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ABSTRACT 

We have used the methods or quasi-classical dynamics to 

compute energy transrer properties or non-reactive and reactive 

H2 + OH collisions. Energy transrer has been investigated as 

runction or translational temperature, reagent rotational energy, 

and reagent vibrational energy. The energy transrer mechanism is 

complex with ten types or energy transrer possible, and evidence 

was round ror all types. There is much more exchange between the 

translational degree or rreedom and the H2 vibrational degree or 

rreedom than there is between translatfon and OH vibration. 

Translational energy is transrerred to the rotational degrees or 

rreedom or each molecule. There is a greater propensity ror the 

transrer or translation to OH rotation than H2 rotation. In 

reactive collisions, increases in reagent translational 

temperature predominantly appear as vibrational energy in the 

water molecule. Energy transrer in non-reactive and reactive 

collisions does not depend strongly on the initial angular 

momentum in either molecule. In non-reactive collisions, 

vibrational energy is transrerred to translation, to the 

rotational degree or rreedom or the same molecule, and to the 

rotational and vibrational degrees or rreedom or the other 

molecule. In reactive colli~ions, the major errect or increasing 

the vibrational energy in reagent molecules is that, on the 

average, the vibrational energy or the reagents appears as 

product vibrational energy. 



I. INTRODUCTION 

Energy transFer is of Fundamental importance in many 

elementary processes, e.g., chemical reactivity and collisional 

deactivation of excited states. While there has been considerable 

research eFFort devoted to the study of energy transFer in atom 

molecule systems l - 7 , relatively little eFFort has been expended 

toward acquiring an understanding of the energy transFer 

phenomena in molecule-molecule col1isions8 - 14 • A major reason For 

the present state of aFFairs is that there are Few potential 

energy surFaces available For the study of molecule-molecule 

collisions. A reasonable potential energy surFace (PES) For the 

H2 + OH system does exist, and this aFFords us an opportunity to 

investigate energy transFer in this system. This PES is the 

Rashed-Brown 15 modiFication of the analytical Fit of Schatz­

Elgersma 10 to the ab initio calculations of Walsh and Dunning l6 . 

In addition to energy transFer, collisions between H2 and OH 

produce H20 and H, and this bimolecular reaction is important in 

combustion systems. In hydrogen/oxygen Flame systems this 

reaction appears to be the principal source of water at 

temperatures below those where partial equilibrium obtains 17 • In 

hydrocarbon/air Flames at atmospheric pressure, it is the main 

source of water l8 • 

In a previous paper 15 , we describe the eFFect of the energy 

distribution of the reagents on reactivity. Thermal rate 

coeFFicients were also computed at 1200 and 2000 K, and these 

agreed satisFactorily with experimentally determined values. In 
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this paper. the inFluence of translational energy. H2 vibrational 

and rotational energy. and OH vibrational and rotational energy 

on energy transFer in non-reactive collisions and energy 

disposal in the products of reactive collisions is described. 

II. MATHEMATICAL MODEL 

The methods of quasi-classical dynamics discussed by several 

investigators are used in this study. The particular methods used 

to calculate energy transfer quantities are discussed in our 

previous paper. They will be brieFly summarized here. The 

Formalism incorporates three basis approximations: 1) the use of 

the Rashed-Brown modiFication to the Schatz-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 averaging techniques to sample the phase space of the H2 + 

OH system. The potential energy surFace was modiFied to achieve 

the proper asymptotic behavior through removal of the spurious 

wells at large internuclear separations. The character of the 

potential surFace 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. Monte Carlo techniques 

are used to determine the average collision characteristics For 

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

specify the translational temperature of the systems in kelvins, 

the initial vibrational energy of H2 , the initial rotational 

energy of H2 , the initial vibrational energy of OH, and the 

initial rotational energy of OH. All energies are expressed in 
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kcal/mol. and an ensemble is designated in the Following manner: 

(T,v,J,v',J') where T designates the translational temperature, v 

and J designate the vibrational and rotational quantum numbers of 

H2 , and v' and J'are the quantum numbers associated with OH. The 

boundary conditions and integration procedure are previously 

described. For non-reactive trajectories, the Final energy of 

each molecule was determined and this was partitioned into 

vibrational and rotational energy using the Following 

relationships: 

and 

F where E 
r 

Eu = E,,/ - E,.I 

is the Final rotational energy, VO(re ) is a Morse 

(2.1) 

(2.2) 

potential For the mo 1 ecu 1 e inquest i on, J .F i s the F ina 1 angu 1 ar 
r 

momentum of the molecule, r is the internuclear separation, ~ is 

the reduced mass, E F is the Final vibrational energy, and E F is v m 

the Final molecular internal energy. The minimum of the eFFective 

potential was Found using the Newton-Raphson iteration technique. 

The Final rotational quantum number JF was determined From 

JI = ~ + * [1 + 4J/-Jllh2J* 

(2.3) 

and the Final diatomic vibrational quantum number, F v , was 
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evaluated From 

(2.4) 

vI = -* + 

where r+ and r- are the turning points of the eFFective potential 

at the energy E F. In addition to determining the energy 
m 

distribution in each molecule, the Final translational energy E
t

, 

the orbital angular momentum L , and the scattering angle were o 

determined For each non-reactive trajectory. All energies are 

expressed in kcal/mol and angular momenta are expressed in 

mu 1 tip 1 es of -k. 

For reactive trajectories, the Final molecular energy EHOH ' 

the Final molecular angular momentum J HOH ' the angular momentum 

about the scattering center L , the Final translational energy o 

Et , and the scattering angle were determined. Energy was not 

partitioned within the water molecule since the potential does 

not treat the H atoms in water as identical. 

Energy transFer is described in terms of changes in 

translational energy, and the rotational and vibrational energy 

in each molecule by subtracting relevant values of the initial 

energy From the Final values. Angular momentum changes are 

determined in a similar Fashion. Average values per a (designated 

by a quantity enclosed in <» of the various energy transFer 

quantities are computed For each ensemble of trajectories. 

Histograms of the various types of Final energies in the system 

were computed For both non-reactive and reactive collisions in a 

given ensemble. Further understandjng of the energy transFer 

mechanism is gained through the use of correlation coeFFicients, 
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which provide a measure of the relationship between two energy 

transFer quantities on a single collision basis. Correlation 

coeFFicients are deFined as 

(2.5) 

where the subscripts x and yare used to represent t,r, or v 

indicating translational, rotational, and vibrational energy. The 

subscripts j and k each take on the values 1 or 2 with 1 

designating the H2 molecule and 2, OH. The quantity 5 . 
XJ 

represents the standard deviation of the quantity Exj ' and N 

designates the number of non-reactive collisions in a given 

ensemble. Correlation coeFFicients assume values between -1.0 and 

+1.0. In the case of energy transFer, a negative value signiFies 

that the loss of one quantity and gain of another are coupled in 

single collision events. Likewise a positive correlation 

coeFFicient indicates that both degrees of Freedom either gain or 

lose energy in a single collision event. Correlation coeFFicients 

were computed For all types of energy transFer possible between 

the two molecules For non-reactive collisions. 

III. RESULTS 

The energy transFer mechanism is determined by examining the 

various average energy and angular momentum changes per 

collision, histograms of Final energy and angular momentum 

distributions, and correlation coeFFicients. Energy transFer is 

investigated as a Function of translational temperature, the 
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initial rotational energy in each molecule, and the initial 

vibrational energy in each molecule. The translational 

temperatures considered are 300 to 4000 K, with the majority of 

the calculations performed at 1200 and ZOOO K. The initial value 

of the rotational Quantum number is in the range 0-6 for HZ' and 

0-7 for OH. The initial value of the vibrational Quantum number 

for each molecule is in the range 0 to 4. 

The precision in the energy transfer Quantities is variable 

since the number of non-reactive (NNR) and the number of reactive 

trajectories (RT) varied from ensemble to ensemble. In general, 

the precision of Quantities associated with non-reactive 

collisions was better. No conclusions have been drawn on 

differences less than the precision. 

Some general trends are noted for energy transfer. The 

average translational energy transferred per collision is 

generally negative and less than Z.O kcal/mol. The average change 

in angUlar momentum is generally a few units of~, and the change 

is always positive for OH and positive for HZ when the initial 

angular momentum is small. When both molecules are in v=O or 1, 

the average vibrational energy change per collision is negative 

and less than 1 kcal/mol. In reactive collisions, the average 

scattering angle is ~90 degrees, but the distribution of 

scattering angles for an ensemble of reactive trajectories is 

fairly uniform over the center-of-mass angles. The angular 

momentum in the system is evenly distributed between the HZO 

molecule and the orbital angular momentum • 
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A. Translational Energy Dependence 

The average energy transFerred to the various degrees of 

Freedom is summarized in Table I For ensembles having vHH=land 

all other initial quantum numbers equal to O. The initial value 

of the translational temperature is varied between 300 and 4000 

K. There is a loss of translational and vibrational energy and a 

gain in the rotational energy of both molecules. and the losses 

and gains generally increase with translational temperature. 

Further insight into the energy transFer mechanism is provided by 

examining Table II where the ten correlation coeFFicients 

associated with the various modes of inter- and intra- molecular 

energy transFer in the system are tabulated. Correlation 

coeFFicients of magnitude less that 0.1 are treated as 

negligible. Looking down the various columns, there are ensembles 

where each of coeFFicients is in excess of 0.1. This indicates 

that the energy transFer mechanism is complex, involving all 

types of energy transFer. In Fact, ten types of energy exchange 

are possible among the translational degree of Freedom and the 

Four molecular internal degrees of Freedom. Energy transFer in 

diatom-diatom collisions is thus more complex than atom-molecule 

collisions. It is also important to recall that even though the 

average amount of energy transFerred to a particular degree of 

Freedom may indicate a net loss or gain mechanism. there are 

collisions in which this type of energy is lost and those in 

which energy is gained. unless of course. the degree of Freedom 

had no energy deposited in it to begin with. The correlation 

coeFFicient For T-v exchange For H2 remains large throughout the 
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table and does not vary systematically with temperature. At low 

temperature the rl-vl correlation For H2 is particularly strong 

indicating that vl-rl transFer is an important mechanism For H2 

rotational energy gain. This mode of energy transFer becomes less 

important as the translational temperature increases, since T-rl 

transFer increases with temperature. In these ensembles. OH has 

about 13 kcal/mol less vibrational energy than H2 - The major way 

OH gains rotational energy is through T-r2 transFer. 

Intermolecular internal energy transFer is unique to molecule­

molecule collisions. The correlation coeFFicients For transFer 

of energy between the internal degrees of Freedom of both 

molecules indicate that there is some H2 vibrational energy 

transFer to the OH vibrational and rotational degrees of Freedom. 

In collisions where OH gains vibrational energy, the source of 

energy is most likely H2 vibration and not translational energy_ 

The positive correlation For the two rotational degrees of 

Freedom indicates a reasonably large number of collisions occur 

in which rotational energy is transFerred to both molecules_ This 

is a consequence of angular momentum conservation. which is less 

constrained in a two molecule system than in an atom-molecule 

system. 

Examination of the histograms designating the distribution 

of various types of energy and angular momentum of ensembles. 

which diFFer only in the initial translational energy, provides 

additional inFormation concerning the eFFect of translational 

energy on the energy transFer. Figure 1 is a histogram of AET For 

ensembles at 600, 1900. and 2000 K. The largest Fraction of 

collisions in any bin are those that are nearly elastic. As the 
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temperature is increased, the distribution width increases, and 

the Fraction of collisions which lose translational energy 

. F 
increases. Figs. 2 and 3 are histograms of the J of HZ and OH, 

respectively at three translational temperatures. Again, the 

width of the distribution increases with temperature, and the 

eFFect is more proFound For OH, which has a more asymmetric Force 

Field since the center-oF-mass and center-oF-charge are not co-

incident. At 1900 K and above, there are a number of collisions 

where OH experiences a large change in angular momentum. 

Histograms of ~Ev at three diFFerent translational temperatures 

are shown in Figs. 4 and 5 For HZ and OH, respectively. Many of 

the collisions are nearly elastic with respect to the excited 

vibrational degree of Freedom of either molecule. The collisions 

tend to become more inelastic as the translational temperature 

increases, and the distribution width increases. The number of 

vibrational deactivating collisions increases more rapidly with 

temperature than the number of activating collisions. The 

molecule OH, which initially only has zero point energy, has a 

greater tendency to gain vibrational energy than HZ' which is 

excited to v=l. The OH gain most likely results From vl->vZ 

transFer. 

The energy and angular momentum disposal in the products of 

reactive collisions are shown in Table III For ensembles that 

diFFer only in translational temperature. In general, there is 

a tendency For the relative translational energy, the angular 

momentum, and total energy of the HZO molecule to increase with 

translational energy. These eFFects are shown more dramatically 

9 



in the next three Figures. The translational energy distribution 

in the product system is shown in Fig. 6 For three values of the 

initial translational temperature. Although there is a gradual 

broadening of the distribution as the translational temperature 

is increased. the eFFect is not terribly proFound. and thus 

accounts For the relatively small increase noted For ET of the 

products. The translational energy of the products is plotted as 

a Function of the reactant translational temperature in Fig. 7. 

Although the product translational energy does not depend 

monotonically on the reagent translational temperature. there is 

a tendency For it to increase. Fig. 8 is a plot of the H20 energy 

as a Function of reagent translational temperature, and it 

illustrates that the increase in translational energy in the 

reactants appears mostly as internal energy in the water 

molecule. The distribution of energies in the H20 molecule as a 

Function of translational temperature of the reagents is shown in 

Fig. 9. The eFFect of increased translational temperature 

increases the width of the distribution toward the higher energy 

side. It is interesting that the peak of the distribution is not 

eFFected by increases in translational temperature. The energy 

associated with the maximum population is approximately 38 

kcal/mol, which is equal to the sum of the OH zero point energy, 

the H2 energy of v=l, and the reaction exoergicity (-15 

kcal/mol). The distribution of angular momentum in the water 

molecule For three diFFerent translational temperatures is shown 

in Fig. 10. Although the width of the distribution increases 

slightly, translational temperature increases in the reactants 

produce little eFFect on the angular momentum distribution of the 
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products. Since the angular momentum in water is relatively 

unaFFected by the reactant translational temperature and the 

energy in water increases with it. the increase in EHOH is an 

increase in vibrational energy. 

8. Rotational Energy Dependence 

In order to ascertain the efFect of reagent rotation on 

energy transfer and energy disposal in products. ensembles where 

the translational temperature. the initial rotational energy of 

one molecule. and the vibrational energy of both molecules were 

Fixed. and the rotational energy of the other molecule was 

varied. were compared. The collection of ensembles where both 

molecules were in v=O is Case I and that for which H2 was in v=l 

is Case II. 

In Case I. the average translational energy change per 

collision. which is usually negative. became more positive as the 

initial J of the molecule increased. This is illustrated in Fig. 

11 where (AET> is plotted as a Function of the initial angular 

momentum of J OH for ensembles at 1200 K with J HH =4. The eFfect 

is more pronounced when J HH is initially fixed and J OH is allowed 

to vary. The average change in angular momentum per collision. 

which is always positive. decreases with initial J. This is shown 

in Fig. 12 where the change in J OH per collision is plotted 

versus the initial value of J OH for ensembles at 2000 K with the 

initial J HH = O. The same efFect. of course. is noted For 

rotational energy. Vibrational energy transFer showed no 

systematic trend with the variation in initial rotational energy. 

On the average. both molecules lose vibrational energy and the 
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amount of' energy lost in a set of' ensembles with identical 

translational temperature and vibrational energy varies 

insignif'icantly. 

All correlation coef'f'icients were computed f'or the Case I 

ensembles. Host were small and negative with magnitudes less than 

0.3, indicating that energy exchange among all degrees of' f'reedom 

is possible, and that a dominant type does not prevail. The 

1 argest corre'l at i on coef'f'i c i ent f'or these ensemb 1 es was 'Y Tr2 

indicating that OH rotational energy gain resulted f'rom t->r 

energy transf'er. Since the rotational energy transf'erred to OH 

decreases as the initial J OH increases and the correlation 

coef'f'icient f'or t->r remains constant, other modes of' energy 

transf'er to OH rotation must be important at small initial J OH • 

At 1200 K, r->r transf'er becomes more important as the initial J 

of' one of' the molecules increases since the correlation 

coef'f'icient 'Y 1 2 f'or the intermolecular rotational energy r r . 

transf'er becomes more negative with increasing J. This type of' 

energy transf'er is a consequence of' angular momentum 

conservation. 

The energy transf'er mechanism changes when H2 is initially 

excited to v=l, Case II. The correlation coef'f'icients "{Tvl and 

'Y r1v1 are quite large in magnitude. Some of' the H2 vibrational 

energy loss results in rotational energy gain. This most likely 

happens indirectly by, f'irst transf'erring vibrational energy to 

translation and then transf'erring translational energy to 

rotation. For the Case II ensembles, the correlation coef'f'icient 

'YTr2 remains large but does not retain its dominant role in the 
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mechanism. Also the systematic trend note For f r1rZ disappears. 

Variation of the reagent rotational energy produced no 

systematic eFFects in the product energy disposal mechanism. The 

angular momentum in the product system is distributed between the 

HZO molecule and the orbital angular momentum. 

C. Vibrational Energy Dependence 

In order to ascertain the eFFect of reagent vibration on 

energy transFer. collisions in ensembles having a Fixed initial 

translational temperature. no initial angular momentum in either 

molecule. zero point vibrational energy in one molecule, with the 

initial vibrational energy of the other molecule allowed to vary 

between v=O and 4. were compared. Energy transFer For non­

reactive collisions or these ensembles are summarized in Table 

IV. As the vibrational energy of HZ is increased, (6ET> 

decreases in magnitude(it is always negative), and (6JHH > and 

(6ErHH > increase. Similar behavior is observed For increasing 

vOH ' (6JOH > and (6ErOH > increase. At lZ00 K (6ET > shows no 

systematic trend and at ZOOO K decreases in magnitude with 

increasing voH . As the initial v For a given molecule increases, 

the average vibrational energy change ror that molecule becomes 

more negative while the average vibrational energy change ror the 

other molecule generally tends to become more positive. In 

general, OH does not lose as much vibrational energy as HZ. 

Correlation coeFFicients For this collection of ensembles 

are listed in Table V. and these reveal some interesting aspects 

or the energy transFer mechanism. As vHH is increased, f r1v1 and 

YTvl increase in magnitude and become more negative indicating 
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that vibrational energy of H2 is transFerred to translation and 

rotation. The coeFFicient YTr1 is oFten positive, indicating that 

rotational and translational energy gain oFten occurs in a given 

collision. It is likely that the v->r transFer is actually a two-step 

process occurring in a single collision whereby vibrational energy is 

First transFerred to translation, and part of the translational 

energy is then transFerred to rotation. Correlation coeFFicients 

involvino OH are not particularly large except r 1 2 and Y 1 2 - v r v v 

which indicate that HZ vibrational energy is transFerred to OH 

vibration and rotation. The positive value of Yr1r2 indicates 

that both molecules oFten receive rotational energy in a single 

collision, which is a consequence of angular momentum 

conservation. 

As vOH is increased, we see the evolution of very complex 

energy transFer mechanism. The correlation coeFFicients indicate 

that there is energy transFer between OH vibrational energy and 

translational, OH rotational, H2 rotational, and HZ vibrational 

energy. Again there are collisions where both molecules gain 

rotational energy, and there is more transFer between 

translational energy and OH rotational energy than between 

-translation and HZ rotational energy. In general the OH 

vibrational degree of Freedom is not as coupled to translation as 

the H2 vibration is. This is responsible For the inability of OH 

vibrational energy to promote reactivity in the H2 + OH system. 

The eFFect of increasing vibrational energy in either 

reagent on the average energy disposal in products is shown For 

ensembles at 1200 and 2000 K in Table VI. The average 
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translational energy in the product system decreases slightly 

with vHH and exhibits similar behavior with respect to vOH at 

2000 K. There is a tendency of (~JHOH> to increase with vHH ' but 

increasing vOH has a negligible eFFect on it. The most 

interesting eFFect of increasing the vibrational energy of either 

reagent is shown in Fig. 13, where the average energy of the 

water molecule, (EHOH )' is plotted versus the vibrational energy 

of each reagent molecule at 1200 and 2000 K. The plots indicate 

that the increase (E HOH > in going From v to v+l Quanta in either 

reagent is equal to E 1 - E _ Since there is only a small change v+ v 

in (JHOH > with increasing v in either reagent, we know that. on 

the average, reagent vibrational energy appears as product 

vibrational energy_ When both reagent molecules are 

vibrationally excited. average behavior is such that the 

vibrational energy of both reagents appears as product 

vibrational energy. 

Additional inFormation regarding energy disposal in the 

product system is obtained by examining histograms of product 

energy and angular momenta distributions. The eFFect of 

increasing vHH can be illustrated by comparing histograms For the 

ensembles (0.0.0.0) and (4.0,0,0), while the eFFect of increasing 

vOH can be determined From comparison of (0,0,0,0) and (0,0,4,0). 

The histograms of product translational energies are shown in 

Fig. 14. The translational energy distributions do not change 

signiFicantly with vOH ' ~nd the peak shiFts to lower energies 

and the distribution width increases with vHH - The product 

angular momentum histograms are shown in Fig. 15 and these are 

relatively unaFFected by reagent vibrational energy_ The most 
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interesting distributions are those of HZO energies which are 

shown in Fig. 16. The minimum and maximum energy of each 

distribution increase with v, and the energy associated with the 

maximum population of the distribution is equal to the sum of 

vibrational energy of both molecules plus 10 kcal/mol. The 

maximum energy of the distribution is equal to the sum of the 

vibrational energies, the barrier, and the exoergicity. There are 

collisions which transFer an inordinate amount of energy into the 

product. 

IV. SU""ARY AND CONCLUSIONS 

We have used the methods of quasi-classical dynamics to 

compute energy transFer properties of non-reactive and reactive 

HZ + OH collisions. The potential energy surface used was the 

Schatz-Elgersma Fit to the ab initio Walsh-Dunning surface. 

Energy transfer has been investigated as function of 

translational temperature, reagent rotational energy, and reagent 

vibrational energy. The most important findings can be summarized 

as Follows: 

(1) The energy transFer mechanism is complex with ten types 

of energy transfer possible. Evidence was found for all types of 

energy transFer. Energy transfer in diatom-diatom collisions is 

far more complicated than A + Be collisions. 

(Z) There is much more exchange between the translational 

degree of freedom and the'HZ vibrational degree of freedom than 

there is between translation and OH vibration. Since 

translational energy is most eFfective in promoting reactivity in 

this system. and HZ vibration coup1es strongly to it. this 
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accounts For the greater eFFectiveness of H2 vibration in 

promoting reactivity than OH vibration. 

(3) Translptional energy is transFerred to the rotational 

degrees of Freedom of each molecule. There is a greater 

propensity For the transFer of translation to OH rotation than H2 

rotation. 

(4) In reactive collisions. increases in reagent 

translational temperature predominantly appear as vibrational 

~energy in the water molecule. 

(5) The average change in translational energy per 

collision becomes more positive as the initial angular momentum 

in either reagent molecule increases. and the tendency For a 

molecule to gain angular momentum varies inversely with it 

initial angular momentum. 

(6) Energy transFer in non-reactive and reactive collisions 

does not depend strongly on the initial angular mOmentum in 

either molecule. This is consistent with our interpretation of 

the dependence of reactivitity on reagent angular momentum. 

Rotational excitation of either or both reagent molecules 

suppresses reactivity by reducing the probability of achieving 

the proper reagent orientation required For reaction. and not by 

reducing energy in degrees of Freedom, eFFective in promoting 

reaction. 

(7) In non-reactive collisions, vibrational energy is 
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transFerred to translation, to the rotational degree of Freedom 

of the same molecule. and to the rotational and vibrational 

degrees of Freedom of the other molecule. OH does not transFer 

vibrational energy as eFFectively as H2 -

(8) The major eFFect of increasing the vibrational energy in 

either or :both reagent molecules is that. on the average, the 

v i brat i ona 1 . 'energy of the reagents appears as product vi brat i ona 1 

energy. 
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N ..... 

T 

300 

600 

800 

1000 

1200 

1500 

1700 

1900 

2000 

2200 

2400 

3000 

4000 

VHH JHH 

1 0 

1 0 

1 0 

1 0 

1 0 

1 0 

1 0 

1 0 

1 0 

1 0 

1 0 

1 0 

1 0 

vOH JOH NNR 

0 0 4881 

0 0 3699 

0 0 1838 

0 0 1149 

0 0 832 

0 0 664 

0 0 616 

0 0 575 

0 0 1016 

0 0 (450 

0 0 419 

0 0 403 

0 0 400 

Table I. Non-Reactive Trajectories 

<!lET> <!lJHH> <!lJOH> <!lE,.HH> <!lE,.OH> <!l~HH> <!lEvOH> 

- .29 - .4 2.1 .03 .28 -.01 -.01 

- .40 - .6 2.7 .10 .51 - .20 - .01 I 

i 

- .39 - .7 3.0 .21 .62 - .43 .00 

- .43 - .9 3.3 .30 .77 - .55 - .08 

- .50 - .9 3.5 .29 .89 - .65 - .01 

- .44 1.1 3.7 .42 1.0 - .85 - .08 

- .50 1.3 3.9 .60 1.1 - 1.2 - .04 

- .82 1.4 4.2 .70 1.4 - 1.1 - .06 

- .88 1.5 4.5 .70 1.5 - 1.3 - .05 

- 1.1 1.6 4.5 .80 1.5 - 1.1 - .06 

- 1.1 1.7 4.9 .90 1.8 - 1.4 - .07 

- 2.0 2.1 5.3 1.3 2.1 - 1.3 -.10 

- 1.8 2.0 5.0 1.3 2.3 - 1.7 -.10 
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N 
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T 

300 
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800 
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1500 
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3000 

4000 

vHH 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

JHH vOH JOH 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

Table 11. Correlation Coefficients 

1'r llll 1'7'r 1 1'7Vl 1'r elle 1'7're 

- .80 .18 - .55 -.16 - .66 

- .55 .28 - .73 -.15 -.18 

-.56 .15 - .71 -.15 - .10 

- .60 .16 - .67 -.13 -.17 

- .48 - .07 - .57 -.12 -.13 

- .45 .12 - .72 - .11 - .27 

- .42 - .04 - .64 - .07 -.20 

-.32 - .27 - .55 - .21 - .33 

- .33 - .20 - .54 - .03 -.46 
, 

- .33 - .25 - .55 -.10 - .47 

- .28 - .25 - .61 -.18 - .39 
, 

- .44 - .22 - .44 - .03 - .60 

- .37 - .41 - .27 - .22 - .58 

1'7Ve 1'r lre 1'r llle 1'lIlrit 1'lIllle 

.06 .33 .09 - .22 - .07 

- .01 .32 - .11 - .37 - .34 

- .06 .16 -.14 - .34 - .26 

-.18 .22 - .22 - .34 -.10 

- .03 .30 .03 - .44 - .43 

-.13 .25 - .20 - .27 - .21 

- .06 .13 -.13 - .34 - .34 

- .01 .30 -.10 - .34 - .33 

- .20 .18 - .02 - .22 - .30 

-.10 .23 - .11 -.21 - .27 I 

- .11 .22 - .09 - .25 - .21 

- .28 .10 - .02 - .10 - .23 

.09 .18 -.12 - .20 - .34 
! 

I 



Tablem. Reactive Traject.ories 

T vHH JHH vOH JOH RT <ET> <JHOH> <EHOH> 

600 1 0 0 0 201 12.2 10.1 31.2 

800 1 0 0 0 201 12.2 10.4 31.7 

1000 1 0 0 0 201 12.4- 11.2 32.3 

1200 1 0 0 0 201 13.5 10.1 31.7 

1500 1 0 0 0 201 13.2 11.3 33.0 

1700 1 0 0 0 201 13.4- 12.1 33.4-

1900 . 1 0 0 0 201 13.3 12.6 33.9 

2000 1 0 0 0 402 14.3 12.5 33.4-

2200 .1 0 0 0 201 13.1 13.0 35.0 

2400 1 0 0 0 201 13.7 13.3 35.0 

3000 1 0 0 0 201 14.3 14.0 35.6 

4000 1 0 0 0 201 14.7 14.1 37.3 
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0 0 
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0 0 
0 0 
0 0 
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Table N. Non-Reactive Trajectories 

NNR <AEr > <AJHH> <AJOH> <AErJIH> 

965 - .66 .B 3.3 .23 
B32 - .50 .9 3.5 .29 
644 - .25 1.1 3.3 .43 
595 - .03 1.3 3.4 .7B 
567 - .05 1.4 3.4 .B6 

965 - .66 .B 3.3 .23 
1071 . - .B1 .9 3.B .29 
610 - .64 .9 3.B .25 
602 - .7B .9 4.1 .30 
600 -.65 .9 4.2 .25 

BB9 - .47 1.0 3.7 .33 

662 -1.6 1.4 4.6 .5B 
1016 - .BB 1.5 4.5 .71 
3Bl - .70 1.6 4.1 .B7 
353 - .27 1.B 4.2 1.2 
295 - .25 2.2 4.2 1.B 

662 - 1.6 1.4 4.6 .5B 
571 - 1.4 1.4 4.7 .64 
565 - 1.3 1.5 4.9 .70 
571 - 1.2 1.4 5.2 .5B 
529 - 1.4 1.3 5.2 .59 

1334 - .B7 1.6 4.6 .BO 

<AErJIH> <A E"JIH > <AE"OH> 
-

.7B - .16 -.17 

.B9 - .65 - .01 

.77 - 1.1 .16 

.B5 - 1. 7 .16 

.90 - 1.B .12 

.7B - .16 -.17 
1.1 - .06 -.47 , 
1.0 - .05 - .59 
1.3 - .06 - .BB 
1.3 - .01 - .B5 

I 

.96 - .49 - .32 
I / 

1.6 - .25 - .32 I 

1.5 - 1.3 - .05 
, 

1.3 - 1.B .33 
1.3 -2.4 .14 
1.3 - 3.0 .21 

1.6 -.25 -.32 I 

1.7 - .07 - .B2 
1.B .01 - 1.2 
2.0 .OB - 1.4 

I 2.1 .09 - 1.3 I 

1.7 - .B3 - .6B 



N 
V1 

T 

1200 
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1200 

2000 
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2000 

1JHH 

0 
1 
2 
3 
4-

0 
0 
0 
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0 
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Table V. Correlation Coemcients 

'Yr 1"1 'Yn-1 'Y7'u 1 'Yrl"l 'Yn-I 

~ .33 -.14- - .36 - .37 - .32 
- .48 - .07 - .57 -.12 -.13 
- .81 .28 - .71 .026 - .06 
- .76 .34- - .71 .13 .10 
- .70 .24 - .78 .02 .16 

- .33 -.14- - .36 - .37 - .32 
.00 - .27 -.19 - 044- - .58 

- .11 - .09 -.13 - 040 - .28 
.02 .01 - .08 - .62 - .36 

'- - .04-- -.12 - .08 - .51 ';'.38 

- .4-8 .20 - .4-8 - .29 - .23 

-.17 - .54- - .20 - .23 - .72 
- .33 - .20 - .54 - .03 - 046 
- .54- - .08 - .50 .05 - .32 
-.71 .14 - .63 .04- -.18 
- .79 .11 - .50 - .01 - .27 

-.17 - .54- - .20 - .23 - .72 
- .02 - 044 - .21 - .37 - .65 
- .06 - ,42 - .01 - ,40 - .60 

.01 - .20 - .08 - .4-7 - .4-4 

.07 - .30 - .08 - .49 - ,45 

- .27 - .08 - ,47 - .29 - .37 

'Y7'u1 'Yrlr• 'Yrl"l 'Y"lr• 'Y"1'" 

- 044- .28 - .32 - .32 - .04-
- .03 .30 .03 - .4-4- - .4-3 

.14- .27 .00 -.36 - .53 

.12 .17 .14- - .44 - .47 

.14 .21 - .01 - .45 - .32 

- 044- .28 - .32 - .32 - .04-
-.14- .29 - .43 -.16 .37 
- 045 .30 - .29 - .11 - .52 
- .24- .16 - .47 -.06 - .44 
- .37 .50 - .52 -.18 - .47 

- .30 .16 -.18 -.19 -.39 

-.19 .34 -.14 -.15 - .24 
- .20 .18 - .02 - .22 - .30 
- .06 .30 .04 - .31 - .52 
- .12 .18 - .06 - .34- - .23 

.01 .22 -.01 - .29 - .32 

-.19 .34- -.14 -.15 - .24 
-.19 .35 - .37 - .06 - .32 
- .23 .31 - .30 - .06 -.51 
- .30 .28 - ,41 -.10 - ,46 
- .27 .19 - .35 - .03 - .50 

- .15 .16 - .31 - .24 - .33 
-. 
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TableVl. Reactive Trajectories 

T 'tJlIH JlIH 'tJOH JOH RT <Er> <JHOH> <EHOH> 

1200 0 0 0 0 201 13.4 10.6 20.5 
1 0 0 0 201 13.5 10.1 31.6 
2 0 0 0 169 12.0 12.5 44.6 
3 0 0 0 201 10.6 12.3 55.1 
4 0 0 0 201 10.0 13.5 64.6 

1200 0 0 0 0 201 13.4 10.6 20.5 
0 0 1 0 196 14.6 10.5 29.8 
0 0 2 0 118 13.6 10.4 39.4 
0 0 3 0 96 13.3 9.7 47.9 
0 0 4 0 92 13.1 9.6 56.3 

1200 1 0 1 0 201 12.9 10.8 42.3 

2000 0 0 0 0 202 15.3 10.9 21.3 
1 0 0 0 402 14.3 12.5 33.4 
2 0 0 0 201 13.1 13.3 45.2 
3 0 0 0 201 12.6 14.2 55.8 
4 0 0 0 201 10.6 14.8 66.9 

2000 0 0 0 0 202 15.3 10.9 21.3 
0 0 1 0 201 14.9 11.5 31.1 
0 0 2 0 136 14.7 11.4 40.5 
0 0 3 0 147 14.1 11.7 49.6 
0 0 4 0 144 14.0 11.1 57.9 

2000 1 0 1 0 553 13.9 12.9 43.9 
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13. The average energy in H20 versus the initial vibrational 
energy or reagent molecules (kcal/mol) ror ensembles at 1200 
and 2000 K. Neither reagent molecule has rotational energy. 
and one reagent molecule had zero-point vibrational 
energy. 

14. Histograms illustrating the distribution or the product 
translational energy (kcal/mol) in reactive collisions ror 
the ensembles indicated. 

15. Histograms illustrating the distribution or the product 
angular momenta (~) in reactive collisions For 
the ensembles indicated. 

16. Histograms illustrating the distribution of the product 
molecular energy (kcal/mol) in reactive collisions For 
the ensembles indicated. 
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