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ABSTRACT
We have used the methods of quasi-classical dynamics to
. compute energy transfer properties of non-reactive and reactive
Hz + OH collisions. Energy transfer has been investigated as
function of translational temperature, reagent rotational energy,
and reagent vibrational energy. The energy transfer mechanism is
complex with ten types of energy transfer possible, and evidence
was found for all types. There is much more exchange between the
translational degree of freedom and the H2 vibrational degree of
freedom than there is between translation and OH vibration.
Translational 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 H, rotation. In
reactive collisions, increases in reagent translationai
temperature predominantly appear as vibrational energy in the
water molecule. Energy transfer 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 transferred to translation, to the
rotational degree of freedom of the same molecule, and to the
rotational and vibrational)l degrees of freedom of the other
molecule. In reactive collisions, the major effect of increasing
the vibrational eneray in reagent molecuies is that., on the
average, the vibrational energy of the reagents appears as

product vibrational energy.



I. INTRODUCTION

Energy transfer is of fundamental importance in many
elementary processes, e.g., chemical reactivity and coltisional
deactivation of excited states. While there has been considerable

research effort devoted to the study of energy transfer in atom

molecule systemsl—7. relatively little effort has been expended

toward acquiring an understanding of the energy transfer

< - 8-14 R
phenomena in molecule-molecule collisions ! . 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—Brown15 modification of the analytical fit of Schatz-

Elgersrnalo to the ab Initio calculations of Walsh and Dunningle.

In addition to energy transfer, collisions between H2 and CH

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 ob;ainsl7. In

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

source of waterla.

In a previous paperls. 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



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.

IT. 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 keilvins,
the initial vibrational energy of HZ' the initial rotational
energy of HZ' the initial vibrational energy of OH, and the

initia! rotational energy of OH. All energies are expressed in



kcal/mol, and an ensemble is designated in the following manner:
(Tyvedsv’,J’) where T designates the translational temperature, v
and J designate the vibrational and rotational quantum numbers of

H and v’ and J’are the quantum numbers associated with OH. The

2°
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:

H-H

2ur?

B = min{VD(r) + }— Vp(re)

(2.1)

and

E =B/ -5 (2.2)

where ErF is the final rotational energy, VD(re) is a Morse
potential for the molecule in question, JrF is the final anguiar
momentum of the molecule, r is the internuclear separation, u is
the reduced mass, EvF is the final vibrational energy, and EmF is
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
oz e B4 4j;.”/;,z]n
(2.3)

and the final diatomic vibrational quantum number, vF. was



evaluated from

o (2.4)

13
vi= ke F:T‘r/_{z# [E,,,I - Wy = ZE ]} ar

2ur?

where r+ _ond r—- are the turning points of the effective potential
at the energy EmF. In addition to determining the energy
distribution in each molecule, the final translational energy Et'
the orbital angular momentum Lo' and the scattering angle were
determined for each non-reactive trajectory. All energies are
expressed in kcal/mol and angular momenta are expressed in
multiples of K.

For reactive trajectories, the final molecular energy EHOH'
the final molecular angular momentum JHOH' the angutlar momentum
about the scattering center Lo' the final transiational energy

E and the scattering angte were determined. Energy was ' >t

t’
partitioned within the water molecule since the potential does
not treat the H atoms in water as identical.

Eneragy transfer is described in terms of changes in
transiational 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 understanding of the energy transfer

mechanism is gained through the use of correlation coefficients,



which provide a measure of the relationship between two energy
transfer quantities on a single cotlislon basis. Correlation

coefficients are defined as

Py = 3 ey = AFyy> ABy>
A Sai Sy (2.5)

where the subscripts x and y are 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 ij
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 fFor non-reactive collisions.

I1i. 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



initial rotational energy in each molecule., and the initial
vibrational energy in each molecule. The transiational
temperatures considered are 300 to 4000 K, with the majority of
the calculations performed at 1200 and 2000 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 2.0 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 H2 when the initial
angular momentum is small. When both molecutes are in v=0 or !,
the average vibrational energy change per collision is negative
and tess than | 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 .



A. Translational! Energy Dependence

The average energy transferred to the various degrees of
freedom is summarized in Table I for ensembles having vHH=l and
all other initial quantum numbers equal to 0. 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 translationat temperature.
Further insight into the energy transfer mechanism is provided by
examining Table Il 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
negligibte. Looking down the various columns, there are ensembies
where each of coefficients is in excess of 0.1. This indicates
that the energy transfer mechanism is complex, involving a1l
types of energy transfer. In fact, ten types of energy exchange
are possible among the translational degree of freedom and the
four motecular 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



table and does not vary systematically with temperature. At low
temperature the ri-vl courrelation 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 HZ‘ 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 freedoem.
In colltisions where DH gains vibrationatl energy, the source of
energy is most likely H2 vibration and not translational energy.
The positive corretation for the two rotational degrees of
freedom indicates a reasonably large number of collisicns occur
in which rotationatl 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 t:ansfer. Figure 1| is a histogram of AET for
ensc<mbles 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 transilational energy
increases. Figs. 2 and 3 are histograms of the JF of H2 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 coltlisions
where OH experiences a large change in angular momentum.
Histograms of AEV at three different transtational temperatures
are shown in Figs. 4 and 5 for H2 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 inetlastic as the translational temperatu—e
increases, and the distribution w dth 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 zerc point energy, has a
greater tendency to gain vibrational energy than HZ' which is
excited to v=1. The OH gain most likely results firom vIi->v2
transfer.

The energy and angular momeritum disposal in the products of
reactive collisions are shown in Table 111 for ensembles that
differ only in translational temperature. In general, there is
a tendency for the relative transiational energy, the angular
momentuni, and total energy of the HZO mo'lecule to increase with

translational enzrgy. These effects are shown more dramatically



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
breoadening 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
praducts. 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 HZO 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 HZO molecule as a
function of translational temperature of the reagents is shown in
Fig. 9. The efvect of increased translationai 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 approximateiy 38
kcal/mol, which is equal to the sum of the OH zero point energy,
the H2 energy of v=1, and the reaction exoergicity (™15
kcalt/mol). The distribution of angular momentum in the water
molecule for three different transiational temperatures is shown
in Fig. 10. Although the width of the distribution increases
slightly, translational temperature increases in the reactants

prodiuce tittle 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.

B. 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 ensembies where both
molecules were in v=0 is Case I and that for which H2 was in v=1
is Case I1.

In Case |, the average translational energy change per
coilision, 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 JOH for ensembles at 1200 K with JHH =4. The effect
is more pronounced when JHH is initially fixed and JOH is allowed
to vary. The average change in angular momentum per collision,
which is always positive, decreases with initfial J. This is shown
in Fig. 12 where the change in JOH per collision is plotted
versus the initial value of JOH for ensembles at 2000 K with the
initial JHH = 0. 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

11



amount of energy lost in a set of ensembles with identical
translational temperature and vibrational energy varies
insignificantiy.

All correlation coefficients were computed for the Case 1
ensembles. Most were small and negative with magnitudes less than
0.3, indicating that energy exchange among all degrees of freednm
is possible, and that a dominant type does not prevail. The
largest correlation coefficient for these ensembles was Trrz
indicating that OH rotational energy gain resultted from t->r
encergy transfer. Since the rotational energy transferred to OH
decreases as the initial JOH increases anc the correlation
coefficient Tor t->r remains constant, other modes of energy
transfer to OH rotation must be important at small initial JOH'
At 1200 K, r—>r transfer becomes more important as the initial J
of one of the molecules increases since the correlation

coefficient for the intermolecular rotatfonal energy

rir2
transfer becomes more negative with increasing J. This type of
energy transfer is a consequence of angular momentum
conservation.

The energy transfer mechanism changes when H2 is initially
excited to v=1, Case I1. The correlation coefficients Yrvl and
Tl are quite large in magnitude. Some of the H2 vibrational
energy loss results in rotational energy gain. This most likely
happens indirectly by, first transferring vibrational energy to
translation and then transferring translational energy to
rotation. For the Case Il ensembles, the correlation coefficient
¥ remains large but does not retain its dominant role in the

Tr2
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mechanism. Also the systematic trend note for ¥eir? disappears.
Variation of the reagent rotational energy producea no

systematic effects in the product energy disposal mechanism. The

angular momentum in the product system is distributed between the

H20 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
initia) vibrational energy of the other moiecule allowed to varv
between v=0 and 4, were compared. Energy transfer for non-
reactive collisions of these ensembies are summarized in Table
IV. As the vibrational energy of H2 is increased, (AET>
decreases in magnitude(it is always negative), and (AJHH) and
<AErHH> increase. Similar behavior is observed for increasing
. <ad.. > and <aEr

oM oH oH’
systematic trend and at 2000 K decreases in magnitude with

v increase. At 1200 K (AET> shows no

increasing v As the ir.itial v for a given molecule increases,

OH*
the average vibrational energy change for that molecule becomes
more negative while the average vibrational energy change for the
other molecule generally tends to become more positive. In
general, OH does not lose as much vibraticnal energy as Hz.
Corretlation coefficients for this collection of ensembles
are listed in Table V, and these reveal some interesting aspects

of the enerqy transfer mechanism. As VuH is increased, v and

rivi

TTvl increase in magnitude and become more negative indicating

13



that vibrational energy of H2 is transferred to transtation and

rotation. The coefficient v is often positive, indicating that

Tr1
rotational and translational energy gain often occurs in a given
coltision. It is tikely 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
involving OH are not particulariy large except ?vlrz and 7vlv2

which indicate that H, vibrational energy is transferred to OH

2
vibration and rotation. The positive value of Yelr2 indicates
that both molecules often receive rotational energy in a single
collision, which is a consequence of angular momentum
conservation.

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

OH
energy transfer mechanism. The correlation coefficients indicate
that there is energy transfer between OH vibrational energy and
translational, OH rotationat, H2 rotational, and H2 vibrational
energy. Again there are collisions where both molecules gain
rotational eneray, and there is more transfer between
translational energy and CH rotational energy than between
transiation and H2 rotational energy. In genersl the OH
vibrational degree of freedom is not as coupled to transliation 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 t“e average energy disposal in products is shown for

ensembles at 1200 and 2000 K in Table VI. The average



translational energy in the product system decreases slightly

with v and exhibits similar behavior with respect to VoH at

HH
2000 K. There is a tendency of <AJHOH) to increase with VHH' but

increasing v has a negligiblie effect on it. The most

OH
interesting effect of increasing the vibrational energy of either
reagent is shown in Fig. 13, where the average energy of the
water molecule, <EH0H)' is plotted versus the vibrational energy
of each reagent molecule at 1200 and 2000 K. The plots indicate
that the increase <EHOH) in going from v to v+l gquanta in either
reagent is equal to Ev+1 - Ev' Since there is only a small change
in (JH0H> 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 ViH can be illustrated by comparing tdistograms for the
ensembles (0,0,0,0) and (4.0,0,8), while the effect of increasing
vop €@n 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 Von® and 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

15



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 molecutles plus 10 kcal/mol. The
maximum energy of the distribution is equal to the sum of the
viorational energies. the barrier, and the exoergicity. There are
collisions which transfer an inordinate amount of energy into the

product.

1V. SUMMARY AND CONCLUSIONS

We have used the methods of quasi-classical dynamics to
compute energy transfer properties of non-reactive and reactive
H2 + OH collisicns. 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
translal.ional 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 possibte. Evidence was found for all types of
energy transfer. Energy transfer in diatom-diatom collisions is
far more complicated than A + BC collisions.

(2) There is much more exchange between the translational
degi-ce of freedom and the H2 vibrational degree of freedom than
there is between translation and OH vibration. Since
translationzl energy is most effective in promoting reactivity in

this system, and H2 vibration couples strongly to it, this

16



accounts for the greater effectiveness of H2 vibration in
promoting reactivity than OH vibration.

(3) Translational 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 transiational energy per
collision becomes more positive as the initial anguiar momentum
in either reagent molecule increases, and the tendency for a
molecule to gain angular momentum varies inversely with it
initial angu'ar 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 ~r 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
reactiaon.

(7) In non-reactive collisions, vibrational energy is

17



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 Hz.

(8) The major effect of increasing the vibrational energy in
either or both reagent molecules is that, on the average, the
vibrational energy of the reagents appears as product vibrational

epergy.
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Table Il. Reactive Trajectories

T Jvay | Jww | von | Jou | RT | <Ep> | <Jyou> | <Epoy>

80| 1 | o | o] o |21]122| 101 312

soo| 1 o | o | o {z01]122| 104 31.7
w0 1 | o | o | o 201124 112 32,3
1200 i | 0] o} o 201135 101 31.7
1500 2 | o | o) o fa01] 132] 113 33.0
17004 1 | o | o | o jzo1l 134 | 121 33.4
1900 1 | o] o o f201]133] 128 33.9
2000 1 [ o] o | o |402] 143 ]| 125 33.4
2200| 1 | o | o | o |=201| 131 | 130 35.0
2400 | 1 | 0 | o | o |201] 137 | 133 35.0
300 1 | o] o] o |z201] 142} 140 35.8
4000, 1 [ 0 | o | o [201| 147 | 141 37.3
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Table VI. Reactive Trajectories

T |(vww | Juw | vou | Jou | RT | <€r> | <Dpoy> | <Epon>
1200 0 0 ] ] 201 | 13.4 10.6 20.5
1 0 ] 0 201 | 13.5 10.1 31.8
2 0 V] 0 189 | 12.0 12.5 44.8
3 0 0 0 201 10.8 12.3 55.1
4 0 ] (1] 201 10.0 13.5 84.8
1200 (1] 0 0 0 :| 201 13.4 10.8 20.5
V] 0 1 V] 196 | 14.6 10.5 29.8
V] 0 2 0 118 13.6 10.4 39.4
0 0 3 0 96 | 13.3 9.7 479
0 0 4 D 82 | 13.1 B.6 56.3
1200 1 V] 1 0 201 12.9 10.8 42.3
2000 0 D 0 0 202 15.3 10.9 21.3
1 0 4] c 402 14.3 12.5 33.4
2 0 0 4] 201 13.1 13.3 45.2
3 0 0 o |=201]) 128 14.2 55.8
4 0 0 V] 201 10.8 14.8 86.9
2000 | © o | o 0o {202| 15.C 10.9 21.3
0 0 1 )] 201 14.9 11.5 31.1
4] c 2 0 136 | 14.7 11.4 40.5
o | o] s 0 {147 | 141 11.7 49.6
0 o 4 D 144 14.0 11.1 57.9
2000 | 1 o 1 0 | 5531 13.9 12,9 43.9
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12.

LIST OF FIGURES
Histograms illustrating the distribution of the changes in
transtational energy (kcal/mol) in non-reactive collisions
at 600, 1500, and 4000 K.

Histograms illustrating the distribution of H6 angular

momentum (43) in non-reactive collisions at 60 1900, and
4000 K.
Histograms illustrating the distribution of OH angular

momentum (h) in non-reactive collisions at 600, 1900, and
4000 K.

Histograms illustrating the distribution of the changes in
H, vibrational energy (kcal/mol) in non-reactive collisions at 600,
1900, and 4000 K.

Histograms illustrating the distribution of the changes in
OH vibrational energy (kcal/mol) in non-reactive collisions at 600,
1900, and 4000 K.

Histograms illustrating the distribution of the
translational energy (kcal/mol) in reactive collisions at
600, 1900, and 4000 K.

The average product transtational energy (kcal/mol) per
versus relative reagent transtational temperature (K).

The average product molecular energy (kcal/mol) per
versus relative reagent transiational temperature (K).

Histograms illustrating the distribution of the
product molecular energy (kcal/mol) in reactive collisions at
600, 1900, and 4000 K.

Histograms illustrating the distribution of the
product angular momenta (h) in reactive collisions at
600, 1900, and 4000 K.

The average change in transiational energy per non-reactive
collision (kcal/mol) versus the initial angular momentum in
OH (h). A1l ensembles in this set have initial translational
temperatures of 1200 K, JHH=4 f. and both molecules in v=0.

The average change in OH rotational angutar momentum per
non-reactive collision (#) versus the initial angular
momentum in OH (K). All ensembles in this set have initial
translational temperatures of 1200 K, JHH=4*ﬁ. and both
molecules in v=0
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The average energy in H,0 versus the initial vibrational
energy of reagent molecules (kcal/mol) for ensembles at 1200
and 2000 K. Neither reagent molecule has rotational energy,
and one reagent molecule had zero-point vibrational

energy.

Histograms illustrating the distribution of the product
translational energy (kcal/mol) in reactive collisions for
the ensembles indicated.

Histograms illustrating the distribution of the product
angular momenta 8) in reactive collisions for
the ensembles indicated.

Histograms illustrating the distribution of the product

molecular energy (kcal/mol) in reactive collisions for
the ensembles indicated.
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This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent salely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or zroduct name docs
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable.



