?®°and Viel, Leforestier, lower than corresponding experimental results. Bajeh et al.
and Miller*?! calculated the cumulative reaction probability for reported experimental cross sections based on monitoring
reaction 1 using a rigorous three-dimensional quantum mechan-O-atom production in the products of reaction 1, which indicates
ical method forJ = 0. Higher values of J were estimated by a much less pronounced variation as a function of reactant

using a J-shifting approximation and al-conserving ap- relative translational energy. In particular, the relatively sharp
proximation. The first work showed agreement with experi- increase in reactivity between 115.8 (1.2 eV mpland 164.0
mental rate coefficients in the range 80GKT < 3000 K while kJ mol?! (1.7 eV mof?) observed in previous experimental

the second reported very good overall agreement with the studie§®5253was very clearly absent from the experimental data;
coupled channel calculations of Pack ef’8lGermann and this same sharp increase was also absent from the quantum
Miller122 used flux-flux autocorrelation function methods to  mechanical calculations (= 0) of Meijer and Goldfield.

compute rate coefficients for reaction 1 in the range 508 K In a number of the studies briefly summarized above, the
T = 2000 K. Again, good agreement with experiment was J-shifting approximation was employed to reduce the complexity
achieved; nonzero values of the total angular momentum wereof the quantum mechanical calculations. This approximation
approximated by using th&shifting technique. In subsequent  treats the effect of the centrifugal barrier induced when 0
WOfk, Skinner, Germann, and Milf&8 used ahenCity-COﬂSErV- by S|rnp|y introducing an energy threshold that causes the
ing approximation to calculate quantum mechanical rate coef- reaction probability to be shifted to higher energies with respect
ficients for reaction 1 with total angular momenturir 0. They to the Correspondin@: 0 case. Compared to other approximate
demonstrated that the much simpleshifting approximation  quantum mechanical methods (e.g. the helicity conserving
is a reasonably accurate description of reaction 1, provided anapproximation or truncated basis approximatiah$hifting is
appropriate choice of reference geometry is made. the most severe approximation. Meijer and Goldfield assumed
In a series of investigations Dobbyn ef'&1125127and Song that Coriolis coupling is not important, that the total angular
et all®® have studied the bound states of H@nd the momentumJ has no impact on the dynamics of the reaction
unimolecular decay of HPto H + O, comparing three- other than introducing a ccentrifugal barrier, and finally, that
dimensional quantum calculations (a time-independent scatteringthe centrifugal barrier can be approximated by its value at the
approach) with various statistical theories. Dobbyn et al. observetransition state. With theses assumptions, Meijer and Goldfield
that the HQ states are highly mixed and that the underlying observed significant deviations from the reaction probabilities
classical mechanics is chaotic, implying that theztitrregular, determined with rigorous close coupling calculations on the
especially at energies near the dissociation threshold to H DMBE IV PES. Consequently, the approximate cross sections
O,. Their work suggests that there will be a free exchange of determined byJ-shifting do not agree very well with the close
energy among the vibrational modes of the H&ystem, with coupling cross sections.
possible “vague tori” or bottlenecks not significantly affecting  |n late 2000, a new ab initio PES for reaction 1 was developed
the rate of IVR. The calculated quantum RRKM dissociation and utilized by Harding et &f4135and by Troe and Ushak#%#
rates are in excellent agreement with the classical RRKM rate. jn both statistical adiabatic channel model (SACM) and qua-
That is, the quantum mechanical calculations confirm the sjclassical trajectory (QCT) calculations of specifi¢t5J)) and
frequently expressed speculation that RRKM dissociation ratesthermal k(T)) rate coefficients for reaction 1 between 300 and
are, on average, equal to the quantum mechanical rates in thesp00 K. Good agreement with experimental measurements was
“strong coupling” or ergodic limit. Song et al. used four different  observed; there was no evidence of nonstatistical effects or
models (three semiclassical and one guantum mechanical) tocontributions from electronically excited states. Below 300 K,
calculate HQ dissociation rates. The Separable EBK model QCT treatments were inadequate and oniy a quantum SACM
yielded an RRKM rate coefficient in very good agreement with  methodology gave reliable results. Troe and Ushakov noted that
the quantum mechanical calculation that retained full coupling ytilizing the recently reviséd’ value of the OH enthalpy of
among the vibrational modes, demonstrating that anharmonicformation brings the agreement between theory and experiment
coupling between the modes orthogonal to the reaction path isto within 20% over the temperature range of 300 to 5000 K.
not important in HQ dissociation. Sultanov and Balakrishn&t$ report very recent quantum
Meijer and Goldfield28-130.133and Bajeh et al*L have studied  scattering calculations for reaction 1 using both the DMBE IV
reaction 1 theoretically using a time-dependent wave packet PES and the recently developed PES of Harding, Troe, and
method on parallel computers and experimentally using a pulsedUshakov. Using d-shifting approximation, they report that the
laser pump-probe technique. Meijer and Goldfield observed rate coefficients computed using the Harding, Troe, and Ushakov
that, at higher energies, the total reaction probability decreasesPES are approximately 50% larger than those computed on the
as the value of (the total angular momentum quantum number) DMBE IV PES. Further, above 1000 K thé&shifting ap-
increases. Their quantum mechanical calculation of reactive proximation appears to be an adequate computational approach
cross sections as a function of the relative translational energyfor reaction 1, with the Harding, Troe, and Ushakov PES
of the reactants exhibits excellent agreement with the quasi-yielding better agreement with experimentally measured rate
classical trajectoryvibrational energy quantum mechanical coefficients than does the DMBE IV PES.
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In his review of the history of calculating the forward and tion of the reagents in reaction 1 even though this choice will
reverse rate coefficients for reaction 1, TY¥enotes that the make a direct comparison with experimentally measured rate
agreement between theory and experiment over the temperatureoefficients impossible.
range from 1000 to 3000 K is approximatetyl0%. Further The temperature range chosen for this study is consistent with
improvement in the determination of rate coefficients for the experimental work of Du and Hessfémnvho have recom-
reaction 1 will require more precise thermochemical data and a mend a rate coefficient for the forward direction of reaction 1
detailed analysis of the contributions to the rate coefficient from of ky(T) = [(1.62 £ 0.12) x 10 exp[— (7474 + 122)T(K)]
all the electronic states generated by the four open electroniccm® molecule’! s™1 for a temperature range from 960 to 5300
shell species involved in reaction 1. K. While the calculations completed in this study do not include

In this paper we examine the effects of reagent vibrational the highest temperature examined in the work by Du and
excitation on the rate coefficients characterizing reaction 1. Hessler, they do cover a sufficiently broad range to demonstrate
Calculations have been completed at four different translational the qualitative effect of reagent vibrational excitation on the
temperaturesT = 1000, 2000, 3000, and 4000 K), for five rqte'qoefflment _charactenzmg reaction 1 and to encompass a
different vibrational excitations of the@eagent ¢ = 6, 7,8,  Significant portion of the temperature span accessible to
9, 10) on two different analytical PESs, the MekitBlint?s experimental measurements. Using their recently developed
(MB) PES and the Pastrana et al. Double Many-Body Expan- theoretical model, Troe and Ushak#¥ recommend a rate
siorf2 (DMBE) IV PES. Both the MB PES and the DMBE Iv  coefficient for the reverse direction of reaction 1 in the
PES are representations of the ground electronic sta&'(X ~ témperature range 300 K to 5 000 K kfy(T) = (0.026 x
of reaction 1. These surfaces were chosen because the MB PES0 ') x (T/1 000 K47+ (1.92 x 10719 x (T/1 000 K40
is the earliest model PES of reaction 1 based on high-quality CM’ molecule™ s™%. Very recent theoretical wotk has inves-
ab initio data while the DMBE IV PES has been the most widely tigated the characteristics of reaction 1 up to a temperature of
used realistic PES to study reaction 1. Dating from 1979, the 10 000 K on the DMBE IV PES. . .

MB PES is based on more than 400 Multi-Configuration Self-  The paper is organized as follows: In Section Il we briefly
Consistent Field (MCSCF) calculations. It has been used over Outline the basic kinetic theory and computational assumptions
the past twenty-five years in both quasiclassical and quantum US€d in this work. In Section Ill we summarize the results of
mechanical studies of both directions of reaction 1. The DMBE these calculations while a discussion and interpretation of these
IV PES is a semiempirical PES, using two-body and three-body "€Sults is presented in Section IV. A summary is given in Section
expansions to represent intramolecular forces and including V- I addition to the kinetics and dynamical interpretations
available experimental and ab initio information. First published Presented here, this work is significant in that it is, to the best
in 1990 as a revision of earlier DMBE PESs, the DMBE v ©f our knowledge, the first use of a new Potential Energy
PES has also been used in numerous studies of both the forward-Prary, POTLIB 200114°to study a reactive chemical system.
and reverse directions of reaction 1. Since the MB PES has
been used over a long period, its inclusion in this study provides
an important point of reference for a qualitative understanding

[I. Computational Methods

The expression defining the thermal rate coefficik(T) at

the effect of reagent vibrational excitation on rate coefficient

temperaturd for the forward direction of reaction 1, producing

characterizing reaction 1. Further, because we have chosen tdhe OH diatom and O-atom products, is given by:

study two different PESs, it will be possible to make a direct

comparison of the rate coefficients calculated with the two PESSs,

noting differences and similarities. Finally, both the MB PES
and the DMBE IV PESs are significant improvements over a
LEPS PES used by Gad&m an earlier quasiclassical trajectory
study of reaction 1 with @vibrationally excited to levels =
4,5, 6.

However, both the MB PES and the DMBE IV PES have
known deficiencies and we will return to this point later in this
paper. Consequently, it is not the goal of this initial study to

8KkT
Tl—0,

1 2,
k(T>=§( ) o) @

In the above equatiomy—o, is the atom-diatom reduced mass,

k is the Boltzmann constant, and the factoftafaccounts for

the electronic degeneracy of reaction 1, representing the
probability of reaction 1 occurring on the ground-state PES of
the HQ radical. The standard options of the VENUS$Y6
quasiclassical trajectory program were used to select the initial

achieve quantitative agreement with experimental data. Rather,congitions. The vibrational quantum number of the nonrotating
the two PESs are used here in an attempt to provide an initial O, diatom was successively chosen:as 6, 7, 8, 9, 10, and
qualitative understanding of reagent vibrational effects. There for each vibrational quantum number of the Giatom, the

are, in fact, several additional PESs, developed after the MB yiprational energies are chosen by a semiclassical Einstein
PES and the DMBE IV PES, that have not been as widely used gyjjlouin—Keller (EBK) quantization. An ensemble of 5000

to study reaction 1. In particular, we note the DIM model of
Kendrick and Pack® (1994), the recent work of Harding et
al.134135(2000-2001), and the global PES utilized by Troe and
Ushakov3¢(2001). Finally, a new global analytic representation
of the PES for reaction 1 utilizing the calculations of both Walch
et al’’-79 and Harding et a}34135is under development in this
author’'s (R.J.D.) laboratory.

Since this study focuses on the effects of reagent vibrational

excitation, we examine only a nonrotating @atom J = 0).
The averaging of trajectory calculations over a distribution of
J values presents no theoretical difficulty. However, we have
chosen to focus od = 0 in an attempt to identify any unusual
characteristics attributable specifically to the vibrational excita-

trajectories was computed for each @brational quantum
number at four different translational temperatures; 1000,
2000, 3000, and 4000 K (a total of 100 000 trajectories on each
PES). The classical equations of motion were integrated by using
a fixed-step integrator (step sizel x 10716 s) that combines
fourth-order RungeKutta and sixth-order AdamsMoulton
algorithms.

The maximum value of the impact parametbfay, was
computed for each temperature and vibrational quantum number
combination by computing batches of 1000 trajectories at fixed
values ofb, systematically increasing the size lofuntil no
reactions were observed in the batch of 1000 trajectories. After
bmax Was determined for each combination of vibrational
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quantum number and translational temperature, the impactTABLE 1: Potential Energy Surface Characteristics:
parameter for each trajectory in the ensemble of 5000 trajectoriessffgmo_”aryI Points, Energies, and Excited-State ©
for a specified vibrational quantum number and translational ¥'Prational Energies

temperature was chosen by using a uniformly distributed random
number,R, in the interval (6-1):

b= b, ,R"? (3)

At each temperature, we define the reactive cross section by o

2N

Or(T) = ﬂbmax (N) (4)
whereN'/N is the ratio of the number of reactive trajectories
and the total number of trajectories. The 68% confidence level

is then calculated by:
_ nr\1/2
N N) M

NN

Ad'(T) = ( ®)

The Cartesian coordinates and velocities of each reactant are

randomly oriented through Euler’s angles within the reactants’
space-fixed center-of-mass Cartesian frame:

X = R(ﬁﬂst)Xi,cm
% = R(:0.0)% cm
where the angle8, ¢, andy are chosen by using three random

numbersRy, Ry, andRs. A different set of random numbers is
used for each reactant.

(6a)
(6b)

cosy =2R, —1 (7a)
¢ = 27R, (7b)
3= 27R, (7¢)

The relative translational energgy, at each temperatur€, is
chosen by using the following probability distributié?f.

E’[r eXF(_Etr
(kT)2 kT

A more detailed account of the Monte Carlo quasiclassical
trajectory method can be found in ref 106.

To apply eq 2 to calculate the thermal rate coefficient for
eachT requires the unambiguous determination of the number
of reactive trajectoriesN'. This determination is directly
connected with the question of how to treat vibrational zero-
point energy (ZPE) in the realm of classical mechanics. While
this question has been the subject of many investigatiéris’
and several distinct methodologlé% 147.150.152,154,15pqve heen
proposed, no completely satisfactory computational procedure
has emerged.

In this study we have chosen to determine the number of
reactive trajectories in two ways. First, we define a reaction to
have occurred when the distance between the OH diatom an
a single O-atom exceeds 10.0 bohr. This distance is clearly
much, much larger than the equilibrium OH bond length and

P(E,) dE, = ) dE, ®

identifies two entirely separate species. However, using such a

dynamical definition of a reaction opens the possibility that the
resulting OH diatom fragment may contain less than the

H-O; OH-O
H+ O, saddle HQ saddle OH+O
Melius—Blint PES
I'oH 3.76 1.88 1.85
roo 2.32 2.33 2.58
120 104
energy  0.00 Ix 10 —250 58
DMBE IV PES
I'oH 7.547 1.8345 1.820 1.835
roo 2.283 2.282 2.5143 5.083 -—
0 180.0 104.29 40.2 -
energy  0.00 7.876 102 —229.5 49.28 56.11
O, vibrational energy (kJ mot)
Melius—Blint PES DMBE IV PES
guantum no. Harmonic EBK  Harmonic EBR
6 123.9 115.7 122.6 117.5
7 142.9 132.0 1415 134.6
162.0 147.9 160.3 1514
9 181.0 163.5 179.2 167.9
10 200.1 178.7 198.0 184.2

a Distances are measured in bohr and angles in degrees. PES energies
are reported in kJ mot relative to the H+ O, asymptote® Einstein-
Brillouin—Keller semiclassical quantization used to determine vibra-
tional energies. @ground-state harmonic frequencies: 1593.0tm
(Melius—Blint); 1576.7 cmi* (DMBE 1V).

to possess at least vibrational ZPE. Under the second protocol,
any trajectory that satisfies the dynamical constraint of a
separation between the OH diatom and the O-atom, but does
NOT satisfy the ZPE constraint is discarded. This is not wholly
satisfactory since the ratid'/N still utilizes the same denomina-
tor (5000 trajectories) thereby altering the probabilities.

We will use these two counting methods as upper and lower
bounds on the calculation of thermal rate coefficients, recogniz-
ing that neither simple method should be expected to represent
the experimental behavior of reaction 1. This is consistent with
our interest to observe the qualitative effect of vibrational
excitation of the Qreagent on the rate coefficients of reaction
1, and not to predict accurately the experimental reaction rate.
To determine the value @i, we have chosen to use the same
estimate of the harmonic OH vibrational ZPE for both the MB
PES and the DMBE IV PES. This value, 22.51 kJ midb.381
kcal molY), was calculated by Walch and Duchoiat the
Complete Active Space Self-Consistent Field/Contracted Con-
figuration Interaction including the Davidson Correction (CASS-
CF/CCHQ) level of theory with a large basis set. The
corresponding harmonic OH vibrational frequency is 3764%tm
It should be noted that the value of the harmonic OH vibrational
ZPE used in this study to determind differs from the
anharmonic values on both surfaces by a maximum of 0.410
kJ mol (0.1 kcal mot?). Consequently, the use of this single
estimate of the OH vibrational ZPE is not significantly different
from using PES-specific values for the OH vibrational ZPE to

ddetermineNf. Further, since the harmonic ZPE value is the

largest of the three estimates of the OH vibrational ZPE, its
use represents the most conservative determinatidi. of

I1l. Results
A. Vibrational Excitation. To orient the reader to charac-

vibrational ZPE. Consequently, we have chosen to count reactiveteristics of the MB PES and the DMBE IV PES, the upper
trajectories a second way by imposing an additional quantum portion of Table 1 summarizes the key features of each PES.
mechanical constraint and requiring the resulting OH diatom As the table indicates, reaction 1 is endothermic in the forward
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TABLE 2: Rate Coefficients? for the Reaction H + O, — model, and with the trend reported in a very recent work by
OH + O at Four Temperatures as a Function of Q Teitelbaum et a[*2which has explored gvibrational quantum
Vibrational Quantum Number numbersy = O to 15 and temperatures up to 10 000 K. At the
temp(K) v=6 v=7 v=328 v=9 v=10 68% confidence level (eq 5), the rate coefficients calculated
Melius—Blint PES with the ZPE constraint are statistically different from those
1000.0  —-11.65 -11.41 -11.11 -11.03 -10.93 calculated without the imposition of the ZPE constraint. This
5888'8 :ﬂgg :ﬁég :%'82 :igg? :18'21 occurs on both PESs used in this study. Examining only those
4000.0 -1110 -1098 -10.88 -10.77 —10.71 trajectories satisfying the ZPE constraint on the MB PES at
DMBE IV PES = 1000 K, the total rate coefficient for increases by a factor of
1000.0 —11.81 —11.61 -1149 —11.27 —11.20 5.2 as the initial vibrational quantum number of thedbatom
2000.0 —11.58 -—11.46 —11.32 —11.25 —11.03 increases fromy = 6 to 10. ForT = 2000 K, this factor drops
3000.0  —-11.51  —-11.35 -11.14 -11.08 —11.02 to 3.3, to 2.9 forT = 3000 K, and to 2.5 fofl = 4000 K (see

4000.0 —-11.34 -11.20 -—11.16 —11.05 -—11.03

Melius—Blint PES, no ZPE constraint
1000.0 —-11.33 —-11.23 -11.01 —-10.95 —-10.88

Table 2). On the DMBE IV PES the total rate coefficient (for
ZPE constrained trajectories) increases by a factor of 4.1 as the

2000.0 —1116 -11.01 -1091 -10.86 —1080 initial vibrational quantum number of the,@iatom increases
30000 —11.09 -—10.90 —10.85 —10.81 —10.73 from v = 6 to 10 forT = 1000 K. ForT = 2000 K this factor
40000 —-1096 -1088 -—10.78 -10.71 —10.65 drops to 3.5, to 2.1 fol = 3000 K, and to 2.0 fof = 4000
DMBE IV pes, no ZPE constraint K (see Table 2). On both PESs, with and without the imposition
T T ) S - -+ SR 1y S w04 of the ZPE constraint, an analysis of the data for each quantum
3000.0 —1128 —1119 -1104 -1099 —1094 number reveals that the rate coefficient increases nearly
40000 -11.17 -—-11.11 -11.04 -10.97 -10.94 monotonically as a function of temperature. On the DMBE IV

PES, the departures from a strictly monotonic increase are not
statistically significant at the 68% confidence level (eq 5).
L 1 B. Reactive Cross SectionsTable 3 reports reactive cross
direction by 58 kJ mol*on the MB PI.ES ar_ld by 56.11 kJ mél sections (in &) calculated on the MB PES and the DMBE IV
on the DMBE IV PES. Both PESs identify the H@s a bent  peg 49 5 function of the relative translational energy of the

species, with the HOO angle being 104dh the MB PES and . reactants in the forward direction of reaction 1. Trajectories were
104.29 on the DMBE IV PES. The MB PES possesses a barrier binned in increments of 20.92 kJ mél(5.00 kcal mot?) and

in the entrance channel of 10 kJ mblcompared to a barrier
of I((ajss thﬁm 0.1 E‘] ”.’O*h"” the DMEE IPY PE?.hFlnally,bth% bin. As with the experimental data of Bajeh et, g} the
reader will note that in the OH O exit channel the OH bond  50jations withy = 0 in Table 3 do not exhibit the relatively

Ieng_th remains virtually unchanged on both PESs. In_ the lower sharp increase in reactivity between 115.8 (1.2 eV Hand

portion of Tab_le l_we summarize the @actant energies as a - 1g4 o kJ mott (1.7 eV motl) observed in earlier experimental

Lgnctlon of l\)/lbrau%na(lvgua;ntun? number. As hnote? in the g diess05253 This same sharp increase was also absent from
ISCUSSION above, the;vibrational energy on each surtacé was -y, o quantum mechanical & 0) calculations of Meijer and

chosen by using a semiclassical EBK quantization procedure.Goldfield 128-130,133

The table demonstrates that there is a significant difference The d t in Table 3 d rat | tonic d

between the energy based on the harmonic ground-state € dalain 1able 5 demonsirate a nearly monotonic decrease

frequency and the vibrational energies derived from the EBK (With onlya Iimited_number of exceptions) in th_e _real_ctive Cross
quantization procedure. This difference is a reflection of the sections as a function of energy. This monotonicity is exhibited

anharmonicity of each surface at higher levels of vibrational both n the averaging of the cross sections over temperature
excitation and this anharmonicity must be represented in the and in averaging thg cross sections over tmevtbratlonal .
choice of initial conditions. Table 1 also contains the ground- quantum number. It is |.r.1tere§t|ng. to note that this behavior
state @ harmonic frequency on each surface (based on a normal-2¢curs on both PESs utilized in this study.

2| og of the rate coefficients in units of dnmolecule* s™* are
reported.

the average relative translational energy was calculated for each

mode analysis with each PES). Table 4 reports the calculated reactive cross sectionsZjin A
The rate coefficients characterizing reaction 1 at four different as & fU”Ct'(l)ﬁn of the number of trajectory time steps (time step
temperatures as a function of, @ibrational quantum number = 1 x 107'°s). The trajectories were binned every 500 time

are summarized in Table 2 for each PES. The table containsSteps on the MB PES and every 1000 time steps on the DMBE
two sets of data for each PES, one in which no ZPE constraint [V PES. The different bin sizes demonstrate that the observed
has been imposed (relying on the simple dynamical definition qualitative behavior remains the same even though the course-
of a reaction given above), and a second set in which a minimumness of the binning procedure is varied. As in Table 3, the
vibrational ZPE is required for each OH product. Each tem- average relative translational energy was calculated for each
perature-vibrational quantum number value in the table is the bin. As a function of the number of trajectory time steps (i.e.
result of an ensemble of 5000 trajectories calculated after a spefime), the reactive cross sections increase monotonically on both
cific bmaxWas chosen (as described above) for each combinationPESS, approaching asymptotic values. The asymptotic values,
of temperature and vibrational quantum number. The data as a function of @vibrational quantum number (averaged over
reported in Table 2 required a total of 319000 trajectory temperature), span a greater range than those reported as a
calculations (rate coefficient calculations dngxdeterminations ~ function of temperature (averaged overbrational quantum
for each temperatumuantum number Combination). number). This behavior occurs on both PESs; hOWQVGr, the
The table demonstrates several clear trends in the data. FoSymptotic values of the reactive cross sections also differ
each temperature, on both PESs with and without the imposition Significantly on the two PESs.
of the ZPE constraint, the rate coefficient increases monotoni-  Additionally, the data of Table 4 indicate that the rate at which
cally with O, vibrational quantum number. This observation is the reactive cross section increases as a function of trajectory
consistent both with the trend observed in an earlier study by time step declines as the total time of the trajectories increases.
Teitelbaum and Lifshit2>8 which used a nonequilibrium kinetics ~We define a cross-section factor as the ratig.gss, where
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TABLE 3: Reactive Cross Section

Duchovic and Parker

energy av energy v==6 v=7 v=28 v=29 v=10 1000 K 2000 K 3000 K 4000 K
Melius—Blint PES
20.92 12.00 0.186 0.364 0.603 0.802 0.981 1.24 0.572 0.337 0.198
41.84 30.09 0.187 0.295 0.468 0.563 0.613 0.317 0.550 0.461 0.373
62.76 51.55 0.0984 0.175 0.250 0.229 0.314 0.0429 0.224 0.283 0.302
83.68 72.04 0.0981 0.133 0.143 0.190 0.223 0.0876 0.173 0.212
104.60 92.52 0.0863 0.112 0.0865 0.105 0.0919 0.0311 0.0888 0.169
125.52 114.44 0.0428 0.0495 0.0591 0.0750 0.0673 0.0221 0.0534 0.101
146.44 135.78 0.0565 0.0412 0.0383 0.0744 0.0672 0.00862 0.0412 0.0941
167.36 157.01 0.0315 0.0329 0.0347 0.0547 0.03931 0.0188 0.0513
188.28 177.63 0.0181 0.0211 0.0202 0.0274 0.0101 0.0110 0.0224
209.20 198.41 0.00511 0.0158 0.0170 0.0175 0.0635 0.00770 0.00493 0.0258
230.12 218.47 0.00757 0.00528 0.0137 0.00985 0.00808
251.04 239.16 0.00528 0.0132 0.00814 0.00957
271.96 265.39 0.00565 0.00565
292.88 292.55 0.00565 0.00565
DMBE IV PES
20.92 11.99 0.112 0.190 0.297 0.440 0.545 0.621 0.331 0.214 0.101
41.84 30.51 0.110 0.162 0.207 0.294 0.365 0.215 0.279 0.263 0.155
62.76 51.67 0.0875 0.0988 0.113 0.115 0.155 0.0400 0.128 0.122 0.140
83.68 72.48 0.0701 0.0990 0.0851 0.138 0.154 0.00860 0.0747 0.128 0.140
104.60 92.54 0.0387 0.0506 0.0672 0.0674 0.0791 0.00458 0.0276 0.0742 0.0869
125.52 115.24 0.0268 0.0276 0.0503 0.0544 0.0697 0.00985 0.0276 0.0674
146.44 134.77 0.0354 0.0361 0.0400 0.0333 0.0481 0.0111 0.0266 0.0579
167.36 156.43 0.0137 0.0234 0.0270 0.0272 0.0146 0.0111 0.0154 0.0278
188.28 178.63 0.00785 0.0127 0.0137 0.0181 0.0121 0.0122 0.0129
209.20 200.84 0.00785 0.00425 0.00643 0.0121 0.0121 0.00643 0.00907
230.12 222.90 0.00393 0.00425 0.00604 0.00474
251.04 238.93 0.00785 0.0121 0.00997
271.96 259.09 0.00393 0.0121 0.0121 0.00936
292.88 289.22 0.00684 0.00604 0.00644
313.80 304.47 0.00849 0.00849
334.72
355.64 350.79 0.00604 0.00604

aThe table reports average cross sections. The first five columns are cross sections for each quantum number averaged over the four temperatures

used in this study. The last four columns are cross sections for each temperature averaged over the five valuesvitbrite@l quantum
number used in this study. Energies are reported in kJhamid cross sections are reported i ATrajectories were binned based on the initial
translational energy of the H- O, reactants in increments of 20.92 kJ mo{5.00 kcal mot?). ¢ Average initial translational energy of the H

O, reactants for all trajectories in each energy bin.

CS+1 is the cross section of then (+ 1)th bin and cgis the number and temperature combination. Averaging these 20 fac-
cross section of thath bin. With use of Table 4, the data from  tors for each time step bin yields average cross-section factors
the MB PES indicate that the reactive cross sections calculatedwhich vary from 2.71 (transition from 3000 time steps to 3500
at 4000 time steps are smaller by factors that range from 3.12time steps) to 1.01 (transition from 11 000 time steps to 11 500
(1000 K) to 1.35 (4000 K) than the reactive cross sections time steps) on the MB PES. On the DMBE IV PES, the average
calculated at 5000 time steps. The corresponding factors for cross-section factors vary from 8.65 (transition from 3000 time
the increase in the reactive cross sections at 6000 time stepssteps to 3500 time steps) to 1.03 (transition from 12 000 time
compared with those at 5000 time steps are 1.50 (1000 K) to steps to 12 500 time steps). This variation in cross-section factors
1.18 (4000 K). The significant point of this analysis is that the is displayed graphically in Figure 1.
largest factors occur at the transition from 4000 time steps to  The cross-section factors are a measure of how rapidly the
5000 time stepssuggestingthat there are two groups of reactive cross section changes in increments of 500 time steps
trajectories which behave differently. on the MB PES and in increments of 1000 time steps on the

The same analysis was carried out on the DMBE IV PES DMBE IV PES. For reactive trajectories on the MB PES that
starting at 4500 time steps. Averaging over thevirational last between 3500 and 5000 time steps, the reactive cross
guantum number, the reactive cross sections calculated at 450Gections increase in size by factors that are significantly greater
time steps are smaller by factors that range from 2.10 (1000 K) than 1.00. On the DMBE IV PES, the reactive cross sections
to 1.35 (4000 K) than the reactive cross sections calculated atof trajectories lasting between 4000 and 5500 time steps increase
5500 time steps. The corresponding factors for the increase inin size by factors that are also significantly greater than 1.00.
the reactive cross sections at 6500 time steps compared withThese observations indicate that the rate-of-change of the size
those at 5500 time steps are 1.39 (1000 K) to 1.16 (4000 K), of the reactive cross sections changes dramatically for reactive
and the factors for the increase in the reactive cross sections atrajectories lasting between 3500 time steps and 5500 time steps
7500 time steps compared with those at 6500 time steps arecompared to reactive trajectories lasting for times greater than
1.22 (1000 K) to 1.08 (4000 K). Again, the significant point of 5500 time steps.
this analysis is that the largest factors occur at the transition Insufficient data exist to identify a sharp demarcation in
from 4500 time steps to 5500 time stepaggestinghat there dynamical behavior. In fact, it may be the case that the change
are two groups of trajectories which behave differently on the in behavior does extend over a period of time. However, the
DMBE IV PES. two curves in Figure suggesthat the qualitative microscopic

An alternative analysis can be made by calculating all the dynamics of reaction 1 change at approximately 4000 time steps
individual cross-section factors. For each time step bin there on the MB PES and at approximately 4500 time steps on the
are atotal of 20 such cross-section factors, one for each quantunDMBE IV PES. This observation led to a subsequent analysis
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TABLE 4: Reactive Cross Sectiond
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time® steps av energy v==56 v=7 v=28 v=29 v=10 1000 K 2000 K 3000 K 4000 K
Melius—Blint
3500 55.30 0.120 0.192 0.307 0.482 0.634 0.0933 0.282 0.414 0.599
4000 47.76 0.178 0.308 0.489 0.757 0.954 0.207 0.495 0.611 0.835
4500 40.62 0.243 0.425 0.699 0.995 1.28 0.443 0.673 0.781 1.01
5000 35.44 0.319 0.561 0.853 1.19 1.49 0.646 0.841 0.914 1.13
5500 35.70 0.394 0.652 1.01 1.37 1.68 0.852 0.960 1.03 1.24
6000 32.94 0.444 0.728 1.13 1.47 1.83 0.967 1.07 1.13 1.33
6500 29.55 0.490 0.791 1.22 1.57 1.90 1.06 1.15 1.19 1.37
7000 29.10 0.530 0.840 1.29 1.63 1.98 1.17 1.20 1.25 1.40
7500 30.36 0.563 0.885 1.32 1.68 2.02 1.22 1.25 1.29 1.43
8000 31.40 0.585 0.905 1.37 1.74 2.06 1.28 1.28 1.32 1.45
8500 30.94 0.602 0.930 1.40 1.77 2.09 1.34 1.31 1.33 1.46
9000 27.21 0.618 0.958 1.44 1.80 2.14 1.40 1.34 1.36 1.48
9500 28.14 0.630 0.980 1.46 1.83 2.16 1.42 1.37 1.37 1.48
10000 28.32 0.640 0.997 1.49 1.85 2.17 1.45 1.39 1.38 1.50
10500 30.27 0.652 1.01 1.50 1.86 2.19 1.46 1.41 1.39 1.51
11000 31.90 0.660 1.03 1.51 1.86 2.22 1.48 1.42 1.40 1.52
11500 26.53 0.668 1.04 1.52 1.88 2.22 1.50 1.43 1.41 1.52
DMBE IV
3500 69.05 0.0671 0.0901 0.186 0.206 0.248 0.0858 0.122 0.193 0.220
4500 48.54 0.126 0.209 0.280 0.419 0.527 0.176 0.259 0.394 0.419
5500 37.81 0.190 0.298 0.442 0.641 0.781 0.369 0.423 0.522 0.567
6500 36.53 0.256 0.397 0.561 0.801 0.949 0.512 0.570 0.630 0.659
7500 33.56 0.305 0.467 0.637 0.897 1.06 0.624 0.658 0.698 0.714
8500 29.01 0.334 0.509 0.683 0.948 1.13 0.689 0.700 0.754 0.743
9500 29.68 0.362 0.536 0.725 0.981 1.18 0.739 0.744 0.789 0.757
10500 37.37 0.372 0.560 0.742 1.01 1.22 0.781 0.772 0.802 0.768
11500 37.46 0.385 0.574 0.759 1.03 1.24 0.802 0.788 0.819 0.779
12500 28.67 0.390 0.584 0.783 1.04 1.28 0.82 0.811 0.838 0.789

aThe table reports average cross sections. The first five columns are cross sections for each quantum number averaged over the four temperatures

used in this study. The last four columns are cross sections for each temperature averaged over the five valuesvitbrtte@l quantum
number used in this study. Energies are reported in kJhaoid cross sections are reported i ATrajectories were binned as a function of the
length of a trajectory (i.e., the number of time steps). The length of a time step is 1006 s. ¢ Average initial translational energy of the H

O, reactants for all trajectories in each energy bin.

H+O2 --> OH+O

Cross Section Factors

0 1 2 4 9 10 11

5 6 7 8
Time Steps / 1000
Figure 1. Cross-section factors (see text) averaged over both temper-
ature and @vibrational quantum number:Q average cross-section
factors calculated on the MB PESa) average cross-section factors
calculated on the DMBE IV PES.

(reported below) that examines the effect ob @agent

vibrational excitation on the rate of reaction 1. We call those
trajectories which react in 4000 time steps or less on the MB
PES or 4500 time steps or less on the DMBE IV PES “more-
direct” trajectories. Trajectories which react in more than 4000

combination on each PES, a quartet of values is reported. The
first line of data at each temperature records the number of
reactive trajectories that satisfied both the dynamical reaction
definition and the ZPE constraint applied to the OH product.
The second line of data reports the number of trajectories
forming OH + O products based solely on the dynamical
reaction definition. For each quantum number, the first of the
two values is the number of more-direct trajectories. The second
of the two values is the number of less-direct trajectories.

The identification of two groups of trajectories on each PES
is further supported by a simple analysis of the average number
of turning points for each group of trajectories. A trajectory
“turning point” was identified by monitoring the sign of the
momentum vector associated with the center-of-mass of the
reacting system. Each time this vector changed its sign, a turning
point was counted. This analysis indicates that there is a distinct
difference in dynamical behavior between the two groups of
trajectories. In Table 6 we report the average number of turning
points at each temperaturguantum number combination for
those reactive trajectories forming products and satisfying the
ZPE constraint for the OH diatom on the MB PES and on the
DMBE IV PES. Noting that the less-direct group of trajectories
executes, on average, nearly twice as many turning points as
the more-direct group of trajectories supports the identification
of the different dynamical behavior exhibited by the two groups
on each PES. It is important to note that the observed disparity
in the number of turning points was not used as the criterion

time steps on the MB PES or more than 4500 time steps on thefor identifying the two apparent groups of trajectories. In fact,

DMBE IV PES are called “less-direct” trajectories.
The data contained in Table 5 are a summary of the individual
trajectory calculations. For each temperatugeantum number

the available data do not provide information about the location
of the turning points, that is, are they occurring in the vicinity
of the deep potential energy well of reaction 1 or are they
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TABLE 5: Number of Reactive Trajectories as a Function of Temperature and Q Vibrational Quantum Number ( »)

v==6 v="7 v=2=8 v=29 v=10
more less more less more less more less more less
temp (K) direce direct direce direct direct direct direce direct direce direct
Melius—Blint PES
1000 3 88 10 99 16 144 23 99 18 118
10 180 17 151 25 179 25 120 23 131
2000 18 108 47 143 84 201 91 151 113 156
32 181 62 202 108 249 111 181 136 182
3000 41 104 66 125 94 156 94 128 99 86
58 163 85 173 123 189 105 150 123 101
4000 75 98 84 142 130 136 169 115 159 89
DMBE IV PES
1000 4 74 17 76 15 72 18 60 22 71
17 141 36 120 29 105 32 79 38 81
2000 18 70 31 77 22 79 24 45 50 88
37 113 48 108 34 97 35 49 65 108
3000 44 60 49 92 62 87 45 47 53 52
75 102 78 123 82 105 55 56 68 56
4000 57 77 85 86 62 53 87 84 93 85
95 104 108 103 85 69 108 95 120 99

@ More-direct trajectories formed & OH products in 4000 time steps or less on the MB PES and in 4500 time steps or less on the DMBE IV
PES.P Less-direct trajectories formed © OH products in more than 4000 time steps or on the MB PES and in more than 4500 time steps on the
DMBE IV PES.¢ At each temperature, the first line of data reports the number of trajectories which satisfied both the dynamical definition of a
reaction and the ZPE constraint when forming the-@H products (see text); the second line of data reports the number of trajectories satisfying
only the dynamical definition of a reaction when forming thetOOH products (see text).

TABLE 6: Average Number of Turning Points (total) for H+03 -> OH+O
ZPE-Constrained Reactive Trajectories as a Function of
Temperature and O, Vibrational Quantum Number ( 2)
temp (K) v=6 v=7 v=8 v=9 v=10
-114
Melius—Blint PES
1000.0 more direét 33 37 34 35 31 o
less direct 68 78 74 62 64 "
2000.0  more direét 32 32 32 32 28 H
less direct 79 79 69 68 65 ~
3000.0 moredireét 31 32 31 32 27 M
less direct 73 70 74 67 56 & 115
4000.0 more direét 32 29 29 28 27 g
less direct 70 70 70 59 55 H
DMBE IV PES -
1000.0 more direét 28 30 30 33 24
less direct 71 72 68 59 69
2000.0 more direét 31 33 30 29 29 2
less direct 92 70 69 73 65 1300 ' 1se5 | | 1763 " le2s | 209d
3000.0  moredireét 31 30 32 30 30 E (mol™)
less direct 74 76 71 68 76 tot
4000.0 more direét 29 31 29 28 27 Figure 2. Rate coefficientsk) calculated from reactive trajectories
less direct 84 73 68 72 68 (both less-direct and more-direct) satisfying both the dynamical and

. . . . . the ZPE constraints (see text) on the DMBE IV PE®) (og(k
@ More-direct trajectories formed @ OH products in 4000 time calculated aff = 1000(K- ) Io)g(k) calculated afl = 200()) &g(@;

steps or less on the MB PES and in 4500 time steps or less on the|q,) calculated af = 3000 K: log(k) calculated af = 4000 K
DMBE IV PES." Less-direct trajectories formed © OH products in Tr?é Zerror bars represent the 6(82, cgglf)idence interval. '

more than 4000 time steps or on the MB PES and in more than 4500
time steps on the DMBE IV PES. coefficients is strongly controlled by the simple increase in
temperature, with the total rate coefficients calculated for each
occurring primarily in the exit channel of reaction 1. The of the four temperatures and the five @brational quantum
observed disparity in the total number of turning points is simply umbers increasing at very nearly the same rate. This same
an indicator that the two groups of trajectories appear to executepenavior is observed for the data calculated with the MB PES.
different dynamics. Separating the trajectories into categories of more-direct and
C. Rate Coefficients.To display the effect of the initial  |ess-direct yields a more interesting behavior. In Figure 3, the
vibrational excitation of the @reagent on the rate coefficient rate coefficients calculated from the less-direct group of
of reaction 1, data calculated with the DBME IV PES (Table trajectories on the DMBE IV PES are plotted as a function of
2) for those trajectories satisfying the ZPE constraint are plotted E,,;. The figure indicates that there is a significant enhancement
in Figure 2 as a function d&t = 1.5KT + Eyib, WhereE,i, are of the rate coefficient of reaction 1 as a result of the initial O
the EBK O, vibrational energies from Table 1. vibrational excitation compared to the effect of simple temper-
The figure shows that initial reagent vibrational excitation, ature changes. The data in Figure 3 show that the largest rate
in general, does not increase the total rate coefficient for reactioncoefficients are associated with the lowest temperatures and the
1 more than the increase due to a simple temperature increaselargest initial Q vibrational excitation. Hence, for the less-direct
The data plotted in Figure 2 indicate that increase in the rate group of trajectories, the initial Qvibrational excitation has a
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H+02 --> OH+O
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Figure 3. Rate coefficientsk) calculated from the less-direct group
of reactive trajectories satisfying both the dynamical and the ZPE
constraints (see text) on the DMBE IV PE)(log(k) calculated at
T=1000 K; @) log(k) calculated af = 2000 K; (») log(k) calculated
at T = 3000 K; (v) log(k) calculated aff = 4000 K. The error bars
represent the 68% confidence interval.

H+02 > OH+O0O
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Figure 4. Rate coefficientsk) calculated from the less-direct group
of reactive trajectories satisfying both the dynamical and the ZPE
constraints (see text) on the MB PE)(log(K) calculated afl =
1000 K; @) log(k) calculated aflr = 2000 K; (») log(k) calculated at

T = 3000 K; (v) log(k) calculated aff = 4000 K. The error bars
represent the 68% confidence interval.

much greater effect on the rate coefficient of reaction 1 than
does the simple increase in temperatdit@s behavior is also
observed on the MB PES (Figure 4).

For the more-direct group of trajectories on both the DMBE
IV PES and the MB PES, the rate coefficients for reaction 1
exhibit no significant enhancement due to the initial vibrational
excitation of the Qreagent compared to the effect of a simple

J. Phys. Chem. A, Vol. 109, No. 26, 2005891
H+0s --> OH+O
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Figure 5. Rate coefficientsk) calculated from the more-direct group
of reactive trajectories satisfying both the dynamical and the ZPE
constraints (see text) on the MB PE)(log(k) calculated afl =
1000 K; @) log(k) calculated afl = 2000 K; (1) log(k) calculated at

T = 3000 K; (v) log(k) calculated aflf = 4000 K. The error bars
represent the 68% confidence interval.

H+02 --> OH+O
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Figure 6. Rate coefficients calculated on the MB PES. Solid symbols
are total rate coefficients at = 1000 K: @) log(k) calculated from
reactive trajectories satisfying both the dynamical and the ZPE
constraints (see text)®) log(k) calculated from reactive trajectories
satisfying only the dynamical constraint (see text). Open symbols are
rate coefficients calculated from more-direct and less-direct trajectories
at T = 1000 K: (¥) log(k) calculated from more-direct reactive
trajectories satisfying both the dynamical and the ZPE constraints (see
text); (&) log(k) calculated from less-direct reactive trajectories
satisfying both the dynamical and the ZPE constraints (see text). The
error bars represent the 68% confidence interval.

number combination. The data represented by the solid circles
were calculated by using the trajectories identified as “reactive”
based on the dynamical definition of reaction, while the data

temperature increase. Figure 5 displays the rate coefficientsrepresented by the solid squares were calculated by using

calculated on the MB PES from the more-direct group of
trajectories as a function d.

In Figures 6 and 7, the log of the rate coefficient for reaction
1 calculated on the MB PES is plotted as a function of
vibrational quantum number fofF = 1000 K (Figure 6) and
2000 K (Figure 7). Each figure contains four sets of data. The

trajectories identified as “reactive” based on the additional
requirement that the ZPE constraint be satisfied for the OH
diatom product. The data in Figures 6 and 7 show the monotonic
behavior for the forward rate coefficient for reaction 1 as noted
above. The open symbols in Figures 6 and 7 represent the log
of the forward rate coefficient for the more-direct and less-direct

solid symbols depict the rate coefficients calculated for the entire groups of trajectories af = 1000 K (Figure 6) and 2000 K

ensemble of 5000 trajectories at each temperatguantum

(Figure 7). All the trajectories in these two groups satisfy the
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Figure 8. Rate coefficients calculated on the MB PES. Solid symbols
are total rate coefficients at = 4000 K: @) log(k) calculated from
reactive trajectories satisfying both the dynamical and the ZPE
constraints (see text)®) log(k) calculated from reactive trajectories
satisfying only the dynamical constraint (see text). Open symbols are
rate coefficients calculated from more-direct and less-direct trajectories
at T = 4000 K: () log(k) calculated from more-direct reactive
trajectories satisfying both the dynamical and the ZPE constraints (see
text); (a) log(k) calculated from less-direct reactive trajectories
satisfying both the dynamical and the ZPE constraints (see text). The
error bars represent the 68% confidence interval.

Figure 7. Rate coefficients calculated on the MB PES. Solid symbols
are total rate coefficients at = 2000 K: @) log(k) calculated from
reactive trajectories satisfying both the dynamical and the ZPE
constraints (see text)®) log(k) calculated from reactive trajectories
satisfying only the dynamical constraint (see text). Open symbols are
rate coefficients calculated from more-direct and less-direct trajectories
at T = 2000 K: (v) log(k) calculated from more-direct reactive
trajectories satisfying both the dynamical and the ZPE constraints (see
text); (a) log(k) calculated from less-direct reactive trajectories
satisfying both the dynamical and the ZPE constraints (see text). The
error bars represent the 68% confidence interval.

) ) ) H+0O2 --> OH+O
ZPE constraint for the OH diatom. The data graphed with the
open inverted triangles are computed from the more-direct
trajectories while the data represented by the open triangles are

computed from the less-direct trajectories (on the MB PES). In 1
both case, the error bars represent the 68% confidence level.. 1

In Figure 6 T = 1000 K), it is clear that the total rate is
overwhelmingly determined by the less-direct trajectories for
all vibrational quantum numbers 6 through 10. The more-direct
trajectories contribute very little to the total rate at this
temperature. In Figure 7T(= 2000 K) it is evident that the
contribution to the total rate coefficient by the more-direct
trajectories becomes more important at the higher vibrational
guantum numbers. The data from the DMBE IV PES exhibit
the same qualitative behavior fdr= 1000 and 2000 K. At a
temperature off = 3000 K, the behavior of the more-direct " s ; ‘ s ' 0 l o
and less-direct groups of trajectories on the two PESs begins O, Vibrational Quantum Number
to diverge. For the MB PES, betweer= 9 and 10, the relative  Figyre 9. Rate coefficients calculated on the DMBE IV PES. Solid
importance of the more-direct and less-direct trajectories is symbols are total rate coefficientsat= 4000 K: (@) log(k) calculated
interchanged, with the more-direct trajectories contributing more from reactive trajectories satisfying both the dynamical and the ZPE

substantially to the total rate coefficient of reaction 1. The constraints (see text)®) log(k) calculated from reactive trajectories

difference is seen very clearly @t= 4000 K. Figure 8 plots  Satisfying only the dynamical constraint (see text). Open symbols are
. ' rate coefficients calculated from more-direct and less-direct trajectories

the same data as Figures 6 and 7 buft &t 4000 K for the MB at T = 4000 K: () log(k) calculated from more-direct reactive

PES while Figure 9 displays these data for the DMBE IV PES. trajectories satisfying both the dynamical and the ZPE constraints (see
Again, the error bars represent the 68% confidence level. At  text); (a) log(k) calculated from less-direct reactive trajectories
= 4000 K on the MB PES (Figure 8), the interchange point satisfying both the dynamical and j[he ZPE constraints (see text). The
between the more-direct and less-direct trajectories occurs ate"or bars represent the 68% confidence interval.

vibrational quantum number = 8. Since the error bars in the
data overlap av = 8, the two groups of trajectories at that
level of vibrational excitation are making essentially an equal MB PES.

contribution to the total rate coefficient. At= 9 and 10, the . .

more-direct trajectories contribute most significantly to the total V. Discussion

rate coefficient for reaction 1. On the DMBE IV PES Bt= The focus of this study on reagent vibrational excitation has
4000 K (Figure 9), the roles of the more-direct and less-direct yielded an unexpected feature. It appears that contributions to
trajectories become virtually identical, particularly for= 7, the rate of reaction 1 come from two different trajectory regimes.

!

-11.54

Logyo(K) XKin cm3molecs

8, 9, and 10, in contrast to the role reversal observed on the
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The terms “more-direct” and “less-direct” used to describe these data in Table 5 provide some insight. At= 1000 K andv =
two groupings of trajectories reflect that the rate of change of 6 on the MB PES, 70% of the more-direct but only 51% of the
the size of the reactive cross section undergoes a significantless-direct reactive trajectories formedHOOH products with
change at approximately 4000 time steps on the MB PES andless than ZPE in the OH diatom. On the DMBE IV PES, the
at approximately 4500 time steps on the DMBE IV PES. The corresponding numbers are 76% and 48%. The data from the
identification of two groups of trajectories is further suggested table also show a general trend on both PESs that the numbers
by the gross qualitative difference in the average number of of more-direct and less-direct reactive trajectories forming O
trajectory turning points characterizing these groups (Table 6). + OH products with less than ZPE in the OH bond decrease as
With the exception of two cases, the average number of turning both temperature and initial Qvibrational quantum number
points for the less-direct group of trajectories is at least a factor increase. However, with only six exceptions on the MB PES
of 2 greater than the average number of turning points for the (and none on the DMBE IV PES), the percent of more-direct
more-direct group. While this apparent dichotomy was initially reactive trajectories failing to produce OH with at least ZPE is
determined by an analysis of the reactive cross section, we havealways greater than that of the less-direct reactive trajectories.
also seen that the two groups are further distinguished by the These observations suggest that the intramolecular transfer
effect of the initial Q vibrational excitation on the rate of vibrational energy between the |n|t|a||y excited Bond and
coefficients for reaction 1. Thus, in the study of a single reaction the newly formed OH bond is inefficient on the time scale of
1 we are able to investigate the effects of reagent vibrational the more-direct reactive trajectories. This inefficiency offers a
excitation on these two different dynamical regimes. Since the possible explanation for the previous observation that the more-
less-direct group of trajectories take a greater number of time direct reactive trajectories are not sensitive to the initial
steps (i.e. a longer time) to react, it would be expected that theseyiprational excitation of the @reagent, whereas the less-direct
trajectories would yield rate coefficients that are statistical in reactive trajectories seem to “remember” the initial ibra-
nature, sensitive only to the total energy ahdalues, and not  tjonal excitation. Teitelbaum et &.also note the inefficient
sensitive to the initial vibrational quantum number of the energy transfer in reactions involving the @iatom. Lemon
reagents. and Hasé®8% pointing to the work of Davis and Gra§! suggest
However, as we have seen, the less-direct group of trajectoriesthat the presence of quasiperiodic and “vague tori” trajectories
is sensitive to the initial @vibrational excitation in several in the HQ* (the rovibrationally excited complex) phase space
different temperature ranges, while the more-direct group of could create a bottleneck to intramolecular vibrational energy
trajectories, on both the DMBE IV PES and the MB PES, transfer between the QCcoordinate and the OH coordinate.
exhibits no significant enhancement of reactivity due to the However, the conclusions of Dobbyn ef'&12512hoted earlier
initial vibrational excitation of the @reagent compared to the contradict this interpretation. Consequently, the question of
effect of a simple temperature increase. The less-direct groupvibrational intramolecular energy transfer requires further study.
seems to “remember” the initial vibrational excitation despite The possible inefficiency of intramolecular energy transfer
the fact that these trajectories are less-direct, and consequentlygn the time scale of the more-direct group of trajectories also
may be more affected by the relatively deep H@btential offers a possible explanation for the observation that, especially
energy well. For the less-direct group of trajectories, Figures 3 gt low temperatures, the over-all rate coefficient for reaction 1
and 4 indicate that the addition of energy in the form of s determined primarily by the less-direct group of trajectories
temperature changes causes the rate coefficients to decreasgsee Figures 6 and 7). It appears that the more-direct trajectories
This behavior is typical of additionelimination reactions in do not efﬁcienﬂy transfer energy from thezajordinate to the
which the addition of energy decreases the probability of OH coordinate, and hence, do not contribute to the over-all
forming a reactive comple¥®? Increasing the initial @vibra- reaction rate. However, on the MB PESTat 4000 K (Figure
tional excitation (i.e. increasing the reagent vibrational energy) 8) and for higher @ vibrational excitation ¢ = 9 and 10), it
also increases the rate coefficient. Consequently, there is agppears that the apparent transfer inefficiency is outweighed
modest overall vibrational enhancement of reaction 1. by the availability of sufficient energy. To the extent that the
In Figure 5, the rate coefficients for the more-direct group less-direct group of trajectories may be more greatly affected
of trajectories calculated on the MB PES are plotted at a function by the relatively deep Hopotential energy well, Figures 6 and
of Eior. Comparing the rate coefficients from the less-direct group 7 indicate that this potential energy well may play a significant
of trajectories with these data indicates that increasing eitherrole in determining the rate of reaction 1, particularly at low
the initial G, vibrational excitation or temperature cause much temperatures. As the temperature and quantum number increase,
larger effects in more-direct group of trajectories. This behavior this role diminishes and the total rate coefficient is determined
is consistent with a chemically activated process in which the more importantly by the more-direct trajectories. On the DMBE
probability of overcoming the reaction endoergicity is directly |1V PES, the question is not so simply determined, as Figure 9
related to the available enerdf.With more energy available, indicates. In this case, even at high temperatures and high levels
there is a greater number of collisions that lead to products. of O, vibrational excitation, the more-direct and less-direct
The case off = 1000 K is particularly noteworthy. Increasing  groups of trajectories contribute nearly equally to the total rate
the temperature from 1000 K causes a very large increase inof reaction 1. At the very least we must conclude that, at least
the rate coefficient, substantially greater than that caused byqualitatively, the deep potential energy well must play a different
initial O, vibrational excitation. Foil = 2000 K and greater, role on the two PESs.

the effect on the rate coefficient of increasing temperature is  There are two distinct possibilities. On one hand, the behavior

roughly comparable to the effect of initial ;Cvibrational observed here may be a reflection of a physically real limitation
excitation. It is important to understand more Clearly Why the of transferring energy to the forming OH bond from a h|gh|y

effect of increasing temperature is so dramatic belfow 2000 excited diatom whose component atoms are significantly more
K. massive than the H-atom. As a result, on the time scale of the

In an attempt to understand the distinction in the dynamical more-direct reactive trajectories, energy transfer is inefficient.
behavior of the two groupings of trajectories on each PES, the On the other hand, the observed behavior raises a concern about
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the effectiveness of both the MB PES model and the DMBE  Last, this study has compared only two PESs, a comparison
IV PES model to represent the microscopic dynamics involving greatly facilitated by the POTLIB 2001 PES Library. The library
highly excited Q molecules. As noted by Kendrick and Paék, reduced the effort to utilize two PESs in a single study. Under
the MB PES possesses several deficiencies: a barrier in thethe best of circumstances, future additions to the POTLIB 2001
entrance channel along the MEP; an incorrect well-depth for PES Library should encourage additional comparative studies
the HG radical; a cusp instead of a smooth saddle for the among multiple PESs.

exchange of the H-atom between the two O-atoms in;@d
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