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ABSTRACT 

Classical trajectory calculations· have been ·performed to determine the 

influence of trans.latiomi.l . temperature, 'H2 vibrational energy, H 2 rotational 

en~rgy, OH vibrational energy, and OH rotational' energy on the reaction, H 2 + OH. 

_. H 2 0 + H. The potential energy surface was a modification of the Schatz­

Elgersma analytical' 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 i!2 . ~nharices reactivity, and vibfational excitation of OH has no effect. A 

thermal rate coefficient was computed for the reaction at 1200 and 2000 K. The 

computed value compares favorably with the experimen~ at 2000 K, while the 

agreement at 1200 K is less satisfactory. The a~reement between theory and 

experirnent :at. both temperatures indicates that the potential surface is a rea­

soriable representation of the HHOH pote.ntial energy surface~ 
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I. INTRODUCTION 

Bimolecular radical shuffling reactions in the gas phase represent an impor­

tant class of elementary processes in comple~ systems, particularly .combustion. 

The bimolecular reaction between H2 and OH which produces H20 and H, is ex­

tremely important in combustion systems. In hydrogen/oxygen ftame systems, 

th_is 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_2 in typical hydrocarbon-air ftames at atmospheric 

pressure~ DuE;! tp its importance, the H 2 + qH reaction has been the object of ex­

tensive theoretieal and experimental study. 

Walsh and Dunning3 computed barrier heights and transition state 

geometries for HHOH using large scale POL-CI wave functions. Dunning et al., 4 

discuss the cha.racteristics· of the surface and indicate that the agreement 

between the compute'd vibratiorially 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 H 2 + OH reaction. In a later study, Schatz 7 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 and Isaacson and Truhlar9 computed rate 

coefficients for the reaction using variational transition state theory and semi-

classical vibrationally adiabatic transition theory. More recently Brown and Ed­

liu10 performed transition state theory calculations on the H 2 + OH reaction tak-

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. 
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There has been a corresponding experimenti?'~ effort place~ upon determin­

ing the H2 + OH rate coefficient over a wide range of temperatures, and to deter­

mine. factors influencing reacti~ity. Three reviews2• i 1, 12 of the kinetics of this 

rea~t~on are avail!lble. Brown et al., 1 determined ~ rate coefficient for the reac-

. tion in low pr~ssure hyd~ogen/oxygen flame studies, ~nd Ravishankara et ai. 13, 

measured the thermal rate of OH with H2 and Da from 250 to 1050 K using a flash 
' ,· . I . ·: . . , . 14 

photolysis-resonance fluorescence technique. Spencer et al., and Light and 

Mat's~moto 15 investigate~ the effect of vibrationally excited OH on the reaction. 

Z~lln~~ and St~i~ert is-17 have recently meas~red the effect of vibrationally ex­

cited H2 on the rate at 298 K. 

In our o,wn study, which is a quasiclassical molecular dynamics study of the 

H 2 + OH-+ H 2 0 + H reaction with a modified potential energy surface, we have at­

tempted to understand ~he role the system's initial energy distribution 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 

translational temperature. Energy transfer in non-reactive and reactive colli­

sions Will be the subject of another paper and will not be discussed in detail here. 

II. MATHEMATICAL MODEL 

The method of quasi-classical dynamics discussed by many iiwesfigators are 

used in this study. The particular formalism used here incorporates three basic 

approximations: l) the use of the Rashed-Brown modification to the Schatz­

Elgersma analytic'al 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 2 + OH system. 
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A. The Potential Energy Surface 

The potential energy surface used in this study is a modified form of the 

Schatz-Elgersma5 (S-E) analytical representation of the Walsh-Dunning ab initio 
... ' 

potential energy surface. Walsh and Dunning used large scale POL-CI wave func-

tions to compute barrier heights and transition state geometries. Several ab ini­

tio points were computed in the vicinity of the saddle point region to determine 
.. r' 

the transition-stale geometry, and a few were computed in the asymptotic re-

gions of configuration space. The S-E empirical fit to the Walsh-Dunning points 

expresses the potential as a function of the six distances between the atoms. The 

analytical form adopted consists of six, two-body terms, which are Morse and 

LEPS functions, .. two, three-body terms, which are quadratic Sorbie-Murrel-like 
18 ' : . ·. 19 . . - . 

terms giving H 2 0 the correct quadratic force field, and a four body correc-

tion ter~: Figu~e .1, is a schematic diagram of the HHOH system illustrating the 

pertin.erit distances. The potential energy surfac~ is thus written in the following 

form: 

V =, VM(R6 )+ VM'(R4)+ VM'(R2) 

+ VLEPs(RG,Rs.Rt), 

+ Vn2o(Ra.RfJ.R4) + Vn2o(Ra.Rs.R2) 

+ V4(RG,R3 ,R4 ,R2 ) 

(2.1) 

where the distances are identified in Fig. 1, and VM and VM' are Morse terms, VLEPs 

is a LEPS potential, Vn
2
o is a Sorbie-Murrel-like three body term, and Vt is the 

four body term. The exact form of these terms and the appropriate constants 

are given by Schatz and Elgersma. 5 This functional form treats H 2 and H 3 as 

identical, but treats H 1 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 
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functional 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 the surface which gave rise to 

anomalously long-lived trajectories at values of translational energy important 

in our 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 H1 and H2 and H1 and H3, 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 of (3 in the Morse function thus making the function approach zero more 

quickly. This was accomplished by analytically continuing 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 (3, as shown in the following equations. The potential is 

theSE potential for R4 < 5.2 and R2 < 5.2. ·The terms VM'(R2) and VM'(R4 ) are each 

replace by a cubic spline for either 5.2 < R2 < 5.5 or 5.2 < R4 < 5.5 with 

'Vsptine =a+ (R-5.2)(b+R-5.5)(c+(R-5.2)d)) (2.2) 

and 

a. =J 1 

b = (/ 2-f 1)/(5.5-5.2) (2.3) 

b = (/ 3,-b )/(5.2-5.5) 

d = [{! 4-b )/(5.5-5.2)-b ]/(5.5-5.2) 

5 



with 

J 
1 
= lJf! ( 1_e -fl(5.2-Re ))2 

(2.4) 

1 s= 2{JDe (1-e -fl(5.2-Re))e -fl(5.2-Re) 

I 4= 2{J~ De ( 1-'e -fl'(5.5-Re >)e -fl'(5.2-Re) 

and with 

{J :· . 924 bohr - 1 

De = .02757 hartree (2.5) ' 

Re = 2. 908 bohr 

{J' = 1.48 bohr - 1 

for 1?2 > 5.5 bohr the term V..v'(R2) ~s evaluated with the new value the Morse con-

-1 . ( ) slant, {J' = 1.48 bohr , and for R4 > 5.5 bohr, V.M' R4 is also evaluated with {J'. 

This modification to the S-E potential allowed one to achieve the proper 

asymptotic behavior through removal 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 potential energy as a function of the 

center-of-mass separation of the H2 and OH molecules. The energy for the two 

surfaces was computed along trajectories with identical boundary conditions. 

Several plots of this type were computed to verify that the modified potential 

behaved appropriately, and these depict typical behavior. 
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B. Initial Conditions 

Monte Carlo techniques are .used to determine the average collision charac-
. : . ' . .-

teristics for an ensemble of trajectories. For an ensemble of trajectories, we 

specify the translational temperature c;>f· the system in kelvins, the initial vibra-:­

tional. ,energy. of H 2, the initial rotational energy of H 2, the initial vibrational en­

ergy of OH, the .initial_ rotational. energy of OH. All .energies are expressed in 
:, .·' . - . .. . . 

kcal/mol. An ensemble is designCited in the following _manner: (T,' v, .J, v', J'), 

where.! designates the translational temperature; v, the vibrational quantum 

number of H2 ; J, therotational quantum nuiJ1berH2; with v' and J' defined analo-

gously for OH. 

The boundary conditions are selected in accord with the quasi-classical ap­

proximation and a Monte Carlo averaging scheme. appropriate f~r a four atom, 

two molecule system.20 The relative velocity for each trajectory is selected ran­

domly by Monte Carlo sampling the appropriate collision integral with an as­

sumec;l Boltzman distribution of velocities. The impact parameter b is selected 

from a b 2 ·distribution of values between 0 and bmax· The value of bmax = 4.3 bohr . . . ~ ' . - . 

was selected by integrating a large number of trajectories with fixed values of 

the impact para,meter. The reaction probability was found to be zero for trajec-
- ' •; . ' ' 

tories with b > 4.3 bohr .. This. was later verified by histogramming the trajec-. 

tories, and the fraction of reactive trajectories in the last bin 4.1 < b < 4.3was al-

ways zero or very small. 

C. Classical Trajectory Calculations 

Hamilton's equations are used to describe the time evolution ofthe system. 
.. I 

·, 

The eigh'teen equation of motion derived from this Hamiltonian are integrated 

using the ordinary differential equation solver,ODE21 written by Shampine and 

Gordon. 22 Sol~ing the ,differential equation to a relative ~rror of 10-5 was found 

satisfactory for .determining reaction cross section and·. 'pertinent .~nergy 

transfer cross sections. Distance criteria were used to terminate the integration 
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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 H2 atom included in the water molecule; class C, 

reaction with the H3 atom included in the water molecule; and class D, reaction 

with the H2 and H3 atoms included in the water molecule. For all trajectories, 

the time associated with integration of the trajectories, the scattering angle, and 

the final kinetic energy in the system was computed. 

For non-reactive trajectories, the final energy of each molecule was deter­

mined and this was partitioned into vibrational and rotational energy using the 

following relationships: 23 

E/ {2.6) 

and 

Ev = Err/ - E,.l {2.7} 

where E/ is the final rotational energy, VD(r} is a Morse potential for the 

molecule in question, J/ is the final angular momentum for the molecule, r is the 

internuclear separation, J.t is the reduced mass, E£ is the final vibrational energy, 

and Emf is the final molecular internal energy. The minimum of the effective po­

tential was found using the Newton-Raphson iteration technique. The final rota­

tional quantum number Jl was determined from 

J/ = -* + * [1 + 4J/-J/Ift2]Yz (2.6} 

and the final diatomic vibrational quantum number, vi was determined from 

,.· lL 

vi = -* + _!.._! {2/J- fE. I - VD(r) - Jf-J/]} dr 
1rh r· . ~ m 2J.tr2 

(2.9} 

where r± are the turning points of the effective potential at the energy Em'· 

For reactive trajectories, the final molecular energy, El n
2
o. the final molec­

ular angular momentum Jle
2
o and the angular momentum about the scattering 
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center J[ were determined. . Energy was not ,parti~ioned within the water 

molecule since th~ potentialdoes not treat the H atoms in water as identi~al. All 

energies are expressed in kcal/mol and all angular momenta are expressed as 

multiples pf h. Energy trans.fer characterisics will be discussed in a subsequent 

paper. 

m. REACTION CHARACTERISTICS 

We have investigated J~eactivity in the H 2-0H system as a function of the ini­

tial translational temperature, vibrational en~rgy of H 2 , rotational energy of H 2, 

vibrational energy of OH, and rotational energy of OH. 'fherange of translational 
'· . ' . - . 

temperatures investigated was between 300 and 4000 K, wi.th emphasis. placed 

upon 1200 and 2000 K. The initial value of the rotational quantum number was in 
• 1 • • 

the range 0-6 for H 2 , and 0-7 for OH. The initial values of the vibrational quantum 

number for both molecules was varied between 0 and.4. Tables I through VII sum:­

marize the results of our. study, and, will be discussed,_ in turn, in the. text .. Each 

table uses the first five. columns to identify a particular ensemble. The next 

column in the table, designated by the symbol TNT, is the number of trajectories 

computed for the ensemble, TNRT, is the total number of reactive trajectories, 

PR is the percent reactivity, and Q is the reaction cross. section in_ bohr. 2 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 H 2 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 0 and H was never broken. Average scattering angles for reactive 

trajectories were between 80 and 110, indicating that the retreating H atom 

leaves at right angles. 

9 t. 



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 H2 is 6.1 kcal/mol and for 

OH it is 5.2 kcal/mol. 

A. The Effect of Translatioiial Temperature . 

The effect of relative translational temperature on reactivity is summarized 

in Table I and is illustrated in Fig. 4. Reactivity increases monotonically with 

translational temperature, and the sharpest increase occurs between 300 and 

2000 K. The reaction cross section for (600, 1, 0, 0, ~o) is 3.1 bohr2 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 initicil 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 i200 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 7 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 postulate24 

10 
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the tran,sition state should be more similar to reactants thim products since the 

re.action is exoergic. Walsh and Dunning3 ·and Dunning et al.4 found the saddle 

point to be in the entrance channel with the Ron value, increased by 0.66 bohr in 

excess of the· equilibrium value; and the RIDI separation incremented by 0.19 

bohr. Mok and Polanyi25 investigated the effect of barrier location on 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 h<is the barrier lo­

cated in the entrance channel. This is in agreement with our own findings. The 

importance of translational energy in enhancing reactivity i:n the H 2 + OB sys­

tem has been confirmed experimentally by Zeller and Steinert 16 who found that 

if the amount of energy corresponding to excitation of H 2 fro'm v = 0 to v = 1. 

were instead put intp relative translational energy of the reactants, a rate 

enhancement of 5 x 103 would be observed. The rate of reaction of vibrationally 
'. 

excited H 2 withOH was measured by them at 298 K. 

R The Etlect of Rotational Energy 

The effect of reagent ro~ational energy on either or both molecules is summar­

ized in Tables II, III, V, and VI. Tables II and V summarize the effect of reagent ro-

tation for the cases where neither molecule is vibrat.ionally excited, and are for 
' ' ' 

1200 and 2000 K, respectively. Rotational excitation of either or both H 2 or OH 

suppresses reactivity. For cases when one and only one molecule has initial ro­

tational energy, reactivity is suppressed in proportion to the rotatioqal energy of 

that molecule. For example, the percentage suppression of reactivity resulting 

from increasing the initial rotational quantum number of H 2 from J = 0 to J = 4 

for H 2, corresponding to a gair1 of approximately 3 kcal/mol rotational energy, is 

about 55%. The percentage ~uppression is the same for rotationally exciting OH 

by the same amount of energy. This is illustrated in Figs. 5 and 6 where it is seen 

that the same percentage suppression occurs at both 1200 and 2000 K. Thus 
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there is no correlation between rotational suppression and translational tern-

perature. If the rotational energy of one of the molecules is fixed, and the rota-

tional energy of the other molecule 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 that the rotational motions of both 

molecules are uncorrelated. Tables III and VI summarize the effect of reagent ro­

tation on reactivity when H 2 is initially excited to v = 1, for 1200 and 2000 K, 
. ,. l 

respectively. These effects are also illustrated in Figs. 5 and 6, where it is seen 

that the same behavior as that noted for the v = 0 is observed. The percentage 

suppression is somewhat less when H 2 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 7 examined the effect of initial rotational excitation of OH and H 2 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 H2 . Our results 

differ from his with respect to the relative importance of H 2 and OH. 

Relative to the 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 quanta, lack of exper­

imental data, and the fact that it is difficult to relate rotational effects to charac­

teristics of the potential energy surface. Karplus et a1., 26 found that the J 

dependence of the reaction cross section was small for H + H2 , 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

ed to become larger with J. Muckerman27·28 found that the cross section in-

12 
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creased betw'een J = 0 and 1 for F + H~ and then decreased with increasing J. He 

also found that the cross section decreased with J for F + HD and F + D 2 and he 

reported an inversion of the intramolecular isotope effect with rotational excita-. 

tion'. For the F + HD reaction, DF is formed preferentially over HF for J = 0 and 1, 

while HF is the preferred product for J > 2. Jaffe a~d Anderson, 29 using a slightly 

different potential energy surface than Muckerman found the same dependence 

of reaction cross section on rotational excitation of H2 for the F + H 2 system as 

Muckerman. · Pol~riyi ~nd Schreiber30 also ilwestigated the effect of re.agent ro­

tat'ion on reactivity in the F + H2 system for several different potential energy 
-· 

surfaces. They explained the effect of reagent rotation by determining the ratio 

of the time spent in the approach coordinate to the time required for the rota­

tion of the reactant .molecule. If this ratio is large, a decrease in the cross sec­

tion with J obtains, and if the ratio is small a modest increase in the cross sec­

tion with J occurs. The Polanyi-Schreiber explanation is based upon 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, 

arid should result in greater suppression of reactivity with increasing J. Blais 
. . 31 . . . . • . . . ·. 

and Truhlar also noted an mverston of the dependence of reaction cross sec-

tion with· J for F + D2 , and report that their surface had a long range attractive 

well. ·They indicate that long range attractive fo'rces play a role in determining 

the rotational dependence of reaction cross sections. 

It is clear that rotational energy is not used to cross the reaction barrier in 

the H 2 + OH system since it inhibits reaction rather than promotes it. Examina-

tion of the .energy transfer characterisitics of the system revealed no significant· 

transfer of energy from translation to rotation, which also would explain the 

suppression of reaction, since translational energy is so effective for crossing 

the barrier. The time spent along the approach coordinate is approximately 

10-13 sec. The H 2 rotational period is 2. 7 x w-13 /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 effect of rota­

tion is to reduce the probability of achieving the proper H 2-0H orientation re-

quired for reaction. This is most easily seen for OH. The cen,ter of mass of the OH 

molecule is located very close to the 0 atom. As OH rotates, the H atom displace-

ment vector sweeps out a much larger volume in coordinate space than the 0 

atom in a given time interval. This greatly inhances the probability of the H 

atom being close to the incoming H2 molecule during approach and thus reduces . ) -

the probability for reaction. The faster the OH is rotating, the less probable 

reaction becomes since the 0 has less chance of being in a favorable orientation 

for the incoming H 2. The situation with regard to H2 is less obvious, however, be­

cause the two atoms are identical. The difficulty of achieving the coplanar tran-

sition state increases with H2 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 2 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 energy surface. The 

major 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 reaction cross section on reagent rota­

tion. Schatz found less suppression by rotational excitation of OH and more 

suppression by H 2 than we have. The effect of removing the long range attractive . . 
forces has been to reduce the suppression of reactivity by H2 rotation by de-

creasing the time required for approach. 
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C. The Etrect of Vibrational Energy ·. 

The effect of reagent vibrational excitation in either molecule or both 

molecules is summarized in Tables IV and VII for translational temperatures of 

1200 and 2000 K, respectively. At 1200 K, after accounting for· the statistic,al er­

rors in the reaction cross sections, no change in reactivity occurs as a result of 

exciting H 2 from v = 0 to v = ·1. Only a slight increase is noted for v s 3, ·and a 

more substantial increase is observed by exciting H 2 to v = 4. Within stati~tical 

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 in v = 0. At a translational 

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

with increasing vibrational excitation of H 2• Vibrational excitation of OH between 

v = 0 and 4 produces a negligible change in the reaction cross section. Excita­

tion of both molecules to v = 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 H 2 than we observed. It is somewhat difficult to directly compare our 

results with his since we determined reaction cross sections as a functio:p of 

translational temperature while he used relative translational energy as a 

dependent variable. He found the effect of vibrationally exciting H 2 to be more 

impo·rtant for cases where the translational energy was insufficient to cross the 

barrier, and the enhancement factor decreased with increasing translational en­

ergy. At 1200 K. we noted that the average initial translational energy of the 

reacting molecules was greater than the average translational energy of the en­

semble, and that this difference in the two averages decreased at 2000 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 

15 
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1200 and 2000 K ensembles, it is used preferentially over vibrational energy, ahd 

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 2 stretching mode in the 

reactant and the transition state. At the transition state, the OH bond differs 

slightly from the reactant OH bond since there is only a small decrease in fre­

quency (82 em -l) 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 2 bond at the transition state is consider-

ably different from the reactant H 2 bond, and a decrease in frequency of· 2341 

em -l 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 H 2 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. 

W. 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: 

1 
k(T) = 

2 
~ ~ ~ t F;(2J+1)F/(2J'+1) 
7(' .:T T' .J' 

X exp( -EvJikT}exp( -EvJ·IkT)k (v ,J,v'J') 
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where 

k(v,J,v',J',) = N0(~(:J
12 

Q(v,J,v',J', V,.)·Y,-3 exp(-V,.2/2kT) 
. {4.2) 

Choosing the relative translational velocity V,. 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 m~lecules Q" Q1 

and Qv•QJ• were determined by assuming that the molecule was a harmonic 

oscillator-rigid rotator. The rotational partition function for H2 included treat-

ment of identical particle symmetry. The factors F1 and F1• 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 e ~) +. OH{2rr) collisions 

sample the HHOH{2 A') reactive potential surf a~ e. The factor of 1/2 should be 

used to correct all reaction cross sections tabulated in the paper prior to com-

paring them with experimentally determined values. The values of the 

vibrational-rotational energies (i:vJ and Ev•.J•) re9-uired for the evaluation of the 

Boltzmann weighting factors were identical to input values us~d to determine 

the initial boundary conditions, and were evaluated from the values of D8 , {J, and 

r 8 given by Schatz and Elgersma. Intermediate values of reaction cross s~ctions 

were obtained through linear interpolation, and values of cross sections 

corresponding to larger values of J were determinedby extrapolation. The quan­

tity N0 is Avogadro's number. 

In the calulation of the rate coefficient at 1200 K. the states of maximum ro-

tational population are J = 3 for H2, and J = 4 for OH. The v = 0 state accounts for 

99.4% of the vibrational population for H 2 and 98.7% of the OH vibrational popula-
' 

tion. The H 2 rotational states which made the greatest 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-

puted for 1200 K is determined largely from cross sections for both molecules in 

17 



. 
the v = 0 vibrational state {the 0-0 case). This is illustrated by Table VIII, where · 

the contributions of various combinations of vibrational states to the thermal 

rate coefficient are listed. • These are not state-to-state rate coefficents, but are 

instead the contributions 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 less than the {0-0) case. One would expect the contribu-
. ·.' 

tion from the {0-1) states 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 mol'ecules vibrationally excited is very small. 

In the evaluation of the thermal rate coefficient at 2000 K, the states of max­

imum rotational popuiation are J = 3 for H 2 and J = 5 for OH. The maximum con­

tribution to the rate coefficient was from J = 1. and 3 for H 2 and from J = 3 and 4 

for OH. The v = 0 state of H2 accounted for 95% of the vibrational population while 

it accounted for 93% of the vibrational population for OH. The contributions 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 rriake ccn1tributions that are an order of magni­

tude less, and the (1-1) state contribution is two orders of magnitude less. The 

rate coefficient for H 2 in v = 0 and OH in v = 1 was estimated by assuming that 

the cross sections do not change when OH is excited from v = 0 to 1. Addition of 

the contributions listed in Table VIII yields a thermal rate coefficient at 2000 K of 

k = 1.8 x 1013 cm3/mol sec. (4.3) 

Steiner 17 reports an extrapolated value for the rate coefficient of 2.1 and 

8.3 x 1012 cm3/mol sec, at 1200 and 2000 K, respectively. Ravishankara et al., 13 

·described their rate coefficent for H 2 + OH, measured between 250 and 1050 K, by a 
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three parameter function which can be used to evaluate the rate at higher tem­

peratures. Extrapolation of their expression gives 0.28 and 1.5 x 1013 cm.S/mol 

sec for 1200 and 2000 K, respectively. In their paper, they indicate a great deal of 

scatter obtains in plots of experimentally determined rate coefficients in the 

temperaturE~ regime between 1000 and 2000 K. The Arrhenius plot for the rate 
" " . 

, coefficient is decisivly non- linear for temperatures, above 500 K. 

Our calcula~ed rate coefficie.nt compares favorably with experimentally 

determined values at 2000 K. The agreement at 1200 K is less satisfying. The cal­

culated rate coefficent increases by a factor of 2 when the temperature is 

changed from 1200 to 2000 K, while experimentally determined values change by 

a factor of 4 or 5 over the same temperature interVal. Our rate coetflcient for 

1200 -K is clearly too large, and merits some discussi~n. At 1200 K the average 

- transla:Uonal energy in the system is 3.6 kcal/mol and is less than the barrier 

height. Although reacting molecules were found to have average translational en­

ergies in excess of the average for the ense~ble, perhaps they also used a small 

, \' r 

'. .. ~ 

amount of the. ~ero point energy in ~rossing the barrier, thus producing cross 

sections which were too bigh. At 2000 Kwhere the average translational energy 

was approximately equal to the barrier height, the agreement between calculat­

ed and experimental values is good. It is important to note that there was no bias 

involved in selecting the relative translational velocities according to the ap­

propriate Boltzmann distribution. The velocities generated were histogrammed 

and found to produce the desired distribution. The analytical tit of the potential 

ener'gy surfa.ce is particularly sensitive to the saddle point region where the den­

sity of ab initio points "is high. The surface still may contain undesirable long 

range behavior which affects lower energy trajectories 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 perfbrmed classi-~al: traj'ectory calculations to determine the 

influence of translational t~mperature, H 2 vibrational ~nergy, H2 rotational en­

ergy, OH vib~atiori~l energy, "and OH r~tahon~l ·~~ergy 0~ the, reaction H2 + OH 

-.H20 + H. The Schat~.:.Elgersma analytical fit to the Wal~h-Dunning surface was 

modified to remove spurio~~ wells in the asymptotic region ·'of the surface .. In 

general reactivity is 'influenced by tr'anslational temperature, H2, vibrational en­

ergy, and reagent rolationa1 energy.· The most impOrtant effects cari be summa.r-

ized as follows: 

1. The reaction cross section increases with translational temperature and is 
~ ' ' ' . .. . 

most strongly dependent upon it. This is in accord with previous results describ-

ing reactivity on surfaces with early barriers, and with experimental studies of . ' ; ' . ' ,; . '';·. . . . 

the H 2 + OH reaction. 

2. Rotational excitation of either or both reagent molecules suppresses reac:. 

tivity in proportion to the rotational energy. There is n'o correlation between 

reactivity suppression by rotational energy arid. transl'ation'al temperature, and 

the rotational motions of both molecules are uncorrelated. The major effect of 

reagent rotation is to reduce the probability ofachieving the p'roper Hi - OH 

orientation required for rea6tion. · 

3. Vibrational excitatio?- of H 2 has little effect upon reactivity for ensembles at 

1200 K with vibrational states, v :5 3. An increase in reactivity is observed at v = 

4. For ensembles at 2000 K a monotonic increase in reaction cross section oc-

curs with increasing H 2 vibrational energy. The motion associated with the H 2 . . . . -' . . 

bond is coupled to the reaction coordinate motion, with the result that vibration-
. . ' . . . . ! ,~, 

al excitation influences reactivity. 

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 coefficient was computed at 1200 and 2000 K. The computed 

value compares favorably .with experimentally determined values at 2000 K. The 

agreement at 1200 K is ~ess satisfactory since the computed value appears to be 

too large. The agreement between theory and experiment at both temperatures, 
;-·.: ~ .. . ' . 

however, indicates that the potential surface is a reasonable representation of 

the HHOH potential energy. 

·' 
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IJSTOFTABLES' · 

I. Summary·of reactivity for vafious ensembles of differing translational 
energy. Symbols are defined ih text. The units oftrarislab:'onal temp­
erature are Kelvins and those for reaction cross section are square 
bohrs. 

II. Summary of reactivity for various ensembles .at 1200 K, with vH
2 
= 0. 

and v 0H = 0, differing"in the amount of initial rotational energy iri ··· 
the reactant .molecules. The units of reaction cross section are 
square bohrs. · "' . . . . . 

III. Summary of reactivity for various ensembles at 1200 K,· with vH
2 
~ 1· 

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

IV. Summary 9f r~activ,ity for various ensembles at 1200 K, with iH
2 
= 0 

and j OH = 0, differing in the amount of initial vibrational energy in 
the reactant molecules. The units of the reactioneross section are 
square bohrs. 

V. Summary of reactivity for various ensembles at 2000 K. with vH
2 
= 0 

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

VI. Summary of reactivity for various ensembles at 2000 K. with vH
2 
= 1 

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

VII. Summary of reactivity for various ensembles at 2000 K, with iH
2 
= 0 

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

VIII. 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 cm 3/mol·sec 
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TABLE I 

1'1' vue" Jy2r; Von~ Jon• TNT I TNR'ftl PR"' Qi 

300 1 0 0 0 692 4 
600 1 0 0 0 2250 119 5.3% 3.1 
800 1 0 0 0 1638 171 10.4 6.0 
900 1 0 0 0 1687 201 11.9 6.9 

1000 1 0 0 0 1297 197 15.2 8.8 
1200 1 0 0 0 1033 201 19.5 11.3 
1500 1 0 0 0 817 201 24.6 14.3 
1700 1 0 0 0 745 201 27.0 15.7 
1900 1 0 0 0 992 308 31.0 18.0 
2000 1 0 0 0 1418 402 28.4 16.5 
2200 1 0 0 0 631 201 31.9 18.5 
2400 1 0 0 0 1495 486 32.5 18.9 
3000 1 . 0 0 0 600 208 34.7 20.1 
4000 1 0 0 ·. 0 600 212 35.3 20.5 

a) Translation temperature in Kelvins 

b) H 2 vibrational quantum number 

c) H 2 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 reactivity 

i) Q is reaction cross section in {bohr)2 
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TABI.ED 
. ..__ .~ 

ra Vna Jna von Jon TNT TNRT PR Q .. .. ~- -. 

• 

1200 0 0 0 0 ·- 1166 201 17.2%' 10.0 
0 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 6 0 0 3141 208 6.6 3.8 

' 

0 0 0 a· 1166 201' 17.2% 10.0 
0 0 0 2 1426 201 14.1 8.2 
0 0 0 3. 758 94 12.4 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 4.6 

i----

0 2 0 0 '2022 201 9.9% 5.8 
0 2 0 2 2369 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 4.6 2.6 

0 4 0 0 2586 191 7.4% 4.3 
0 4 0 2 3108 184 5.9 3.4 
0 4 0 4 4089 198 4.8 2.8 
0 4 0 5 6281 207 3.3 1.9 
0 4 0 7 5472 173 3.2 1.8 

~-

0 0 0 4 18.36 204 11.1% 6.4 
0 1 0 4 299~) 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 ill 

ra vn2 JH2 Voil Jon TNT TNRT PR Q 

1200 1 0 0 0 1033 201 19.5% 11.3 
1 1 0 0 772 144 18.7 10.8 
1 2 0 0 1266 202 16.0 9.3 
1 ;.• '3 0 0 727 113 15.5 9.0 
1 4 o· 0 1460 194 13.3 7.7 
1 6. 0 .o 760 107 14.1 8.2 

1 d 0 0 1033 201 19.5% 11.3 
1 ·0 0 2 736 '129 17.5 10.2 
1 0 0 4 1340 202 15.0 8.8 
1 0 0 5 731 99 13.4 7.8 
1. 0 0 7 1370 184 13.4 7.8 

' ' 
1 2 0 0 1266 202 16.0% 9.3 
1 2 0 2 2242 348 15.5 9.0 
1 2 0 4 1620 201 12.4 7.2 
1 2 0 5 2195 238 10.8 6.3 
1 2 0 7 2196 168 7.7 4.4 

1 4 0 0 1460 194 13.3% 7.7 
1 4 0 2 752 107 14.2 8.3 
1 4 0 4 1959 201 10.3 6.0 
1 4 0 5 4365 389 8.9 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 12.3 7.1 
1 2 0 4 1620 201 12.4 7.2 
1 3 0 4 1455 170 11.7 6.8 
1 4 0 4 1959 201 10.3 6.0 

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 168 7.7 4.4 
1 3 0 7 2679 217 7.5 4.4 
1 4 0 7 2888 177 6.1 3.5 

a) Notation defined in Table I 
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TABLEN 

ra vn2 Jn2 von Jon TNT TNRT PR Q 

1200 0 0 0 0 1166 201 17.2% 10.0 
1 0 0 0 1033 201 19.5 11.3 
2 0 0 0 813 169 20.7 12.0 
3 0 0 0 757 162 21.4 12.4 
4 0 0 0 751 200 26.5 15.4 

0 0 0 0 1166 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 
0 0 3 0 698 96 13.8 8.0 
0 0 4 0 692 92 13.3 7.6 

1 0 0 0 1033 201 19.5% 11.3 
1 0 1 0 1090 201 18.4 10.7 
0 0 1 0 1277 196 15.3 8.9 

a) Notation defined in Table I 
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TABLEV 

T"' vn2 Jn2 von Jon TNT TNRT PR Q 

2000 0 0 0 0 864 202 23.4% 13.6 
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% 13.6 
0 0 0 2 802 176 21.9 12.7 
0 0 0 4 1151 201 17.5 10.2 
0 0 0 5 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 

o, 4 0 0 1675 201 12.0% 7.0 
o. 4 0 2 2248 234 10.5 6.1 
0 4 01 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 9.6 

' 
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 I 
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TABLE VI 

ra. Vn2 Jn2 Von Jon TNT TNRT PR Q 

2000 1 0 0 0 1418 402 28.4% 16.5 
1 1 0 0 708 201 28.4 16.5 
1 2 0 0 741 192 25.9 15.0 
1 3 0 0 741 176 23.8 13.8 
1 4 0 0 755 161 21.3 12.4 
1 6 0 0 738 180 24.4 14.2 

1 0 0 0 1418 402 28.4% 16.5 
1 0 0 2 670 201 30.0 17.4 
1 0 0 4 732 180 24.6 14.3 
1 0 0 5 717 128 17.9 10.4 
1 0 0 7 725 137 18.9 11.0 

1 2 0 0 741 192 25.9% 15.0 
1 2 0 2 1469 356 24.2 14.1 
1 2 0 4 727 150 20.6 12.0 
1 2 0 5 1426 271 19.0 11.0 
1 2 0 7 723 95 13.1 7.6 

1 4 0 0 755 161 21.3% 12.4 
1 4 0 2 1467 320 21.8 12.7 
1 4 0 4 735 129 17.6 10.2 
1 4 0 5 2162 348 16.1 9.4 
1 4 0 7 721 104 14.4 8.4 

1 0 0 4 732 180 24.6% 14.3 
1 1 0 4 1442 318 22.1 12.8 
1 2 0 4 727 150 20.6 12.0 
1 3 0 4 1441 299 20.8 12.1 
1 4 0 4 735 129 17.6 10.2 

1 0 0 7 725 137 18.9% 11.0 
1 1 0 7 1407 264 18.8 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 7 721 104 14.4 8.4 

a) Notation defined in Table I 
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TABLEVD,. 

ra. Vne Jne . Von Jon TNT TNRT PR Q 

2000 0 0 0 0 864 202 23.4% 13.6 
1 0 0 0 1418 402 28.4 16.5 
2 0 0 0 500 173 34.6 20.1 
3 0 0 0 554 201 36.3 21.1 
4 0 0 0 496 201 40.5 23.5 

0 0 0 ·0 864 202 23.4% 13.6 
0 0 1 0 772 201 26.0 15.1 
0 0 2 0 701 136 19.4 11.3 
0 0 3 . 0 718 147 20.5 11.9 
0 0 4 0 673 144 21.4 12.4 

1 0 0 0 1418 402 28.4% 16.5 
1 0 1 0 1887 553 29.3 17.0 
0 0 1 0 772 201 26.0 15.1 

a) Notation defined in Table I 
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TABLE VIII 

T VH2 VoH kp (T)a 

1200 0 0 9.4 X 1012 

1200 1 0 1.6 x lOll 

2000 0 0 1.5 X 1013 
~-

2000 1 0 1.8 X 1012 

2000 0 1 1.3 X 1012 

2000 1 1 1.6 x lOll 

(a) Partial contribution to thermal rate. Units are em 3mol·sec 
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IJST OF FIGURES 

1. Schematic diagram defining the interatomic coordinates R2 through R6• 

2. Plots of S-E potential energy as a function of the intermolecular center 
of mass separation. The units of the potential energy are hartrees and 
those for the center of mass separation are bohrs. 

3. Plots of R-B potential energy as a function of the intermolecular center 
of mass separation. The units of the potential energy are hartrees and 
those for the intermolecular center of mass separation are bohrs. 

4. Plot of the reaction cross section as a function of translational tempera­
ture. The units of translational temperatures are Kelvins and those 
for the reaction cross section are square bohrs. 

5. Plots of the reaction cross section as a function of the rotational energy 
for ensembles at 1200 K. The units of the reaction cross section are 
square bohrs and those for rotational energy are kcal/mol. 

6. Plots of the reaction cross section as a function of the rotational energy 
for ensembles at 2000 K. The units of the reaction cross section are 
square bohrs and those for rotational energy are in kcal/mol. 

7. Plots of the reaction cross section as a function of the vibrational energy 
for ensembles at 1200 K with in

2 
= 0 and ion= 0. The reaction cross sec­

tions are square bohrs and those for the vibrational energy ar~ kcal/mol. 

8. Plots of the reaction cross section as a function of the vibrational energy 
for ensembles at 2000 K with in

2 
= 0 and ion= 0. The units of the reac­

tion cross sections are square bohrs and those for vibrational energy 
are kcal/mol. 
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