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ABSTRACT

' 'Clas'sic;él trajectory calculations have been ‘performed to determine the
influence of translational temperature, 'Hp vibrational energy, H, rotational
enérgy, OH vibratiorial energy, and OH r'otational*e"nérgy on the reaction, H; + OH..
- szh + H. The po:‘i‘:en'tial energy surface was a modification of the Schatz-
Elgersma a‘nalyt’i'cal*ﬁt to the Walsh-Dunning surface. Reactivity increases with
translational t;emperature, and is most strongly influenced by it.. Rotational’
excitation of either or both molecules suppresses reactivity. Vibrational excita-
tion:of Hzténharices reactivity, and vibrational excitation of OH_ﬁas no effect. A -
thermal rate coefficient was computed for the reaction at 1200 and 2000 K. The -
computed value compares favorably with the experiment at ‘2-000 K, while the
agreement at 1200 K is less satisfactory. The agreement between theory and
expérfi'ménf._;at) bdthy‘t_emperatures indicates that the potential surface_ is a rea-

sonable representation of the HHOH potential energy surface. .



1. INTRODUCTION

Bimolecular radical shuffling reactions in the gas phase represent an impor-
tant class of elementary processes in complex systems, particularly ,combustion.
The bimolecular reaction between H; and OH which produces H,0 and H, is ex-
tremely important in combustion systems. In hydrogen/oxygen flame systems,
this reaction appears to be the principal source.of water production at tempera-
tures above 700 K to temperatures prior to the onset of partial equilibrium. It is
also the main source of water_z in typical ‘hydrocarbon-air flames at atmosphe'ric
pressure. Due to its.iﬁ.lportance, the Hy + OH reaction has been the object of ex-.

tensive thecretical and experimental study.

Walsh and Dunning3 computed barrier heights and transition state
geometriés for HHOH using large scale POL-CI wave functions. Dunning et al.,4
discuss the characteristics’ of the surface and indicate that the agreement
between the computed vibrationally adiabatic threshold (5.9 kcal/mol) and ex-
perimentally derived values of the activation energy (4-6 kcal/mol) is quite rea-
sonable. Schatz and Elgersma5 fitted the Walsh-Dunning surface to an analYtical
form and performed a molecular dynamics calculation to determine the product
vibrational states for four values of the translational energy. In a second study,
Schatz and Elgersma6 examined the rotational, angular, and projection distribu-
tions of products in the Hy + OH reaction. In a later study, Schatz’ performed a
quasiclassical trajectory study to determine the effects of reagent vibrational
excitation on reactivity. Classical transition state calculations were also per-
formed by Schatz and Walsh,8 anci Isaacsoﬁ and Truhlar® computed rate
coefficients for the reaction using variational transition state theory and semi-
classical vibrationally adiabatic transition theory. More recently Brown and Ed-

10 performed transition state theory calculations on the H,; + OH reaction tak-

lin
ing full account of angular momentum conservation and with tunneling correc-
tions. Rate coefficients were also computed for all possible isotopes achieved by

substituting one or two H atoms with D.



There has been a corresponding experimental effort placed upon determin-
mg the Hz + OH rate coeﬂ‘iment over a w1de range of temperatures, and to deter-

211,12

mine factors 1nﬂuenc1ng react1v1ty Three reviews of the kmetlcs of this

reactlon are ava1lable Brown et al., 1 determlned a rate coeﬂiment for the reac-
' tlon in low pressure hydrogen/oxygen ﬂame studies, and Rav1shankara et al. 13
measured the thermal rate of OH w1th Ha and Dg from 250 to 1050 K usmg a flash

14 and nght and

photoly51s resonance ﬁuorescence techmque Spencer et al.,
: Matsumoto15 1nvest1gated the effect of v1bratlonally exmted OH on the reactxon
| Zellner and Stelnert16 17 have recently measured the eﬁect of v1bratlonally ex-
mted Hg on the rate at 298 K. | | |

In our own st_udy,_ which is a quasiclassical molecular dynamics study of the

Ha + OH .—>‘H,20‘“+ H reaction. with a modified potential ‘energy surface, we have at-

tempted to nn_ders_tand the role the system’s ‘initial ener_gsr distri_‘bution plays in

':inﬂuencing reactivity. ‘We have also computed a series of reaction cross sections
necessary to determine the thermal rate coefficient at 1200 and 2000 K. We have
placed special emphasis on determining the effect of reagent rotation on reac-
tivity, and have also examined the influence of reagent vibrational energy and
transl'ational temperature. Energy transfer in non-reactive and reactive colli-

sions will be the subject of another paper and will not be dis_cus'sed in detail here.

I1. MATHEMATICAL MODEL

' r[4'he method of Quasi-dassical dYnamics discussed by many i’nvestigators;are
used in this study. The particular formalism used here incorporates three basic
approximations: 1) the use of the Rashed-Brown modification to the Scha'tz-'
Elgersma analytical fit to the Walsh-Dunning potential surface, 2) the treatment'
of the dynamics with classical mechanics, and 3) the use of Monte Carlo averag-

ing techniques to sample the entire phase space of the H, + OH system.



A The Potential Energy Surface o

The potent1al energy surface used in thls study is a modlﬁed form of the
Schatz-Elgersma (S E) analytlcal representatlon of the Walsh Dunmng ab initio
potential energy surface ‘Walsh and Dunnlng used large scale POL-CI wave func-
tions to compute barrler helghts and transition state geometrles Several ab ini-
tio pomts were computed in the v1c1n1ty of the saddle pomt region to determlne
the tran51tlon state geometry, and a few were computed in the asymptotic re-
gions of conﬁguratlon space The S E emplrlcal ﬁt to the Walsh-Dunning pomts
expresses the potent1a1 as a functlon of the six distances between the atoms. The
analytical form adopted consists of six, two-body terms which are Morse and
LEPS functlons two three- body terms which are quadratic Sorbie-Murrel- hke

18 d, 19 and a four body correc-

terms™ " giving H20 the correct quadratlc force fiel
tion term. Figufe 1; is a schematic diagf‘am of the HHOH system illustrating the
pertinent distances. The potential .energy surface is thus written in the following

form:

V = Vy(Re)+ Vy!(Ry)+ V' (Fz) '
+Vigps(Fs B3, Ry). : . (2.1)
+Vi,0(Re. R5.R,) + Vio(Re, Rs, Fg) .

+Vy(R5,R3, Ry, Ry)

where the distances are i.dentiﬁed in Fig. 1, and Vy and Vy' are Morse terms, Vigps
is a LEPS potential, Vgy,p is a Sorbie-Murrel-lil(_e three body term, and V? is the
four body term. The exact form of these terms ahd the appropriate constants
are given by Schatz and Elgersma.5 Thills functional form treats Hz; and Hj3 as
identical, but treats H, differently.. The saddle point barrier height and zero
point energy are in good.agreement with the ab initio results, but the agreement
with regard to saddle point geometry and frequencies is less satisfactory. Schatz
and Elgersma discuss the difficulty in fitting the surface away from the saddle

point due to the lack of ab initio points in these regions and inflexibility in the



functibnél form. They mention the existence of small bumps in the surface of
approximately 2.3 kcal/mol magnitude. We discovered spurious well of magni-
tude 2-3 kcal/mol, in the asymptotic region of f;he surface which gave rise to
anomalously long-lived trajectories at values of translatiohal energy important
in ouf calculations, namely, for trajectories with translational energy less than 5

kcal/mol.

Careful analysis of the various terms in the potential.revealed that the
Morse terms describing the interaction between H, and Hp and H, and Hg, were
not approaching zero quickly enough. These contribute negative energy to the
' potential and result in the existence of wells in the asymptotic region. The most
satisfactory method of correcting this undesirable behavior was to increase the
value c‘>f‘ﬁ'ivnv the Morse function thus making the function approacl.:l zero more
qﬁickly. This was accomplished by analytically confinu'mg the S-E Morse func-
tion at distances d, with 5.2 <d < 5.5 bohr with a cubic spline function, and then
increasing the value of 8, as shown in the following equatiéns. The potential is
the SE potential for R, <5.2 and K, <5.2. The terms Vu'(R5) and Vy'(R,) are each

replace by a'c_ubié 'spl‘vin'é for either 5.2 < Kz <5.5or 5.2 <K,y <5.5 with

Vaptine = 2+ (R-5.2)(b+R-5.5)(c+(R-5.2)d)) (2.2)
and o - -

a=f, '

b= (F2=f1)/(5.5-5.2) . | | | (‘2.3)'

e=(fg-b)/(5.2-5.5) .

d = [(f b )/(v5.5—5.2')—b V/(5.5-5.2)



with
Ji= De (1 —vev -3(5;2'-1'?;.))2___ ._
F o= De(1-6-Bl5-RY)2 S (2.4)
fs= ZﬂDe (1-e —p(;.z—f?e))e ;p(s.a;ﬁe)
fa= ép! De ( 1—e —p_'(s.s—na))e -p'(5.2—Re)

and with

B =.924 bohr "1

De = .02757 hartree _ (2.5)°
Re = 2.908 bohr

g' = 1.48 bohr™ !

for Ky > 5.5 bohr the term Vu'(Rz) is evaluated with the new value the Morse con-

1

stant, 8’ = 1.48 bohr *, and for K, >5.5 bohr, Vy'(R,) is also evaluated with 8.

This modification to the S-E potential allowed one to achieve the proper -
asymptotic behavior through femoval of the spurious wells at large internuclear
separations. The character of the potential near the saddle point geometry was
retained since the ‘analytical fit was particularly good in this region due to the
high density of ab initio points.

Figure 2 and 3 are plots of S-E and R-B potehiia;i eneréy és a function of the
center-of-mass separation of the Hp; and OH molecules. The energy for the two
surfaces was computed along trajectories with identical boundary conditions.
Several plots of this type were coﬁputéd to verif;r that the modified potential

behaved appropriately, and these depict typical behavior.



B. Initial Conditions

Monte Carlo techniques are used to determine the average ‘colltsio‘n charac-
teristics for an ensemble of trajectories. For »en ensemble of trajectories, we
specify the translational ‘temperature of the system in kel;vins,. the initi-al vibra-
tional. iener'gonf Hp, the initial rotational energy of Hj, the initial vibrational en-
ergy. of OH, the initial rotational. energy of OH. ‘All energies are expressed in
kcal/mol. An ensemble is designated in the following manner:. (T, v, Jov', T,
where T de51gnates the. translatlonal temperature, v, the v1brat10nal quantum
number of Hg. J, the rotatlonal quantum number Hg, with v’ and J deﬁned analo-

gously for OH.

The boundary conditions are selected in accord W1th the quasi-classical ap-
prommatmn and a Monte Carlo averaglng scheme appropmate for a four atom,
two molecule system.z0 The relative velocity for each trajectory is selected ran-
domly by Monte Carlo sampling the appropriate collision integral with an as-
sumed Boltzman distribution of velocities. The impact parameter b is selected
from a,bz <df15trib_utton_(_')f_va1ues between O and,bma]':. 'The value of bpyx = 4.3 bohr
was Seleeted by integrating a Iarg»e_‘number of trajectvories with fixed valces of
the imnact para,met:er.- The reection.pxjobability tva;_ found te' be eero for trajec-
tories with b > 4.3 bphr.r__.._'I"_nis;was later verified by histegrammi_ng tne trajec-
toxriee, .an_d the fraction of reactive trajectories in the lvast bin 4.1 <b <4.3 was al-

ways zero or very small.

C. Classical Trajectory Calculations
Hamilton's eduetions are used to describe the time evolution of the System;
The eighteen equfation’ of motion derived from this Hamiltonian are integrated

E21 written by Shampine and

. using the ordinary differential equation solver.OD
Gordon.=? Solving the differential equation to a relative error of 1070 was found
sati_sfactﬂory for determining reaction eross section and" ‘pertinent ‘energy

transfer cross sections. Distance criteria were used to terminate the integration-



and to determine whether or not reaction occurred.

Each trajectory could be divided into one of four classes: class A, no reac-
tion; class B, reaction with the Hp atom included in the water molecule; class C,
reaction with the Hy atom included in the water molecule; and class D, reaction -
with the Hp and Hg atoms included in the water molecule. For all trajectories,
- the time associated with integration of the trajectories, the scattering angle, and

the final kinetic enez:-g'y.'in the systerri was computed.

For non-reaétive tréjectories, the final energy of each molecule was detei‘-

mined and this was‘parti’tioned into vibrational and rotational energy using the

following 1"elat.ionsh1ps:23
o H-J |
E'*f = min{VD(r) + 2“7'2}" VD(TG) . . (26)
and
E, = Epf — EJ (2.7)

where Ef is the final rotational energy, VD('r‘) is a Morse potential for the
molecule in question, J{ is the final angﬁlar momentum for the molecule, r is the
internuclear sepafatiori, i is the reduced mass, Ef is the final vibrational energy,
and E,,/ is the final molecular internal enefgy. The minimum of the effective po-
tential was found using the Newton-Raphsoh iterétion technique. The final rota-

tional quantum number J7 was determined from

J o= Y%+ B[+ aJf-Hsre (2.8)

and the final diatomic vibrational quantum number, v/ was determined from

. o 2 N
vl = -+ —;F[{ZM[EMJ — Vp(r) - ;i:i]} dr | (2.9)

where r+ are the turning points of the effective potential at the energy E,”/.

For reactive trajectories, the final molecular energy, E'szg, the final molec-

ular angular momentum Jf'Hgo and the angular momentum about the scattering

8



center Jf were determined. Energy was not partitioned ~within the water
molecule since the potential does not treat the H atoms in wét_er as i(__ient_:ical. All
energies are expressed in kcal/rnovl and all angular momenta are expressed as

multiples of A. Energy transfer characterisics will be discussed in a subsequent

paper. .

HI. REACTION CHARACTERISTICS

We have investigated reactivity in the Hp—~OH ssystem as a function of the ini-
tial translational temperature, vibrational energy of Hp, rotational energy of Hy,
vib:rgtional energy of OH, and rota‘tional energy of OH. The range of translational
tefnper}_atures investigated was betwe_én 300 and 4000 K, wi,th emphasis placed
uéo_n 1200 and 2000 K. The initjal value of the rotational quantum number was in
the range 0-6 for Hj, and 0-7 for OH. The initial values of the vibrational quani;um :
number for both molecules was varied between 0 and 4. Tables I through VII sum-
marize the results of our study, and‘iv__vill be discussed,’ in turn, in the. text. . Each
tablé uses the first five columns to identify a particular ensemble. The next
ccﬂumn in the table, deéignated by the symbol TNT, is the number of trajectories
camputed for the ensemble, TNRT, is the, total number of reactive trajectories,
PRis the percent reactivity,.dnd Q is the reaction cross section in b(_)'hr.? The sta-
tistical error for the various ensembles is approximately 10%, and is most gen-

erally less than 7%.

Some general trends were noted for the reactions. The number of class B
and class C reactions were nearly identical. Each H from the Hj thus reacts to -
form water with equal probability as expected. This result is also a confirmation
of correct phase space averaging. No class D reactions occured i.e., the bond
between the O and H was never broken. Average scattering angles for reactive
trajectories were between B0 and 110, indicating that the retreating H atom -

leaves at right angles.



Prior to discussing the dependence of reactivity on the initial distribution of
energy in this two molecule system, it is useful to recall the pertinent energies
for this system. The barrier on the S-E surface is 6.1 kcal/mol, and the exoergi-
city is 15.1 kcal/mol. The vibrational adiabatic barrier is close to the:barrier
height, and is 5.9 kcal/mol. The zero point energy of H; is 6.1 kcal/mol and for
OH it is 5.2 kcal/mol.

A The Effect of Translational Temperature

The effect of relative translational temperature on reactivity is surnmarized
in Table I and is illustrated in Fig. 4. Reactivity increases monotonically with
translational temperature, and the shafpest increase occurs between 300 and
2000 K. The reaction cross section for (600, 1,0,0,0)is 3.1 bohrz while it is 16.5
bohr2 for (2000, 1, 0, 0, 0), yielding a factor of 5 increase for a factor of 3.3 tem-
perature increase: A factor of only 1.2 is determined between 2000 and 4000 K.
An average of the initidl translational energy of the reactive trajectories was
computed for several ensemble and compared to the average initial translational
energy of the ensemble for temperatures of 1200 and 2000 K. In both cases, the
average initial translational energy of the reactive trajectories was greater than
the average initial translational energy; however the difference between the two
averages was considerably greater at 1200 than 2000 K. At 2000 K, the molecules
in the ensemble have, on the average, translational temperature to cross the
barrier, and this is responsible for the leveling off of the reaction cross section vs
translational temperature plot at 2000 K. It is not possible to directly compare
our own results with those of Schatz' since our independent variables differ.
Schatz found that the reaction cross section increases with translational energy,
and his results indicate an abrupt increase, followed by a leveling off, in accord

with our own results.

The influence of translational energy in enhancing reactivity is consistent

with the character of an exoergic reaction. According to Hammond's post.ulate24

10



the transition state should be more similar to:reactants than pi‘oducts since the
reaction is exoergic. Walsh and Dunn‘i.ng3 and Dunning et a1;4 found the saddle
point to be in the entrance channel with the Fgy value, increased by 0.66 bohr in
excess of the equilibrium value; and the Ryy separation -incremented by 0.19
bohr. Mok and Polanyi,25 investigated the effect of barrier location oh the reac-
~ tions dynamics of the AB + CD system to'determine the effects of different types
of energy on reactivity. They found reagent'translation to be more important
than reagent vibrational energy in promoting reaction which has the barrier lo-
cqted in the entrance chahnel. This is in agreement With our own findings. The
importance of trénslationél ‘energy in enhancing reéc‘tivity in the H, + OH sys-
tem has-been”conﬁrrned experimentally by Zeller_ and Steinertl6 who found that
if the amount of energy corresponding to exc_itation of Hy from v=0tov =1,
were instead put into relative translatibﬁai-'.én'ergy of the reactants, a rate
enhancement of 5 x 1_0_3 would be observed.- The rate of react{o'n of vibrationally

excited Hp with OH was measured by them at 298 K..

B, The Effect of Rotational Energy

Th¢ effect of reagent rotational energy on either or both molecules is summar-
.ized in Tables II, III, V, and VI. Tables Il and V summarize the effect of reagent ro-
ta’tion for_ the _case‘slwhere neither molecule is vibrationally excited, and are for
1200 and 2000 K, respectivel_y. Rotational excitation qf either or both H; or OH .
suppresses reactivity. Fo‘r casés when one and only one molecule has initial ro-
tational ener‘fg}%, reactivity is suppressed in propor_'tion to the rotational energy of
that rnolepu_ie. For _é#ample, the percentage suppression of reactivity resulting
from increaéing the initial rotational quantum number of H from J = 0 to.d = 4
for Hg, corréspon_ding toa gail;; of approximately 3 kcal/mol rotational energy, is
about 557%. r.I'he percentage §uppression is the same for rotationally exciting. OH
byvtvhe same amount of energy. This is illustrated in Figs. 5 and 8 where it is seen

that the same percentage suppression occurs at both 1200 and 2000 K. Thus

11



there is no correlation between rotational suppressi_on and translational tem-
perature. If the rotational energy of one of the molecules is fixed, and the rota-
tional energy of the other moleculé is allowed to increase, reactivity is
suppressed in proportion to the increasing rotational energy. The percentage de-
crease in reactivity is independent of the amount of fixed rotational energy of -
the other molecule, and it thus appears thaf the rotational motions of both
molecules are uncorrelated. Tables Ill and VI summarize the effect of reagent ro-
tation on reactivity when H, .is initially excited to v = 1, for 1200 and 2000 K,
respectively. These effects are also illustrated in Figs. 5 and B, where it is seen
that the same behavior as that noted for the v = 0 is observed. The p’ef‘céntage
suppression is somewhat less when H; is excited vibrationally, and the effects of
two molecule rotational excitation is less regular than for the case when there is

no initial vibrational excitation in the system.

Schatz' examined the effect of initial rotational excitation of OH and Hg on
reactivity. He considered the case of separately increasing the rotational energy
of either molecule at a fixed value of the translational energy with both
molecules were in the v = 0 vibrational state. He found that increasing the rota-
tional energy of either molecule suppressed reactivity, but that the suppression
determined for the rotational excitation of OH was less than for Hp. Our results

differ from his with respect to the relative importance of Hz and OH.

Relative to thé effects of translational and vibrational energy on reactivity,
there have been relatively few systematic studies on the effects of rotational ex-
citation. This is attributable to the small size of rotational quaﬁta, lack of exper-
imental data, and tﬁe fact that it is difficult to relate rotational effects té charac-
teristics of the potential energy surface. Karplus et al.,26 found that the J
dependence of the reaction cross section was small for H+Hjy, but their results
indicate that plots expressing the reaction cross section as a function of transla- '
tional energy become steeper as J increases, and that the threshold values tend-

27,28

ed to become larger with J. Muckerman found that the cross section in-

12



creased between J = 0 and 1 for F + Hz and then d"ec‘:r:'e-aséd"\’lvit;l;i'incr.easing 1. He
also found that the cross section decreased with J for F + HD and F + D, and he
reported an inversion of the intramolecular isotope effect with rotational excita-
tion. For the F + HD reaction, DF is fori'n'eﬁ preferentially over HF fbr J=0and 1,
whilé HF is the preferred product for J >2. Jaffe and Anderson,29 ﬁsihg a slightly
different potential energy surface than Muckerman found the same dependence
of reaction cross section on rotational excitation of Hj for the F + H, system as
Muckerman. 'Pol‘an'yi'énd Schrei.ber30 also ihvestiigétéd the eflect of reagent ro-
tation on reactivity in the F + H, system for several different potential energy
surfaces. They explained the effect of reagent rotation ‘by determining the ratio
of the time spent in the appfoach coordiria’té to the time required for the rota-
tion of the reactant molecule. If this ratio'isvlarge, a decrease in the cross sec-
tion with J obtains, and if the ratio is Sm’i’all‘a rnbdest ihcrease in the cross sec-
tion with J occurs. The Polényi-Schreiber e)'cpl'an:at‘ion is based upbn the assump-
tion of a linear transition state. It is important to note that wells along the ap-
proach coordinate increase the time of approach;' thereby increasing the ratio,
and should result in gréater suppression of reactivity with increasing J. Blais
and 'Tr‘uhlar‘31 also noted an inversion of the dependenc:e: 61‘ reaction cross sec.-:
tion with'J for F + D,, and report that their surface had a long range attractive
well. ’The.y"’iridit:ate that long range attractive forces play a role in def,ermining
the rotational defiendence of reaction cross sections.

I,t is clear that rotational energy is 1;xot used to‘ cross the reaction barrier in
the H, + OH syétem since it inhibits reaction réiher than promotes it. Examina-
tion of the ‘energ.y izrénsfer characterisitics of the system revealed no signiﬁcant‘
transfer of venergy from translation t§ rot.atiortl,‘ Whicl’; also would e-xplain thle
suppression of reaction, since translatibnal eﬁefgy is so eﬁ'ec.tive for crf)ssing
the barrier. The time spent along the approach coordinate is approximately
10713 sec. The H, rotational period is 2.7 x 10713/J(J + 1) and OH rotates some-
what slower for a given J. There is time for a considerable amount of rotation for

either molecule along the approach coordinate. Since the transition state is co-

13~



planar and the molecules change their relative orientation several times during
approach as a result of molecular rotation, we believe the major eﬁect of rota-
tion is to reduce the probability of achieving the proper Hp-OH orientation re-
quired for reaction. This is most easily seen for OH. The center of mass of the OH
molecule is located very close to the O atom. As OH rotates, the H atom displace-
ment vector sweeps out a much larger volume in coordinate space than the O
atomn in a given time interval. This greatly inhances the probability of the H
atom being close to the in'j'gdming H, molecule during approach_ and thus reduces
.the probability for rear;f,ion. The faster the OH is rotating, the less probable
reaction becomes since the O has less chance of being in a favorable orientation
for the incoming H,. The situation with regard to Hj; is less obvious, howevér, be-
cause the two atoms are identical. The difficulty of achieving the coplanar tran-
sition state increases with Hj rotational energy. If one refers to the arguments
set forth by Polanyi and Schreiber, the ratio of the approach time to the rotation
time, increases with H, rotational energy. This would tend to increase the
suppression of reaction by rotation. Although these arguments were posed for
collinear transition states of atom-molecule reactions, they appear to.have
greater applicability. The suppression of reactivity by reagent rotation is also
sensitive to the long range attractive forces of a potential energyrysvurface. The
ma_jor difference between our own surface and the Schatz-Elgersma surface is
that the long range attractive forces have been removed from our surface. This
has had an effect on the dependence of reactipn cross section on reagent rota- ‘
tion. Schatz found less suppression by rotational excitation of OH and more
suppression by Hj than we have. The effect of removing the lqng range attract'}ve
forces has been to reduce the suppression of feactivity by H, rotatibn by de;

creasing the time required for approach.
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C. The Effect of Vibrational Energy ' -

The effect of reagent vibrational excitation in either molecule or both
molecules is summarized in Tables IV and VII for trarislétionai temperatures of
1200 and 2000 K, respectively. At 1200 K, after accounting for the statistical er-
rors in the reaction cross sections, no change in reactivity occurs as a result of
exciting Hy from v = 0 t;o v = 1. Only a slight increase is noted for v =< 3,’and a .
more substantial increase is observed by exciting Hp to v = 4. Within statistical
error, no change in reaction cross section is observed for exciting OH between v
= 0 and v = 2, and a slight decrease is noted for the higher vibrational excitation '
of OH to v = 3 or 4. Exciting both molecules to v = 1 yields the same reaction
cross section as that determined for both molecules inv=0. Ata ti‘anslational

temperature of 2000 K; we see a monotonic increase in the reaction cross section

with increasing vibrational excitation of Hz. Vibrational excitation of OH between

v = 0 and 4 produces a negligible change in the reaction cross section. Excita-
tion of both molecules tov = 1 yields the same cross section as observed for the v
= 0 case. These results are illustrated in Figs. 7 and 8 where the reaction cross

section (with error bars) is plotted as a function of vibrational energy.

Schatz found a more dramatic increase of reactivity with vibrational excita-
tion of Hp than we observed. It is somewhat difficult to directly compare our
results with his since we determined reaction cross sections as a function of
translational temperature while he used relative translational energy as a
dependent variable. He found the effect of vibrationally excitiﬁg Hy, to be ‘more
important for cases where the transiational energy .Was ihsufﬁcient to éross the
barrier, and the enhancement factor decreased w\ith increasing translational en-
ergy. At 1200 K, we noted that the average initial translational energy bf the
reacting molecules was greater than the average translational enefgy of the en-
semble, and that this diﬂefe;nce in the two averages decreés_ed at 2006 K. Since

translational energy is more effective for crossing the barrier due to barrier lo-

cation, and sufficient amounts of translational energy are available in both the
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1200 and 2000 K ensembles, it is used preferentially over vibrational energy, and
we do not see a significant enhancement due to vibration. We concur with Schatz

with regard to the effect of vibrational excitation of OH on reactivity.

The effects of reagent vibration on reactivity have been explained quite suc-
cessfully by Schatz and Dunning et al., and will be briefly summarized here. One
must assume a diabatic correlation between the OH stretching modes in reac-
tant OH and in the transition state, and between the H, stretching mode in the
reactant and the tran’siléion state. At the transition state, the OH bond d_iﬁers
slightly from the reactant OH bond since there is only a small decrease in fre-
quency {82 cm ') in going from reactant to the transition state. This bond acts as
a spectator during the course of reaction, and does not contribute to crossing of
the barrier. On the other hand, the H; bond at the transition state is consider-
ably different from the reactant H; bond, and a decrease in frequency of 2341
cm~! is observed in going from reactant to the transition state. This bond cou-
ples strongly with the reaction coordinate motion, and thus vibrational excita-
tion of Hy influences reactivity. The greater influence of higher vibrational states
in enhancing reactivity results from a greater amount of coupling, which is a
result of the greater anharmonicity associated with the higher vibrational

states.

IV. DETERMINATION OF THE THERMAL RATE COEFFICIENT

The reaction cross sections evaluated at 1200 and 2000 K were used to com-
pute a thermal rate coefficient. The general expression for the thermal rate

coefficient is:

5T § Fy(2J+1)Fy(2J'+1)

(4.1)
x exp(—E,;/kT)exp(—FE,;/kTk{(v,Jv'J")



X

where

k(v,Ju',J') = Na(%’(;’% /z Q. J v J V) V3 exp(—VR/2kT)
‘ (4.2)
Choosing the relative translational velocity ¥, according to a Boltzmann distri-
bution enabled us to average over the Boltzmann distribution using Monte Carlo
methods. The vibrational- rotational partition function for both molecules @, @,
and @,-@; were determined by assuming that the molecule was a harmonic
oscillator-rigid rotator. The rotational partition function for Hp included treat-
ment of identical particle symmetry. The factors F; ahd Fy are the nuclear spin
degeneracy weighting factors. A factor of 1/2 has been included in Eq. (4.1) to
account for the fact that only one half of the reagent H, (]2) + OH(zﬂ') collisions
sample the HHOH(ZA') reactive potential surfa;:e. The factor of 1/2 should be
used to ‘correcf. all reaction cross sections tabulated in the paper prior to com-
paring fhem wit.h experimentally determined values. The values of the
vibrational-rotational enefgies (Eys and E,. ;) required for the evaluation of the
Boltzmann weighting factors were identical to input values used to determine
the initial boundary conditions, and were evaluated from the values of J,, 8, and
T, given by Schatz and Elgersma. Intermediate values of reaction cross sections
were obta}ned through linear interpolation, and values of cross sections
corresponding to larger values of J were determined by extrapolation. The qlian-

tity N, is Avogadro’s number.

In the calulation of the rate coeflicient at 1200 K, the states of maximum ro-
tational population are J = 3 for Hj, and J = 4 for OH. The v = O state accounts for
99.4% of the vibrational population for H; and 98.7% of the OH vibrational popula-
tion. The H; rotational states which made the g‘reatest contribution to the rate
coefficient were J = 1 and 3, and those for OH were J = 3 and 4. Cross sections
determined by extrapolation were small, had small weighting factors, and thus
made relatively small contributions to the thermal rate. The rate coefficent com-

pute‘d for 1200 K is determined largely from cross sections for both molecules in
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the v = 0 vibrational state (the 0-0 case). This is illustrated by Table VIII, where |
the contributions of various c_ombinations of vibrational states to the thermal
rate coefficient aré listed.” These 'ax;e not state-to-state rate coefficents, but are
instead the éontributions that various ’states make to the thermal rate
coefficient, i.e., the cross sections have been weighted by the appropriate
Boltzmann factors. The thermal rate is dominated by the 0-0 case at 1200 K. The
(1,0) cross sections make a contribution to the thermal rate coefficient which is
two orders of magnitude'-’l_é‘s'_s than the (0-0) case. One would expéct the contribu- -
tion from the (0-1) statéé to approximately equal to those from the (1-0)states,
and contributions from the (1-1) case to be even less, since the statistical weight

for both molecules vibrationally excited is Very small.

In the evaluation of the thermél rate coefficient at 2000 K, the stétes of max-
imum rotational population are I = 3 for H,and J = 5 for OH. The maximum con-
tribution to the rate coefficient was frofn J =1 and 3 for H, and from J = 3 and 4
for OH. The v = 0 state of Hs acc‘ounted.fbr 95% of tfle Vibr.ational population while
it accounted for 93% of the vibrational population for OH. The cohtributions to
the thermal rate coefficient made from cross sections associated with the follow-
ing combinations of vibrational states: (0-0) (1,0), (0,1), and {1,1), are listed in

-Table VIII. Again it is seen that the (0-0) cross sections dominate the thermal
rate, the (0-1) and (1-0) states miake contributions that are an order of magni-
tude less, and the (1-1) state contribution is two orders of magnitude less. The
~rate coefficient for Hpinv =0and OHinv =1 was estimated by assuming that
the cross sections do not chang'e' when OH is excited from v = 0 to 1. Additicn of

the contributions listed in Table VIII yields a thermal rate coefficient at 2000 K of
k = 1.8x 10'3 em3/mol sec. ’ (4.3)
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Steiner~ reports an extrapolated value for the rate coefficient of 2.1 and

8.3 x 10® ¢m?3/mol sec, at 1200 and 2000 K, respectively. Ravishankara et al.,lz3

-described their rate coefficent for H; + OH, measured between 250 and 1050 K, bya
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three parameter function which can be used to evaluate the rate at higher tem-
peratures. Ext_rapolat.ipn of i:heir» expression gives 0.28 and 1.5 x 10'3 em3/mol
sec for 1200 and 2000 K, respectwely In their paper, they indicate a great deal of
soatter obtcuns in plots of expenmentally determined rate coefficients in the

temperature regime between 1000 and 2000 K. The Arrhenius plot for the rate

'coefﬁclent is decisivly non- hnear for temperatures above 500 K.

.Our calcul_a:tl_ed rate eoef_ﬁcient compares favorably with experimentally
det_efrnined_ values at 2000 K. The agreement at 1200 K is less satisfying. The cal-
cnlated rate cheﬁ‘lcent "m.creases by a factor of 2 when the temperature is
changed from 1200 to 2000 K, while expefiment.ally determined values change by
a factor of 4 or 5 over the same temperature interval. Our rate coefficient for

1200.K'is clearly’ too large, and n:lerits some diseussihn. At 1200 K the average

-translational energy in the system is 3.6 kcal/mol and is less than the barrier

height. Although reacting molecules were found to have aveiage translational en-

erg1es in excess of the average for the ensemble, perhaps they also used a small

‘ arnount of the zero point energy in crossing the barrier, thus producing cross
' sectlons whlch were too high. At 2000 K. where the average translational energy

| was approx1mately equal to the barner height, the agreement between calculat-

ed and e\xperlmental va_lues is good. It is important to note that there was no bias
inveliredv in seiecting the relative translational velocities according to the ap-
propriate Boltzmann distribution. The velocities generated ever_e histogrammed
and found to prbduce the desired distribution. The 'analyf.ieal.ﬁt nf the potential
energy surface is particnlarly sensitive to the saddle point region where the den-
sity of ab initio points is high. The surface shill may contain undesirable long

range behavior which aﬂects lower energy tra]ectorles more those at higher en-

. ergies, and this might result in erroneous. lower energy cross sections.
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V. SUMMARY AND CONCLUSIONS

We have performed classical trajectory ‘calculations to determme the
influence of translational temperature Hg vibrational energy. Hg rotatlonal en-
ergy, OH vibratiornial ‘energy, ‘and OH rotational energy on the reaction H, + OH
-H,0 +H, The Schati4EIge'rsme :énelyti'c'el fit to t“he Walsh-Dunmng surface wes
modified to remove spurious'Weli's in the asyrnototic .region ‘of the surface. In
general reactivity is influenced by translational temperature, Hp vibrational en-
ergy. and reagent rotational energy.  The most important effects can be summar-

ized as follows:

1. The react1on Cross sect1on 1ncreases w1th translatmnal ternperature and 1s

most strongly dependent upon 1t Th1s isin accord Wlth prekus results descnb-v_?_

ing react1v1ty on surfaces w1th early barrlers and w1th experxmental studles of .

the Hy + OH reactlon

2. Rotatio‘nal ‘excitation of either or both reagent molecules suppresses reac-
tivity in proportion to-the rotational energy.’ Thére is no correlation between
reactivity suppression by rotational energy and translational temperature, and
the rotational motions' of both molecules are uncorrelated.’ The major effect of
reagent rotation is' to reduce the ‘probability of ‘achieving the proper H; - OH -

orientation required for reaction.’

3. V1brat10nal exc1tat1on of Hz has httle effect upon react1v1ty for ensembles at
1200 K Wlth v1bratlona1 states v =3 An 1ncrease in react1v1ty is observed atv=
4. For ensernbles at 2000 K a monotomc increase in reactlon cross sectlon oc-
curs w1th 1ncreas1ng Hz v1bratlonal energy. The rnotlon assomated with the Hg_
bond is coupled to the reactlon coordmate motlon w1th the result that v1bratlon-

al excitation 1nﬂuences react1v1ty

4. Vibrational excitation of OH between v = 0 and 4 produces a negligible change
in the reaction cross section. The OH bond acts as a spectator during the reac-

tion, and does not contribute energy to crossing the barrier.
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A thermal rate coeflicient was computed at 1200 and 2000 K. The computed
value compares favorably with experimentally determined vaiues at 2000 K. The
agreement at 1200 K is less s?xtisfactory since the computed value appears to be
too large. The agreement between theory and experifnent. at both temperétures,
howéver'.ﬂ"iridi.éétes thét the potential surface is a reasoﬁéble representation of

the HHOH potential energy. -
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. Summary of reactivity for various ensembles of differing translational
energy. Symbols are defined in text. The units of translational temp- ' -
erature are Kelvins and those for reaction cross section are square
bohrs.

II. Summary of reactivity for various ensembles at 1200 K, with vy, = 0
and vgy = 0, differing'in the amount of initial rotational energy in =~
the reactant molecules. The units of reaction cross section are
square bohrs. o ' ‘ ‘ ’

1L Summary of reactivity for various ensembles at 1200 K, with vyg =1
and voy = 0, differing in the amount of initial rotational energy in
the reactant molecules. The units of the reaction cross section are
square bohrs. S o EPT

v. Summary of reactivity for various ensembles.at 1200 K, with jg, = 0
and jpy = 0, differing in the amount of initial vibrational energy in
the reactant molecules. The units of the reaction cross section.are
square bohrs. '

V. Summary of reactivity for various ensembles at 2000 K, with vy, = 0

and voy = 0, differing in the amount of initial rotational energy in
the reactant molecules. The units of the reaction cross section are
in square bohrs.

VL Summary of reactivity for various ensembles at 2000 K, with vy, = 1
and vpy = 0, differing in the amount of initial rotational energy in
the reactant molecules. The units of reaction cross section are
square bohrs. '

VIL Summary of reactivity for various ensembles at 2000 K, with jg, = 0
and jpy = 0, differing in the amount of initial vibrational energy in
the reactant molecules. The units of reaction cross section are
square bohrs.

VIIl.  Contributions from various vibrational states to the thermal rate coefﬁcient,
k_(T), at 1200 and 2000 K. The units of temperatures are in Kelvins
aRd those for the partial rate coeficients are cm3/mol -sec
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TABLEI
T®  ugb Jg® vey® Joy* TN/ TNRY PRF @
300 1 0 0 0 692 4
800 1 0 0 0 2250 119 53% 3.1
800 1 0 0O 0 1838 171 104 6.0
200 1 0o ©0 0 1887 =201 119 8.9
1000 1 0 0 0 1297 197  15.2 8.8
1200 1 0 0 0 1033 201 195 113
1500 1 0 0 0 817 - 201 246  14.3
1700 1 0 0 0 745 201 27.0 157
1900 1 0 0 0 992 308 31.0 18.0
2000 1 0O 0 0 1418 402 284  16.5
2200 1 0 0 0 631 201 31.9 185
2400 1 0 0 0 1495 486 32.5 18.9
3000 1. 0 0 0 800 208 - 34.7  20.1
4000 1 0 0 . 0 600 212 356.3 20.5

a) Translation temperature in Kelvins

b) H, vibrational quantum number

¢) Hy rotational quantum number

d) OH vibrational quantum nubmer

e) OH rotational quantum number

f) Total number of trajectories

g) Total number reactive trajectories'
h) Percent reactiviiy

i) Q is reaction cross section in (bohr)z
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TABLENl

T® vy, Ju, vow Jog TNT TNRT PR Q

1200 ¢ -0 0 0 - 1166 201 ~ 17.2%  10.0
0o 1 0 0 3050 299 9.8 ° 5.7
0 .2 0 0 2022 201 9.9 5.8
0 3 0 0 2331 195 8.4 4.9
0 4 0 0 2586 191 7.4 4.3
0 8 0 0 3141 208 6.6 3.8
0 0 0 0’ 1166 201 17.2% 10.0
00 0 0 2 1426 . 201 14.1 8.2
0 0 0 3, 758 94 124 7.2
0 0 0 4 1836 204 11.1 6.4
0 0 -0 5 2072 @ 201 9.7 5.6
0 0 0 7 3014 239 7.9 4.8
0 2 0 0 2022 201:. 9.9% . 58]
0 P 0 2 2389 190 8.0 4.7
0 2 0 4 2459 201 - 8.2 4.7
0 2 0 5 3419 201 5.9 3.4
0 2 0 7 4093 187 4.8 - 2.8
0 4 0 0 2586 191 7.4% 4.3
o 4 0 2 3108 184 5.9 3.4
0 4 0 4 4089 198 - 4.8 2.8
C 4 0 5 6281 207  .3.3 1.9
0 4 0 7 5472 173 3.2 1.8
0 0 0 4 1836 204 11.1%2  B.4
0 1 0 4 2999 246 8.2 4.8
0 2 0 4 2459 201 8.2 4.8
0 3 0 4 3712 201 5.4 3.1
0 4 0 4 4089 198 4.8 2.8
0 0 0 7 3014 239 7.9% 4.6
0 1 0 7 2325 112 4.8 2.8
0 2 0 7 4093 187 4.6 2.6
0 3 0 7 5431 184 3.4 2.0
0 4 0 7 5472 173 3.2 1.8

a) Notation defined in Table I
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TABLE Il

T® vy, Ju, vog Jow TNT TNRT PR Q
1200t 0 O 0 1033 201 19.5% 11.3]
- 1 1 0 0 772 144 187 108

1 2 0 0 1268 202 16.0 9.3
1 '3 0 0  72Y 113 155 9.0
1 4 0 0 1460 194 13.3 7.7
1 6 0 .0 .760. 107 14.1 8.2
16 0 0 1033 201 195% 11.3
1--0 "0 2 736 .129 175 10.2
1 0 0 4 1340 202 15.0 8.8
1 0. 0 5 731 99 134 7.8
1 0 0 7 1370 184 . 134 7.8
1 2 0 0 1268 202 16.0% 9.3
1 2 0 2 2242 348 155 9.0
1. 2 0 .4 1620 201 . 124 7.2
1 2 0 5 2195 238 108 6.3
1 2 0 7 2198 168 7.7 4.4
1 4 0 0 1480 194 13.3% 7.7
1 4 0 2 752 107 14.2 8.3
1 4 0 4 1959 201 103 8.0
1 4 0 5 4385 389 B89 5.2
1 4 0 7 2888 177 6.1 3.5
1 0 0 4 1340 202 15.1% 8.8
1 1 0 4 2179 267 123 7.1
1 2 0 4 1620 201 124 7.2
1 3 0 4 1455 170 117 6.8
1 4 0 4 1959 201 10.3 8.0
1 0 0 7 1370 184 13.4% 7.8
1 1 0 7 2191 215 9.8 5.7
1 2 .0 7 2196 188 7.7 4.4
1 3 0 7 28v9 217 .5 4.4
1 4 0 7 2888 177 6.1 3.5

a) Notation defined in Table I
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TABLE IV

T® wy, Ju, vow Jog TNT TNRT PR Q
1200 0 O O O 1166 201 17.2% 10.0
- 1 0 0 0 1033 =201 195 113
2 0 O 0 813 169 207 12.0
3 0 0 0 757 182 21.4 12.4
4 0 0 0O 751 200 265 154
0 0 ©O0 0 1186 201 17.2% 10.0
0 0 1 0 1277 196 15.3 8.9
0 0 2 0 728 118 16.2 9.4
0O O 3 - 0 698 96 13.8 8.0
0 0 4 0 692 92 13.3 7.8
1 0 0 0 1033 201 19.5% 11.3
1 0 1 0 1090 201 18.4  10.7
© o0 1 0 1277 198 15.3 8.9

a) Notation defined in Table I
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TABLEY

Vor JOH TNT TNRT o PR

7e VH, JHZ : Q
2000 0 0 0 0 864 202 23.4% 13.8
0 1 0 0 1053 201 19.8 11.5
0 2 0 0 1415 202 14.3 8.3
0 3 0 0 1526 202 13.2 7.7
0 4 0 0 1675 201 12.0 7.0
0 6 0 0 1571 188 11.9 6.9
0 0 0 0 864 202 23.4% 13.8
0 0 0 2 802 176 21.9 12.7
0 0 0 4 1151 201 17.5 10.2
0 0 0 ) 2213 320 14.5, 8.4
0 0 0 7 1692 202 11.9 6.9
0 2 0 0 1415 202 14.3% 8.3
0 2 0 2 1473 201 13.6. 7.9
0 2 0 4 1506 203 13.5 7.8
0 2 0 5 2192 - 201 9.2 5.3
0 2 0 7 2972 201 6.8 4.0
0 4 0 .0 1875 201 . 12.07% 7.0
0 4 0 2 2248 234 10.5 6.1
0 4 0 4 2366 201 8.5 4.9
0 4 0 .5 2993 233 7.8 4.5
0 4 0 7 3028 199 6.6 3.8
0 0 0 4 1151 201 17.5% 10.2
0 1 0 4 1485 230 15.5 9.0
0 2 0 4 1506 203 13.5 7.8
0 3 0] 4 2265 218 9.8 5.6
0 4 0 4 2366 201 8.5 4.9
0 0 0 7 1692 202 11.9% 6.9
0 1 0 7 2205 193 8.8 5.1
0 2 0 7 2972 201 6.8 4.0
0 3 0 7 3050 215 7.1 4.1
0 4 0 7 3028 199 6.6 3.8

a) Notation defined in Table 1
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TABLE VI

104

T wy Jg, vogw Jogw TNT TNRT PR Q
2000 1 0 O 0 1418 402 28.4% 165
1 1 0 0 78 201 284 165
1 2 0 0 741 192 259 15.0
1 3 0 0 741 178 238 13.8
1 4 0 0 755 161 21.3 124
1 6 0 0 738 180 244 14.2
1 0 0 0 1418 402 284% 16.5
1 0 o0 2 670 201 300 17.4
1 0 0 4 732 180 248 14.3
1 o0 o0 5 717 128 179 104
1 0 0 7 75 137 189 110
1 2 0 0 741 192 259% 15.0
1 2 0 2 1469 356 242  14.1
1 2 0 4 727 150 20.8 120
1 2 0 5 1426 271 19.0 110
1 2 0 7 723 9 13.1 7.8
1 4 0 0 755 161 21.3% 124
1 4 0 2 1487 320 218 127
1 4 0 4 35 129 176  10.2
1 4 0 5 2182 348 16.1 9.4
1 4 0 7 721 104 144 8.4
1 0 0 4 732 180 24.6% 14.3
1 1 0 4 1442 318 221 128
1 2 0 4 727 150 208  12.0
1 3 0 4 1441 299 208 12.1
1 4 0 4 735 129 176  10.2
1 0o ©0 7 725 137 18.9% 11.0
i1 1 0 7 1407 264 188  10.9
1 2 0 7 723 95 13.1 7.6
1 3 0 7 1434 201 14.0 8.1
1 4 0 7 721 14.4 8.4

a) Notation defined in Table 1
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TABLEVII. -
T wy, Jg, voy Joy TNT TINRT PR
2000 0 0 O 0 884 202 234% 13.6
' .1 0 0 0 1418 402 284 165
2 0 0 ©0 500 173 348 20.1
3 0 0 0 554 201 9363 211
4 0 0 0 498 201 405 235
0 0 0 -0 864 202 234% 136
0o 0 1 0 772 201 260 15.1
O 0 2 0 701 136 19.4 11.3
0O 0 3 .0 718 147 205 119
0 0 4 0 673 144 214 124
1 0 0 0 1418 402 284% 16.5
1 0 1 O 1887 553 293 17.0
0 0 1 0 7vz 201 260 15.1

a) Notation defined in Table I
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TABLE VIII
o
T ‘U}:{2 ‘UOH kp (T)
1200 0 0 9.4 x 1012
1200 1 0 1.6 x 1011
2000 0 0 1.5x 1018
2000 1 0 1.8 x 1012
2000 0 1 1.3 x 1012
2000 1 1 1.6 x 1011

(a) Partial contribution to thermal rate. Units are cm®mol-sec
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tions are square bohrs and those for the vibrational energy are kcal,/mol.

Plots of the reaction cross section as a function of the vibrational energy
for ensembles at 2000 K with jy, = O and jog = O. The units of the reac- .

~ tion cross sections are square bohrs and those for vibrational energy

are kcal/mol.
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