
Lawrence Berkeley National Laboratory
Recent Work

Title
COLLISIONAL ENERGY TRANSFER IN THE LOW PRESSURE LIMIT UNIMOLECUIAR 
DISSOCIATION OF HO2

Permalink
https://escholarship.org/uc/item/26f2q4fq

Authors
Brown, N.J.
Miller, J.A.

Publication Date
1983-10-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/26f2q4fq
https://escholarship.org
http://www.cdlib.org/


: i 

::.. 

LBL-16790 
C'_~ 

Lawrence Berkeley Laboratory 
UNIVERSITY OF CALIFORNIA RECIE:IVEO 

U,WRENCE 

APPLI ED SCI ENCE 
DIVISION 

or=c 13 1983 

UBr-i:ARY AND 
DOCUMENTS SECTION 

Presented at the Western States Meeting of the 
Combustion Institute, University of California, 
Los Angeles, CA, October 17-18, 1983 

COLLISIONAL ENERGY TRANSFER IN THE LOW PRESSURE 
LIMIT UNIMOLECULAR DISSOCIATION OF H02 

N.J. Brown and J.A. Miller 

October 1983 

TWO-WEEK LOAN COPY 

This is a Library Circulating Copy 

which may be)borrowed for two weeks. 

For a personal retention copy~ call 

Tech. Info. Division~ Ext. 6782. 

APPLIED SCIENCE 
DIVISION 

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



. -

COLLISIONAL ENERGY TRANSFER IN THE LOW PRESSURE 
LIMIT UNIMOLECULAR DISSOCIATION OF H02 

Nancy J. Brown 
Applied Science Division 

Lawrence Berkeley Laboratory 
University· of California 

Berkeley, CA 94720 

and 

James A. Miller 
Combustion Chemistry DivisiQn 
Sandia National Laboratories 

Livermore, CA 94550 

LBL-l6790 

This work was supported by the U.S. Department of Energy under Contract 
No. DE-AC03-76SF00098. 



Ii.' .. 

COLLISIONAL ENERGY TRANSFER IN THE LOW PRESSURE 
LIMIT UNIMOLECULAR DISSOCIATION OF H02 

Nancy J. Brown 
Applied Science Division 

Lawrence Berkeley Laboratory 
Berkeley, CA 94720 

and 
James A. Miller 

Combustion Chemistry Division 
Sandia National Laboratories 

Livermore, CA 94550 

ABSTRACT 

Classical trajectory calculations are used to investigate the energy transfer 
properties of H02-He collisions under conditions where H02 is initially excited to 
energies near dissociation. The emphasis in this investigation is on determining the 
dependence of vibrational energy transfer characteristics on heat bath temperature, 
total molecular energy, and total molecular angular momentum. Vibrational energy 
transfer is a function of all three variables. Energy transfer averages, correlation 
coefficients, and energy transfer cross sections are used to determine the energy 
transfer mechanism. Evidence is found for all types of energy transfer, but the 
specific mechanism for a particular ensemble is highly dependent on the initial 
variables. 

At fixed vibrational energy and heat bath temperature, the magnitude of the 
average vibrational energy transferred per collision, 1< /lE' >1, increases with in
creasing molecular angular momentum. At fixed initial molecular angular momen
t.um and heat bath temperature - < /lE' > increases as the total energy in 
the molecule increases, except for very low values of initial angular momentum. 
Increasing the heat bath temperature for fixed values of the other initial vari
ables decreases the magnitude of </lE' >. The relative importance of weak and 
strong collisions in governing the energy transfer characteristics is discussed. In 
particular, the probability density function for vibrational energy transfer is not 
well represented by a simple "exponent.ial down" model. A double exponential 
function is required to represent the long tail of the dist.ribution adequately. Total 
vibrat.ional ('nergy '.ral1sfE'f cross-sections determined from vibrational encrgy trans
fer histograms are weak f'1l11etions of total pnergy. tot.al angular momentuIll. and 
hC':Jl., bath trmpel'at,uf'('. Thry art' ~y~'elu;)t.i('ally higher t.han I;) .:·orn)~poudjug 

Lcunard-JoBcs eros::, ~('etiom. 
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COLLISIONAL ENERGY TRANSFER IN THE LOvV PRESSURE 

LIMIT UNIMOLECULAR DISSOCIATION OF H02 

1. INTRODUCTION 

Thermal unimolecular dissociation, and the reverse recombination, reactions 

in the gas phase represent an important class of elementary processes in complex 

systems, particularly combustion. Recombination reactions typically are the most 

important source of heat in flames, and the dissociation of weakly bonded free 

radicals provides important mole number (Le. number of molecules per unit mass) 

increases in combustion systems. Such mole number increases typically accelerate 

the oxidation process either by satisfying a thermodynamic requirement or by 

feeding chain branching reactions, or both. Obviously, it is desirable to understand 

this class of reactions. 

In the high pressure limit of thermal unimolec.ular dissociation, intramolecular 

energy transfer processes are rate determining. However, in the low pressure limit 

collisional energy transfer to and from the dissociating molecule determines the 

rate coefficient. In the "strong collision" version of unimolecular rate theory, it 

is implicitly assumed that molecules below the dissociation limit are always in 

" - t.hermal equilibrium with the ambient heat. bath. In this version of 'the theory the 

Arrhcuius pr('-exponent,ial fac(.or in the low prcssul"<' limit is de(.ermined primarily 

by t.he density of st.at.es at t.he dissociation limit., and the activation energy is 

normally very close 1.0 the bond energy (01' threshold energy)~ or at. least easily 
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related to it. However, discrepancies between strong collision theory and experiment 

have been known for a long time. It is not unusual for the dissociation rate 

coefficient of a molecule at. high temperat.ure t.o be as much as two orders of 

magnitude below that. predicted by strong collision theory and for the activation 

energy to be several kcal/mole below t.he strong collision theory prediction. Such 

discrepancies are now known to be due to "weak collision effects". "Weak collisions" 

result in the transfer of relatively small quantitites of energy per collision with the 

result that bound energy states near the dissociation limit are unable to maintain 

equilibrium populations. These states are underpopulated during dissociation and 

overpopulated during recombination. This phenomenon results in the discrepancies 

between experiment and strong collision theory noted above. 

Our current awareness of weak collision effects in polyatomic molecules is due 

largely to Troe(1~6), who has developed a formalism that can be used effectively to 

reduce, ~nterpret, and extrapolate experimental data. He has also correctly pointed 

out(3) "that a substantial uncertainty persists because of the lack of knowledge of a 

number of input data such as details of potential energy surfaces or of intermolecular 

energy transfer processes." This lack of knowledge of collisional energy trans

fer processes in highly vibrationally excited polyatom·ic molecules is the primary 

motivation for this paper. There are two related investigations that deserve men

tion. Gallucci and Schatz(7) have studied the dynamics of He-H02 collisions for H02 

molecules excited well above the dissociation limit. Since the dissociation limit in 

low presure limit unimolecular reactions represents a completely absorbing barrier, 

this regime is not of interest for our purposes. Stace and MurreU(8) have studied 

collisional energy transfer for a variety of triatomic molecules in collisions with rare 

gas atoms. For the most part, their study concentrated on cases where the triatomic 

molecule had precisely the mean thermal energy based on the temperature of the 

bath gas. This is a rather special case and does not specifically address the question 

of t.he energy t.ransfer properties of molecules within a few kBT of the dissociation 

limit.. That· is, during the $tC':tcly-st.(]t.e dissociation PI'OC(,SS, energy levels below a 

few kaT less than the threshold energy have equilibrium populations. Consequently; 
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their energy transfer characteristics are not directly of interest. 

In this paper we investigate the properties of He-H02 collisions in which the 

H02 is excited to energies near, but below, the dissociation limit. In a master 

equation formulation of the dissociat.ion process the natural independent parameters 

are the two good constants of the motion of the isolated molecule, the total energy 

and total angular momentuID, and the temperature of the heat bath. Therefore, we 

want particularly to determine how the collisional energy transfer properties depend 

on these variables. We have chosen to use the Melius-BIint'(9) potential for H02 , not 

so much because we believe it to be a perfect representation of the H02 surface, but 

because it is readily available, reasonable, and because we believe our results using 

it wiII be generally applicable to at least a class of small polyatomic molecules. 

ll. MATHEMATICAL NIODEL 

The methods of classical dynamics discussed by many investigators(10-17) are 

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

approximations: (1) the use of an analytical fit of an ab initio potential energy 

surface to describe the H02 molecule when separated from the He atom at infinity, 

(2) the use of three two body potentials to describe the He-H02 interaction, (3) 

the use of volume weighted orthant sampling, discussed in detail in our previous 

paper(lO), to -sample t.he phase space of the energized H02 molecule, (4) the use of 

Monte Carlo averaging techniques to sample the entire phase space of the He-H02 
colIision syst·em, and (5) t.he treatment of the dynamics with classical mechanics. 

A. The Pot·ential Energy Surface 

The potential energy surface used in this investigation is a function of six 

distances and can be written as 
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(2.1) 

where Rl is the HOI distance, R2 is the 0 1_02 dist.ance R3 is the H-02 distance, 

R4 is the He-H distance, Rs is t.he He-0 1 distance, and R6 is the He-02 distance. 

A schematic diagram of the He-H02 system is illustrated in Figure 1. 

The VH02 surface is the analytical representation given by Melius and Blint(9) 

of their ab initio calculations. In this and our previous work(IO) we have been 

interested in the intramolecular energy transfer and unimolecular reaction of H02 " -

in the ground electronic 2 A" state. These processes are assumed to take place 

adiabatically. It is important to note the existence of a low- lying excited state 

surface of H02, the 2 A' state which correlates with excited state products HeS) + 
02(16.g ) and lies approximately 17 kcaljmol above the ground state H02 surface in 

t.he region of configuration space. The choice of total system energies employed in 

this study (except for possible, yet highly improbable trajectories with anomalously 

high values of relative translational energy) rendered populating dissociative states 

on the excited-state surface highly improbable. The potential energy parameters 

that have been used in our study are given in Table I of our previous paper. The 

Melius-Blint calculations predict that the binding energy of H02 (referenced from 

H + O2) is 44.2 kcal/mol compared to the experimentally determined value of 54 

kcal/mol. Examination of the potential parameters also reveals the existence of a 

small exit barrier for dissociation of approximately 2 kcal/mol, which may be an 

artifact of the Melius-Blint calculations. Despite the aforementioned anomalies, the 

surface has been verified to be a reasonable representation of the potential energy 

of the H02 system, as discussed in our earlier paper. 

The intermolecular potential VHe-H02 is approximated as a sum of three two

body potentials as~ 

( ') 9) 
,~.-., 

In accord with Gallucci and Schat.z(7}, 'we have approximat.ed the 1-'H e-H potential 

as the He-He pot.ential of Burgmans, et. al(lS) and the l"H c-O potcntial as the He-Ne 

pot.ent,ial of Chen, et. al.(10} 
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The approximation of the intermolecular potential energy as a summation of 

atom-atom pair potentials was also used by Suzukawa, et al(20) in their study of 

energy transfer in CO2-rare gas systems. The pair potential approximation for 

the intermolecular potential is frequently invoked for lack of a more sophisticated 

surface, which in the four atom case involves t.hree- and four- body interaction terms. 

The effect of the higher order terms for the O-H20 syst.em was investigated by 

Redmon, et al(21), who found that. two-body potential terms can provide a correct 

zeroth order description of the interaction that is adequate for qualitative purposes. 
. . , 

B. Phase Space Sampling 

The Monte Carlo averaging and volume weighted orthant sampling are per

formed in concert with one another to determine average collision characteristics for 

an ensemble of trajectories. For an ensemble of trajectories, we specify the transla

tional temperature of the heat bath, the total internal molecular energy, and a range 

for th~ total molecular angular momentum. The notation (Tt, E~, Jl - Jh) is used 

to designate an ensemble. The symbol Tt designates the translational temperature 

in Kelvins, E~ the initial value of the molecular energy in kcal/mol, and Jl _Jh the 

range of molecular angular momentum from which the initial value is selected. The 

"spread" in designated J values is useful in enhancing the efficiency of the sampling 

process, since the J value is determined by a simple rejection procedure. The in

dependent variables used here are those t.hat naturally result from formulating the 

master equation for the dissociation of a polyatomic molecule. Le., the two good 

constants of the motion for the isolated molecule and the temperature of the bath 

gas. 

The initial step in the determination of the boundary conditions for each trajec

t.ory consists of randomly orient.ing the H02 molecule with respect t.o the incom

ing He a.tom. This i~ accom pli~hed by first. fixing the molecule a.t it.s equilibrium 

geometry with t.he origin at the molecular center-or-ma~s. The molecule is then 

rot.ated through t.hree randomly cho~en Euler angles to determine t.he posiCion o/" 

the molecule in t.he space-fixed coordinat.e system. The four st.ep vol ume weighted 
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orthant sampling technique .. which is discussed in our earlier paper, is then employed 

to fix the the initial coordinates and momenta of the H02 for the prescribed value 

of Em and J. The relative velocity for each trajectory is then selected randomly by 

Monte Carlo sampling the appropriate collision integral with an assumed Boltzmann 

distribution of velocities. Finally the impact parameter' is selected from a b2 dis

tribution of values between 0 and bmax . Int.egration of several trajectories over 

the range of ('ondit.ioIlS utilized in our study revealed that a suit.able value of the 

maximum impact parameter, bmax , was 4.0 A. For trajectories fixed at b = bmax 

= 4.0 A, we found that the root mean squared energy transferred per collision did 

not greatly exceed the numerical error in integration of the equations of motion. 

C. Classical Trajectory Calculations 

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

The Hamiltonian for the system is written as 

w here the first three coordinates and conjugate momenta correspond to the 

Cartesian components of H relative to 0 1 , the second three correspond to the 

Cartesian components of 0 2 relative to 0 1 H, and the third three correspond to 

the Cartesian components of He relative to the center-of-mass of the H02 molecule. 

The relevent reduced masses are (J11 = fl2 = Jt3 ~ JlH,Ol), (fl4 = fl5 = fl6 = 

Jl 02,OlH), and (fli = fl8 = Jtg = flHe-HO,J. The eighteen equations of motion 

derived from this Hamiltonian are integrated using the ordinary differential equa

t.ion solver, ODE(22,23), writt.en by Shampine and Gordon. Integration is initiated 

when the at.om is separated from the molecular center-of-mass by 6 . .5 A and is ter

minat.ed when each of t.he atoms in thf' molecule is at. least 6.5 A from t.he He atom. 

Adclit·ional tf'~ts were made t.o cheek fOf the rOI·mat.ion of Van.der \\'a::lIs complexes. 

No such t.r:l.jectofie~ 'Vf'rc found. This is not surprising since the well depths for t.he 

He-II and He-O intefact.ion pot.ential are only 10 to 20 K (ternperat Ilre uuit.s). 

At t.he end of eacb trajectory, the energy and angniarmomrnt.llID c\istribu-
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tions are determined. The final relat.ive translationa.l energy E{ in kcal/mol is 

computed and subtracted from the system total energy ET to determine the final 

total molecular energy Etn, 
Ef = ET - Ef m tJ (2.4) 

at the termination of the trajectory. The three components of the final molecular 

angular momentum are evaluated and used to determine the square of the final 

molecular angular momentum (J f)2, which is then used to evaluate the final 

"rotational" energy E5 as 

(2.5) 

Strictly speaking, EJ is not the rotational energy, but-is only part of it. However 

our purpose is not to make a rigorous separation between rotational and vibrational 

energy, but to distinguish between energy which can and cannot be used to dis

sociate the molecule. Total angular momentum is a constant of the motio-n in the 

isolated molecule and, in the language of RRICM theory, the energy associated with 

it, i.e. EJ, is frequently referred to as the centrifugai barrier. It is fixed and not 

available for redistribution within the molecule to promote unimolecular reaction. 

In general Bef f is a function of position along the reaction coordinate; however, 

in the present case, the difference between Bef f at the H02 equilibrium position 

and the transition state is so small that we have ignored it. The final molecular 

"vibrational" energy Ej is determined from 

E'f = Efn - E~. (2.6) 

This is consistent with the defiIiition of rotational energy that we have adopted and 

represents the amount of energy in the molecule that is available for breaking the 

chemical bond. Consequently, the dissociation limit is defined approximately by 

the relation E' = 46.:3 keal/mol. 

The final impact parameter is dC'trrmiJlC'd by computing the final orbital an

gubr moment.UIll Lt of the n02-JIc pair as t,he diffcr(,£lcC' beL,re'eIl 1he lot,al systE'1ll 
-, -f 

angular moment.um LT and t.he final molecular angular momentum J . The'impact 
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parameter is thus computed as 

(2.7) 

w here vi is t.he magnitude of the final relative velocity vector. The scattering angle 

is determined by com puting the angle between the initial and final relative velocity 

vectors. 

The angular momenta important in this problem are the total angular momen

tum L T , the initial molecular angular momentum J, the final molecular angular 

momentum Jf the initial orbital angular momentum ~, and the final orbital an

gular momentum L~. The magnitudes of these quantities are expressed as multiples 

of h throughout this work, i.e., they are dimensionless. 

Energy transfer described in terms of changes in the total molecular energy, the 

relative translational energy, the rotational energy, and the vibrational energy are 

computed for each trajectory by subtracting relevant values of the initial energy 

from the final values. Angular momentum changes are determined in a similar 

fashion. Average values per collision (designated by a quantity enclosed in < » of 

the changes in the molecular energy, the relative translational energy, the rotational 

energy, the vibrational energy, the molecular angular momentum, and the orbital 

angular momentum are computed for each ensemble of trajectories. Energy transfer 

distributions are also separated into activating and deactivating parts, the number 

of each kind of transition is determined, and a separate average is determined for the 

distribution. Subscripts a and d designate activating and deactivating transitions, 

respec tively. 
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ill. ENERGY TRANSFER CHARACTERISTICS 

We have investigated energy transfer in H02-He collisions as a function of 

the initial translational temperature of the heat bath, the internal energy of the 

H02 molecule, and the angular momentum of the H02 molecule. These results are 

summarized in Table 1. The three translational temperatures investigated are 800, 

2000, and SOOO K. Initial values of the internal molecular energy are in the range 

30 to 46 kcal/mol. The ranges of initial molecular angular momentum sampled 

are (0-10), for which t.he ensemble has an average value of approximately 7.S, (30-

3S), with an average value of 32.S, and (50-S2), with an average value of S1. The 

average values of initial rotational energy associated with the three distributions of 

initial angular momenta are 0.17., 3.1,and 7.7 kcal/mol, respectively. The quantities 

tabulated are ensemble averages of the various types of energy transfer. The 

symbols nd and na indicate the number of vibration ally deactivating and activating 

trajectories, respectively, and their sum is the total number of trajectories for the 

ensemble. 

There are some general energy transfer characteristics for this system that are 

important to mention. Less than 1/2 and frequently between 1/4 and 1/3 of all 

collisions are nearly elastic collisions with a scattering angle of approximatley zero. 

The magnitude of the average energy transferred per collision to the molecule is less 

than 1.6 kcal/mol. Average molecular angular momentum changes are less than 5 

h, and average magnitudes of rotational energy transfer are less than a kcal/mol. 

The averag() vibrational transferred is generally negative and on the order of tenths 

of kcal/mol. The numbers of activating and deact.ivating trajectories are of similar 

valne. The rnagnit.ude of the average vibrat.iollal energy t.ransferred in activation 

and deactivat.ion is in the range .17 to 1.9 keal/mol with more energy, on the 
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average, transferred in deactivation. 

Prior to comparing the energy transfer characteristics of the various ensembles 

to ascertain the effects of various distributions of energy and angular momentum, 

it is import.ant to determine the precision of the averages. This is accomplished 

most easily through examination of the convergence of the average as a function 

of trajectory number. These data are displayed in Table IT for the average total 

molecular energy transferred and for the average vibrational energy transferred, 

per collision for sets of representative ensembles. Ensembles having a bath gas 

temperature of 800 K converge nicely at approximately 5000 trajectories with a 

precision of at least 0.05 kcal/mol. The precision of the averages for ensembles with 

a higher bath gas temperature is between 0.05 and 0.1 kcal/mol for 5000 trajectories. 

The width of the Boltzmann distribution at the higherte'mperature accounts for 

the somewhat smaller precision. A large number of trajectories, on the order of 

5000, is normally required for. the determination of t.he energy transfer averages 

(per collision). The relatively slow convergence results from the near cancellation 

of the combined effects of activating and deactivating collisions. In other words, 

the overall averages are determined by small difference between large' numbers. As 

one might expect, the one-sided averages, i.e., activating or deactivating, converge 

somewhat more rapidly. In any event, none of our conclusions rely on any single 

average being precise to better than 0.1 kcal/mol. 

Collisional energy transfer depends on t.hree variables: the heat bath tempera

t.ure, Tt , the total molecular energy, and the total molecular angular momentum. 

The dependence of energy transfer on these variables is complex. It is easier to 

understand if we introduce intensive variables that can be used to measure the 

degree of disequilibrium exist.ing among the various degrees of freedom. This can 

be accomplished by introducing equivalent. "temperatures" based on thermal equi

partition of energies, i.e. 

TJ = EJ/I':B (3.1) 

where 
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(3.2) 

and 

TE' = (E')/(n + 1/2)kB (3.3) 

where n = 3 is the number of vibrat.ional degrees of freedom in the H02 molecule. 

The (1/2 kB) term is contributed from rot.ation, and is associated with the rotational 

degree of freedom whose energy can be used to break the chemical bond. The three 

temperatures of the various ensembles are given in Table ill. 

U sing Tables I and ill, we see that energy transfer for the degree of freedom 

with the lowest of the three temperatures is always positive while that associated 

with the highest temperature is nearly always negative. When T J is less than Tt and 

they differ by an order of magnitude. < AE J > is positive and < AEt > is negative. 

Generally the vibrational temperature is the highest of the three and < AE' > is 

negative. 

. 
One of the more interesting effects is determined from the comparision of en-

sembles for which Tt and Em are constant and Ji is increased. For these ensembles, 

the effect of increasing J i is to decrease TEl while increasing T J. In going through 

such a progression, with a bath gas temperature of 800 K, we note that < AEm >, 
<AJ >, and <AEJ> decrease while <AEt > increases. 'Ve also observe an in

crease in - < AE' > as long as TE' is greater than T J. The increase in - < AE' > 

with increasing Ji results since E' - t transfer is more efficient than the other 

modes of transfer. Increasing Ji tends to make the heat bath temperature the 

lowest temperature and increases the need for transfer to translation. This is ac

complished most efficiently by transfer from vibration, thus producing the increase 

in - < AE' > with Ji. For t.he single case where the rotational t.emperature is 

greater than the vibrational temperature, - <AEJ > is greater than - <AE' >. 
In going from an ensemble \vhere (he rotational temperature is lmvest t.o one where 

it. is highest., the energy transfer mee hanism changes from t.ransfer to rotation to 

t.ransfer from rotatiOIl. At. a bat.h gas temperature of 2000 1\:, the same trends in 

energy transfer with increasing Ji occur until the heat bat.h temperature becomes 

1.5 



t.he lowest temperature. Under these conditions, both internal degrees of freedom 

transfer energy to translat,ion, and - < E' > does not increase in changing Ji from 

(30-35) to (50-52). At a heat bath temperature of 5000 K, the effect of increasing Ji 

is somewhat different, since the translational and vibrational temperatures are com

parable, and the rotational temperature is lowest. The quantity < tJ.E J > is positive 

and is not dependent on J i . There is a slight tendency to transfer energy from 

the molecule at the lower Ji value, where the difference between the translational 

and vibrational temperature is greater, and to transfer energy to the molecule when 

the two temperatures are nearly equal. Although the average energy transferred 

per collision is very small, evidence for significant energy transfer is provided by 

the magnitudes of the averages associated with vibrationally activating and deac

tivating collisions, i.e .. <dE' > a and - <dE' > d. These both increase as Ji is 

increased; however the average energy transferred in vibrationally activating colli

sions increases more rapidly accounting for the small but positive value of < tJ.E' > 
for 50< Ji< 52; 

The importance of "temperature" in energy transfer is further illustrated by 

comparing ensembles that differ only in E:n. Increasing E:n for fixed Tt and Ji is 

equivalent to increasing TE' while holding Tt and T J const.ant. If energy transfer 

between any two degrees of freedom were of equal probability, we should observe an 

increase in - <dE' > and an increase in energy transfer to the degree of freedom 

with the lowest temperature as vibrational temperature is increased. In general, this 

is the case; however, for ensembles ·where TJ is the lowest of the three temperatures, 

little change occurs in - <dE' > when TE' increases from 5430 to 6570 K, and 

< dEJ > does not change systemat.ically. Wben Tt is the lowest temperature, we 

have - < tJ.E' > and < dEt > increasing as TE' increases. The effects noted from 

increasing TE' while holding other input variables fixed indicates that it is easier 

to transfer energy between t.ranslation and vibrat.ion than between rotat,ion and 

vibration. 

The effect of' bat.h gas temperat.ure c:au be det.ermined by comparing ensembles 

t.hat. have the same values of initia.l molecular energy and angular moment.um and 
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differ only in the initial value of bath gas temperature. The fraction of vibrationally 

act.ivating collisions increases and the average amount of vibrational energy trans

ferred in them increases with temperature. The increase in vibrational activation 

wit.h temperature occurs because the Boltzmann distribution width increases with 

Tt and is shifted unsymmetrically toward higher values of translational energy. 

Evidence has been noted above for all types of energy transfer. Further under- . 

. • standing of the energy transfer mechanisms is gained through the use of correlation 

coefficients, which provide a measure of the relationship between two energy transfer 

quantities on a single collision basis. Correlation coefIicents are defined as 

(3.4) 

where S'Y represents the standard deviation of t.he quantity £lE"i in a distribution of 

N trajectories. 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. The degree of coupling 

is indicated by the magnitude of the coefficient. Correlation coefficients were com-· 

puted for the energy transfer between all pairs of the three degrees of freedom: 

translational, rotational, and vibrational, and are given in Table IV. Second mo

ments of the energy transfer, some of which are used in computing the coefficients, 

are given in Table V. Coefficients of magnitude less than a 0.1 are regarded as zero, 

and all coefficients in excess of this amount are negative. In all cases, the correlation 

coefficient between translational and vibrational energy is largest in magnitude, in

dicating that the major mode of energy transfer is between the translational degrees 

of freedom and the vibrational degrees of freedom in the molecule. This may lead 

to the incorrect conclusion that the average vibrational energy transferred per colli

sion should be t.he largest of the overall averages for t.he various ensembles, which is 

not. true. It. implie~ inst.ead that. the most prE'valent. transfer mechanism is between 

t.ranslat.ioIJ and vibralion, and w lJen ;l.ctiY:lt.ion and deacCivaLion are considered, it 

is easy La reconcile that. a significant amount. of' energy transfer can yield a small 

< £lE' > per collision. For most ensembles. t.he correlation coefficients indicate 
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reasonable amounts of E' - t and t - J energy exchange. 

Additional understanding of the the effect of increasing initial angular momen

tum for ensembles having a fixed heat bath temperature and init,ial molecular energy 

is gained by examining the correlation coefficients. At a heat bath temperature of 

800 K we observe a change in the energy transfer mechanism with increasing J i , 

from positive to negative < D..E J >. As Ji is increased, we see a decline in the J - E' 

cO.rrelation coefficent and an increase in the t - J coefficient. The rotation~l energy 

transfer mechanism shift·s from predominantly E' - J transfer to predominantly 

J - t transfer. The most profound effect of increasing Ji is to increase the tendency 

for transfer to translation, and this usually occurs from E' since E' to t transfer is 

t.he most efficient mode. The amount. of vibrational~rotational energy exchange at 

the largest Ji depends on the relative magnitudes of the temperatures associated 

with the two degrees of freedom. For this case, if TJ <TEl, there is almost no J - E' 

transfer. In the opposite case where TJ > TE' there there is a small amount of J - E' 

transfer. At 2000 K~ the same type of energy transfer mechanism as observed at 800 

K prevails. Under the condition TJ Rj Tt , little t- J transfer occurs. At 5000 K, the 

correlation coefficients indica.te that rotational energy transfer is almost exclusively 

from translation until TEl and Tt become similar in value. 

The very low J cases at 800K illustrate a very interesting feature. In these 

cases the dominant vibrational deactivation mechanism is collision induced in

tramolecular E' - J transfer. This conclusion is most readily drawn from the results 

- < LlE' > Rj - < f),.E J > and ex tJ Rj O. Since there is no t - J correlation, the 

rotational energy gain must come directly from vibration. Under these conditions 

the most effective type of collision is one in which .angular moment.um is transferred 

to the molecule) with little or no transfer of energy. In general, transferring angular 

momentum involves changes both in the impact paramet.er and the relative velocity. 

This is probably 'W hy t.hese 10\\1 J cases normally haTe very slllall losses of' relative 

t.ransl alional energy. 

The nse of correlation coefficients and equivalent t.empera.t.ures IS useful III 
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understanding the energy trasnfer mechanism. However, it is also important not to 

lose sight of the major results of the trajectory calculations: 

1. At fixed Tt and E', - < AE' > and - < AE >d always increase with increas

ing J (see Fig. 2). For cases very close to the dissociation limit, this stat.ement 

is true even at fixed Em. 

2. At fixed J and E', - < AE' > decreases with increasing translational tem

perature (see Fig. 3). This is primarily a "thermodynamic" effect in which 

< AE' >d remains relatively constant, and < AE' >a and the fraction of ac

tivating collisions increase. 

3. At very low J, < AE' > is independent of E' (or Em), whereas at higher J, 

< AE' > is a strong function of E' (see Fig. 2). These changes in < AE' > 
are due primarily to changes in < AE' > d. 

IV. ENERGY TRANSFER CROSS SECTIONS 

In the evaluation of the low pressure limit unimolecular rate coefficient it is 

desirable to express the energy transfer characteristics of a system undergoing 

unimolecular decay in the form of transition probabilities or energy transfer cross 

sections. Cross sect.ions cannot. be computed in a classical calculation without 

the assignment of a cut-off impact parameter. The value of bmax = 4.0 .. A. was 

determined from the crit.erion that no trajectories lead to sizable energy transfer 

for h > bmal:. Although t.he collisional averages of energy transfel· depend on the 

value of ()uuu, energy transfer cross sections do not, providing, of course, t.hat the 

maxim tim i m pa.ct. paramct,er has herT! srlccted in a reasonable manne-I". Staee and 

l\iurrell(S) have discHssecl at. I('ugth the dlOice of' ()nwl' a.nd have used the eriLerion 

I.hat. omax should be chosen such that I<AE>I/kBT is less than 0.05. They also 
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indicate that the choice of bmax can also be based upon the scattering angle. In 

t.heir calculations, their selected values of bmax yielded scattering angles less than 

three degrees. In our own calculations the choice of bmax was comparable to values 

selected by Stace and l\furrell for similar systems and yielded nearly zero values of 

scattering angle. For trajectories fixed at b = bmax , we found that the root mean 

squared energy transferred per collision did not greatly exceed the numerical error 

in the i.ntegration of the equations of motion. 

The "shape" of the vibrational energy transfer function, i.e. the dependence of 

the cross section oO'(Tt, E', J, ~E') on ~E', is of particular interest. The function 

o 0'( Tt-, E' , J, ~ E') is defined by the relation, 

00' = dO' oE' 
dE' f f 

( 4.1) 

where oEj is a bin width. Although considerable evidence has been given(l) that 

low pressure limit, thermal, single channel, unimolecular reactions are insensitive 

to this function, such may not be the case under other experimental conditions. 

Multi-channel thermal reactions, or photo-or chemically-activated reactions, may 

be quite sensitive to this function under certain conditions. Therefore, we have 

examined the oO'(Tt, E', J, ~E') functions resulting from our trajectory calculations. 

The functional form for the activating and deactivating vibrational energy transfer 

cross sections that we find most satisfactory is 

The fitting coefficients Bl through B4 are given in Table VI for the vibrationally 

deactivating collisions and in Table VII for the vibrationally activat.ing collisions. 

The ~E' = 0 bin is ai-ways neglected when fitt.ing the histogl'ams to Eq. (4.2). This 

is the only bin -whose eross section depends on t.he assumed value of bmax providing 

f,b~t h"-I{(T w:}~: large enough t.o begin ,vi(.h. IT hma :r is t-hrn increased. fJa-(ThE', 1.0) 

will increase) but otber cross sections remain fixed_ Consequently. tbe cross sections 

WP l1avc determined are independent of the maximum impact parameter. 
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Figures 4 through 7 contain histograms of oa(Tt, E', J, D.E') for representative 

cases. The bold lines indicate the analytical fit to the cross section given by Eq.( 4.2). 

Clearly, neither oad(Tt , E', JI, D.E') nor oaa(Tt , E', J, D.E') is well represented by 

a simple exponential function, the functional form most commonly assumed. In 

particular, the histograms show the significant high energy tails of the energy 

transfer distributions. 

Tables VI and VII indicate that the HI and B2 coefficients; which are more 

sensitive to the low energy transfer collisions, do not vary greatly with translational 

temperature, initial molecular energy, initial angular momentum and certainly not 

in any systematic manner. In contrast, the B3 and B4 coefficients vary by factors 

of two, indicating that the high energy tails are more sensitive to the initial energy 

and angular moment.um distributions. The near constancy of Bl and B2 and the 

variat.ion in B3 and B4 suggest that the average vibrational energy transferred per 

collision is dominated by the longer range port.ion of the distribut.ions. A good 

measure of the relative importance of "weak" and "strong'~ collisions is provided 

by the ratio of the integrals of t.he two different terms, equal to (BIB2/ B3B4)' The 

ratio, (Bl B2/ B3B4), has values in the range 0.7 to 2.0 for vibrational deactivation, 

and is in the range .8 to 4.2 for vibrational activation. Large values of the ratio 

occur when ./ - E' transfer is important, indicating that this occurs via weak 

collisions. The smallest values of the rat.io for both activat.ion and deact.ivation 

occur for the last three entries in each table: (2000,46,50-52), (5000,46,30-35), and 

(5000,46,50-52), where the high energy tails are quite pronounced. 

The average vibrat.ional energy transferred per collision in weak collisions is 

proportional to B1(B2)2, and in strong collisions it is proportional B3(B4)2. The 

ratio, (Bl B~I B3B~) is in the range .04 t.o .20 for vibrational deactivation, and in 

the range .0.5 t.o .50 for vibrat.ional activation. In general, the high energy tail has 

grcat.er rebt·ive import.ance ill deactivation than activat.ion. At .5000 K the strong 

collision paramet.ers for activat.ion :tnct cle:tctivation arc approxim:lkly eq1.t:l1. This 

behavior b exactly that wbich would he exped.cd !"rom ll1icro~copic rcversibilitY,i.c .. 

t.he relative import.anee of adivation increases with t.empeI'at.ure unt.il activation and 
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deactivation play comparable roles in vibrational energy transfer. For ensembles at 

5000 K, we begin to approach the conditions where the activating and deactivating 

energy transfer distributions are of similar shape, strong collisions play more impor

tant roles in each, and the net average vibrational energy transfer is nearly zero due 

to cancellation of nearly equal but opposite contributions to the average. Figure 4 

. illustrates the dependence of the vibrational deact.ivation cross section on AE' for 

the ensemble (2000,46,0-10); and is typical of cases where strong collisions are of 

minor importance. Figure 5 is a similar plot for the ensemble (5000,46,50-52), and 

illustrates cases where strong collisions playa major role in vibrational deactivation. 

Figure 6 isa plot of the vibrational activation cross section as a function of energy 

transferred for the ensemble (800,30,30-35) and exhibits the rather· fast fall-off at 

. small AE', which is typical of rather weak activation. Figure 7 for the ensemble 

(5000,46,50-52), is typical of activation dominated by strong collisions. The shapes 

of Figures 5 and 7 are nearly identical. 

Further information on the energy transfer distributions can be determined 

from the standard deviations of the average energy tranfer quantities, which provide 

a useful measure of the spre~d or distribution width. Standard deviations for the 

quantities, <AEm >, <AE' >, and <AE' >d, are given in Table VIII. In general 

the standard deviations are functions of the three variables Ttl Em, and J i . As 

Tt is increased, the standard deviation for vibrational activation increases. At 800 

and 2000 K, the standard deviation for vibrational deactivation is greater than for 

activation, and at 5000 K they are comparable. The smallest standard deviations 

are observed for bath gas temperatures of 800 K and Ji < 10, where strong collisions 

playa minor role. 

Figures 8 through 11 are three-dimensional histograms for combined rotational 

-vibrational energy t.ransfer. :Many of the points ',,-e have discussed above can be 

~;eell qualitatively from these figures. Note, however; that the bin centered at the 

origin has hcen cut. 011" in cae h case' t.o maintain dellnit.ion of the figure. The c,;oss 

sed.ion functioIJs d<'lined by these histograms are prctisely t.hose 'ivhich ent.er the 

two-dimensional master equation formuIa.tion for t.he t.hermal rate coefficient. 
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V. THE TOTAL VIBRATIONAL ENERGY TRANSFER CROSS SECTION AND 

CORRECTED VALUES OF <AE' > 

It is possible from the AE' histograms to det.ermine unambiguous values of the 

total vibrational energy transfer cross sections aE,(Tt , E', J) and corrected values 

of <AE' >, <AE' >c, that are independent of bmax . The general definition of 

a(Tt, E', J) is 
roo da(Tt, E', J, E'.r) 

aE,(Tt , E', J) = io dE! dEi, ( 5.1) 

where da(Tt..E',J,E'.r)/dE'.r is the function defined in Eqs. (4.1) and (4.2). The 

function dd(Tt, E', J, E'.r)/ dE! is related to the total vibrational energy transfer 

rate constant ZE,(Tt , E', J)(1) by the relation 

(5.2) 

The calculation of aE' is most easily accomplished by removing the "anomalous 

collisions" from the AE' = 0 bin of the histograms. The fraction of anomalous 

collisions in any sample is simply 

(5.3) 

where N(O)/ NT is the fraction of trajectories in the AE' = 0 bin. The term 

(Bl + B3/1rb;nax) is the fraction of "good collisions" in the 6.E' = 0 bin. In practice 

've evaluat.e Bl and B:>, from t.he deactivation fits, rather than those for activation; 

however; in principle either can be used. It follows immediately that crE'lrrb~naI is 

p'ivcn by 
,,::! " 

crE,(Tt.. E', .J) = I _ [iV(O) _ Bl + B.3] 
7T h':!. lVTih2 

nl(l:f T lila:r' 

( 5.4) 
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Values of (iE,(Tt , E', J) are tabulated in Table lX. In general, (iE' does not vary 

greatly as a function of Tt , E', and J, and with good precision we can say that 

(iE' rrrb~lax ~ 0.7 ± 20 for all cases considered. By completely identical reasoning 

we can correct < ~E' > to the new definition of a collision. The correction is 

Jrb2 

<E' >c = max <~E' > 
(iE' 

(5.5) 

for any ensemble of trajectories. The correction factor is the same for any moment 

of the full vibrational energy transfer probability density function. Note that 

Zbmax <~E' > = ZE' <~E'>c (5.6) 

i.e. the vibrational energy transferred per unit time per molecule in a given state 

is independent of the "definition" of a collision. 

The procedure introduced in t.he previous paragraph is a reasonable method 

for removing the singularity at Ej = E~ that exists in the integral (5.1). This 

singularity occurs only in classical mechanics, not in quantum mechanics. It is 

a direct consequence of very large im pac.t parameter collisions and is related to 

the singularity at zero scattering angle in the classical differential scattering cross 

section. 

From the values of (iE, in Table lX we can deduce optimum values of the 

maximum impact parameter to be used in classical trajectory calculations for each 

case. The opt.imum values of bmax for the cases considered here range from 3.0 .14. to 

3.7 _4.. However,it appears to be a good idea in practice to choose bmax somewhat 

larger than the optimum value. 

02 
Values of (iE' obtained from Table IX are approximately 35 A.. ! whereas the 

Lennard-Jones eross section at 800K, 

( 5.7) 

is 28.3 ~:12((iLJI1ih;Tla:r = 0.:3G). Due t.o t.he drop of 0(2,2)* with in.creased tempera

tllre,oLJ is even smaller at higher tC'mperaLures. Although Ow values of ere' in 
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Table IX are systematically larger than CJLl! the use of CJLl in the calculation of 

unimolecular rat.e coefficients probably does not lead to unacceptable error in most 

cases. This conclusion is in agreement wit.h t,hat of Troe(3), based on t.he trajectory 

calculations of Stace and Nlurrell. However, it is important. to point out that Troe's 

definition of CTLl incorrectly excludes the factor 11 in Eq. (5.7). When Troe com

pares elLl with bmax values, he also incorrectly excludes a factor of 11 in 'lib~ax' 

so tha.~ the relative comparison is correct. The practice of excluding the 11 in elL] 

. . appears to have originated in unimolecular rate studies of relat.ive efficiencies of 

different. colliders. In such an application t.he constant. factor of 7r is unimportant! 

but. in comput.ing the absolute values of unimolecular rate coefficients, it must be 

included. 

It is also possible to estimate IBc~E" the weak collision correction factor to 

the strong collision rate coefficient, from the trajectory calculations. If one follows 

Troe's development closely, it is easy to deduce that ,f3ct:;.E' can be computed from 

the expression 

1 - J {3c~E' 
<6.E' >c 
FEkBT ' 

(5.8) 

where FE ~ 1 and, as indicated, it is the corrected average < 6.E' >c that is to 

be used in Eq. (5.8). \Ve can estimate the temperat.ure dependence of {3c~E' from 

< 6.E' > values taken from Table I, correct.ion factors from Table IX, and Eq. (.5.8). 

The following table is obtained: 

800[( "'-' 0.25 

2000[( ",-,0.15 

5000[( <0.01 

ThE'~(, \':1111('<; of ,(Jc~E' arc ("C'::lsonahly ("epresentativc of those deduced expcrimpnt.ally 

for sirnil:1.r unimolecular ciissoci:lt,ions. A dir('et comparison or om (rajeetor)- results 

with experiment.al dat,a for TT02 is beyond thc SCOpE' of this investigat.ion. 



The very low value of (3et:l.EI obtained at Tt = SOOOK is a very interesting 

result. It is a direct consequence of the t~mperature Tt rising t.o the point where 

the mean thermal vibrational energy in the molecule at Tt approaches within a few 

kBTt of the dissociation limit. In such a case the fraction of activating collisions 

and < 6.E' >a increase to the point. where < 6.E' > approaches zero. The effect is 

clearly overestimated here, since the mean thermal vibrational energy at Tt in any 

real molecule is always less than the classical equipartition energy [(n + 1/2)kBT]. 

Nevertheless, the effect should exist qualitatively in real molecules. It should be 

most. pronounced in larger molecules with relatively weak bonds. Examples that 

immediately come to mind of molecules whose dissociations may show very low 

values of ,8e for this reason include C2H5 , C2H3 , HCO, and NNH. 
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SUMMARY AND CONCLUSIONS 

\Ve have used classical trajectories to compute the energy transfer properties of 

H02 molecules (Melius-Blint surface) excit,ed to energies near the dissociation limit 

in collisions with helium. In general, the average "vibrational" energy transferred 

per collision is a function of all three parameters considered: heat bath tempera

ture, total molecular energy, and total molecular angular momentum. The most 

important effects can be summarized as follows: 

1. At fixed vibrational energy and heat bath temperature, - < AE' > increases 

mar~edly with increased molecular angular moment.um .]. This statement is 

true even at fixed total molecular energy if we restrict ourselves to energies 

close to the dissociation limit. 

2. For fixed .] and heat bath temperature Ttl - < AE' > increases as Em in

creases except for very low.] cases. For the low J cases < tl.E' > is very small 

and is essentially independent of Em or E'. 

3. The magnitude of the average vibrational energy transferred per collision 

decreases as T t is increased. This is principally a "thermodynamic" effect 

in which < AE' >a and the fraction of activating collisions increase rapidly 

with Tt . The contribution from deactivation remains relatively constant. 

,1. Two mechanisms are important in vibrationally deact.ivat.ing the molecule. 

At lo'w .J anel low Ttl deactivation occurs primarily by collisions that simply 

rearrange the energy in the molecule, converting "vibrational" energy to 

"rotational" energy. At. higher .J and Tt , translational-vibrational exchange 

is dominant. 
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The vibrational energy transfer cross section function,oO", is not well 

represented by a simple exponential. Both the deactivating and activating parts 

have high energy tails, and each mnst. be represented by the sum of two exponential 

functions. The high energy and low energy' exponentials are of comparable impor

tance in det.ermining moments of the distribution function. Most of the variations 

in the average properties discussed above are consequences of changes in the "bigh 

energy" exponentials, i.e. in the tails of t.he distributions. 

\Ve have determined total vibrational energy transfer cross sections by removing 

the singularity in its derivat,ive at b..E' = O. These cross sections are relatively weak 

functions of Em, Tt , and .J and are somewhat larger than the Lennard-Jones cross 

sections. 
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FIGURE CAPTIONS 

l. Schematic diagram defining the interatomic coordinates RI through He. 

2. Plots of the average vibrational energy t.ransferred per collision as a function 

. of vibrational energy at. 1, = 80Gl(' The straight lines drawn between the 

points are for clarity, not to indicate the actual functional dependence. 

3. Plots of the average vibrational energy transferred per collision as a function 

of Tt . The straight lines drawn bet.\veen the point.s are for clarity, not to 

indicate the actual functional dependence. 

4. Histogram of the vibrational deactivation energy transfer cross section as a 

function of energy transfer for the ensemble (2000,46)0-10). Bolclline in figure 

indicates fitted value of o(J(Tt , E',.J, 0.E') . 

.5. Histogram of the vibrational deactivat,ion energy transfer cross section as a 

function of energy transfer for the ensemble (.5000,46,.50-.52). Bold line in 

figure indicates fitted value of o(J(Tt, E', .J, ~E'). 

6. Histogram of the vibrational activation energy transfer cross section as a 

function of energy transfer for the ensemble (800,30,30-35). Bold line in figure 

indicates fitted value of o(J(Tt,E',.J,~E'). 

7. Histogram of the vibrational activation energy transfer cross section as a 

function of energy transfer for the ensemble (.5000,46,.50-.52). Bold line in 

figure indicates fitted value of o(J(Tt1 E', J, 0.E'). 

8. Three-dimensional histograms of oa(Tt: E', J, ~EJ, 6.E') as a fUllction of 6.EJ 

and ~E' for the ensemble (800 .. 46,.0-10). 

9. Three-dimensional bistograms of {ia(Tt , E', .J .6.EJ, 6.E') as a function of 6.EJ 

and ~E' for the ensemble (800,:30,:30-35). 
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10. Three-dimensional histogr:unf:' of oa(Tf ) E',. J, ~E;, [lE') as a function of 6.E; 

and DoE' for the ensemble (800,46,50-:)2). 

11. Three-dimensional histograms of 15cr(T" E i
, .I, DoE;) 6.E') as a function of 6.EJ 

and D.E' for the ensem ble (5000AG,50-52). 
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vi 
~ 

i 

Tt 

800 

800 

800 

800 

800 

800 

800 

800 

2000 

2000 

2000 

5000 

5000 

Ei 
m 

Ji 

30 0-10 

38 0-10 

46 0-10 

30 30-35 

41 30-35 

46 30-35 

30 50-52 

46 50-52 

46 0-10 

46 30-35 

46 50-52 

46 30-35 

46 50-52 

<t.Em> <t.J> <t.E t > 

7.2x1O-2 2.4 -7.2x10-2 

1.2x1O-l 3.3 -1.2x10-1 

2.6x1O-3 1.7 -2.9xlO-3 

-2.9x1O-l -4.3x1O-l 2.9x10-1 

-3.6x10-1 -1.5x10-1 3.6x1O-l 

-5.lxlO-l -3.5x10-1 5.1x10-1 

-6.8x10-1 -1.8 6.8x10-1 

-1.2 -2.2 1.2 

2.4x1O-l 2.7 -2.4x10-1 

-3.5x1O-l 2.0x1O-l 3.5x1O-l 

-1.5 -4.2 1.5 

-3.Ix 10-2 -6.7x10-1 3.0x10-2 

7.6x10-2 -4.3x10-1 . -7.6x10-2 

TABLE I 

<t.EJ> <t.E I> nd <t.E1>d na <t.E 1> a 

1.8x10-1 -1.lx10- 1 2317 -4.3x10- 1 2183 2.3x10- 1 

2.5x10-1 -1.3x10- 1 2306 -5.lx10- 1 2194 2.6x10-1 

1.3x1O_l -1.3x10- 1 4869 -4.9x10- 1 5381 2.1x10- 1 

1.3xlO-3 -3.0x10- 1 5048 -7.6x10-1 4952 1.7x10-1 

5.2x10-2 -4.1x10- 1 2267 -1.1 2233 2.4x10- 1 

2.0x1O_2 -5.3x10-1 2405 -1.2 2095 2.7x10-1 
I 

-4.2x1O_l -2.5x10- 1 2553 -9.7x10- 1 2447 4.9xl0- 1 

-5.lx10-1 -7.2x10- 1 2662 1.9 2338 . 6.1x10- 1 

2.4x1O_l -1.1x10- 3 4500 -4.5x10- 1 5000 4.0x10- 1 

1.6x1O_l -5.0x10- 1 2273 -1.5 2227 4.8x10- 1 

":9.8x10-1 -4.8x10- 1 2553 -1.9 2447 1.0 

3.2x1O_2 -6.4x10- 2 2267 -1.4 . 2733 1.0 

3.5x10-2 4.1x10-2 4817 -1.5 5183 1.5 



W 
01 

Number 

1000 

2000 

3000 

4000 

4500 

5000 

6000 

7000 

8000 

9000 

10000 

10250 

(BOO,46,O-10) 
< 6Em> <6E'> 

-1.3xlO-2 -1.2xlO-1 

-1.lxl0-2 -1.3x10-1 

-2.0xlO-2 -1.4xlO-1 

-2.5dO-2 -1.4xlO-1 

-2.7xl0-2 -1.5xl0-1 

+2.6xlO-1 -1.3xl0-1 

(800,30,30-35) 
< 6Em> <6E'> 

-3.hl0-1 -2.3xlO-1 

-3.2xl0-1 -Z.2xlO-1 

-l.4x10-1 -2.2dO-1 

-l.4x10-1 -2.lx10-1 

-3.3xl0-1 -2.4xl0-1 

-3.2xlO-1 -2.6xl0-1 

-J.2xlO-1 -2.7xlO-1 

-3.0xlO-1 -2.8xl0-1 

-3.0xlO-1 -2.9xl0-1 

-2.9xlO-1 -J.OxlO-1 

TABLE II 

1800,41,30-35) (800,46,50-52) (2000,46,30-35) (5000,46,50-52) 
<AEm> <AE'> < 6Em> <AE'> <AEm> <AE'> <AEm> <6E'> 

-3.7xl0-1 -4.4xlO- 1 -1.2 -6.6xlO-1 -5.4xlO- 1 -5.4xlO-1 -1.5xlO-1 _3.7xlO-2 

-3.3xlO-1 -3.9xlO-1 -1.2 -6.4xlO-1 -4.8x10-1 -4.8xl0-1 -3.2xl0-2 1.8xlO-2 

-3.2x10-1 -3.9xlO-1 -l.l _7.hl0-1 -4.3xlO-1 -4.2xl0-1 2.4xlO-2 6.lxl0-2 

-3.6xlO-1 -4.bl0-1 -1.2 -6.8xl0-1 -3.7x10-1 -5.0xl0-1 6.5xlO-2 6 ;7dO-2 

-l.6xl0-1 -4.bl0-1 -3.5xl0- 1 -5.0xlO-1 

-1.2 _7.2xl0- 1 6.5dO-2 7.0xlO-2 

3.8xlO-2 3.3xlO-2 

3.2xlO-2 1.7xl0-2 

5.3xl0-2 1.6xl0-2 

7.7xlO-2 3.lxl0-2 

7.6xlO-2 4.1x1O-2 

~--.--- - - --- --- L----



TABLE I II 
.' 

Tt Ei Ji TEl TJ 
m 

800 30 0-10 4290 85 

800 38 0-10 5430 85 

800 46 0-10 6570 85 

800 30 30-35 3830 1600 

800 41 30-35 5400 1600 

800 ' 46 30-35 6110 1600 

800 30 50-52 3200 3800 

800 46 50-52 5490 3800 

2000 46 0-10 6570 85 

2000 46 30-35 6110 - 1600 

2000 46 50-52 5490 3800 

5000 46 30-35 6110 1600 

5000 46 50-52 5490 3800 

36 



TABLE IV 

. 
Ji Tt EI CI tJ CItE I CI JE1 m 

800 46 0-10 +.06 -.91 -.46 

800 30 30-35 -.33 -.70 -.44 

800 41 30-35 -.06 -.83 -.51 

800 46 30-35 -.21 -.87 -.29 

800 30 50-52 -.61 -.66 -.18 

800 46 50-52 -.51 -.84 -.03 

2000 46 0-10 -.52 -.76 -.17 

2000 46 30-35 -.13 -.85 -.41 

2000 46 50-52 -.60 -.84 +.06 

5000 46 30-35 -.38 -.90 -.06 

5000 46 50-52 -.35 -.83 -.24 

37 



w 
00 

Tt 

800 

800 

800 

800 

800 

800 

2000 

2000 

2000 

5000 

5000 

. 
E' 
m 

46 

30 

41 

46 

30 

46 

46 

46 

46 

46 

46 

. 
J' <~E2> 

m 

0-10 1.5xlO-1 

30-35 4.lx10- 1 

30-35 5.3x10-1 

30-35 7.6x10- 1 

50-52 1.1 

50-52 2.5 

0-10 1.6x10-1 

30-35 1.1 

50-52 4.0 

30-35 2.0 

50-52 2.7 

TABLE V 

I 
<~E'2> <~Et~EJ> <~Et~E'> <~E J~E'> 

1.5xlO-1 +2.2xlO- 2 -7.5xlO- 1 -1. 9x 10-1 

2.2xlO-1 -4.8x10-1 -1.4 -6.6x10-1 

4.3x10-1 -8. 7x 10-2 -2.7 -1.1 

6.lx10-1 -4.6x10-1 -4.2 -6.6x10-1 

5.5xlO-1 -2.2 -2.3 -3.5x10-1 

1.7 -3.8 -9.2 +1.8x10- 1 

1.lx10-1 -3.5x10- 1 -5.9x10- 1 -9.8x10-2 

9.6x10-1 -4.0x10-1 -5.6 -1.6 

2.2 -6.6 -11.3 +9.0xlO- 1 

1.4 -2.0 -10.0 -3.2x10-1 

2.1 -2.9 -11.4 -1.9 



W 
-0 

Tt 

800 

800 

800 

800 

800 

800 

2000 

2000 

2000 

5000 

5000 

Ei 
m 

46 

30 

41 

46 

30 

46 

46 

46 

46 

46 

46 

Ji B1 (A 2 
) 

0-10 6.4 

30-35 6.4 

30-35 6.4 

30-35 5.9 

50-52 4.9 

50-52 5.0 

0-10 4.6 

-30-35 4.6 

50-52 4.0 

30-35 3.3 

50-52 3.0 

TABLE VI 

B2 (kcal/mol) B3 (A 2 ) B4 (kcal/mol) 

.17 .32 1.7 

.15 .26 2.4 

.16 .33 2.6 

.17 .26 2.8 

.19 .41 2.3 

.19 .36 3.2 

.18 .48 1.3 

.19 .27 3.1 

.18 .33 3.3 

.18 .40 2.2 

.21 .- .33 2.8 
_L...--



oj:>. 
o 

T 
t 

800 

800 

800 

800 

800 

800 

2000 

2000 

2000 

5000 

5000 

Ei 
m 

46 

30 

41 

46 

30 

46 

46 

46 

46 

46 

46 

Ji B1 (A2 ) 

0-10 5.1 

30-35 7.6 

30-35 7.0 

30-35 7.0 

50-52 6.3 

50-52 6.6 

0-10 4.3 

30-35 4.7 

50-52 6.3 

30-35 3.9 

50-52 3.4 

TABLE VI I 

I 
B2 (kcal/mol) B3 (A2 ) 

I 

B4 (kcal/mol)· 

.16 .58 .89 

.14 .29 .89 

.15 .49 .86 

.12 .86 .78 

.17 .42 1.5 
I 

.16 .55 1.6 I 

.17 .. 46 1.1 

.16 .55 1.2 
I 

.13 .47 2.2 

.17 .40 2.1 I 

.20 .31 2.7 I 
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800 

800 
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5000 
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30 

41 

46 

30 

46 

46 

46 

46 

46 

46 

TABLE VII I 

Ji 5
l1Em 

0-10 7.9xl0-1 

0-10 9.2xlO-1 

0-10 8.1xl0-1 

30-35 1.3 

30-35 1.6 

30-35 2.1 

50-52 2.0 

50-52 3.4 

0-10 1.1 

30-35 2.4 

50-52 3.4 

30-35 3.5 

50-52 3.7 

~, 

5l1E1 5
l1Ed Sl1E~ 

7.4xl0- 1 8.0xl0-1 5.0xl0- 1 

8.9xl0-1 9.8xl0-1 5.4xlO-1 

8.7xl0-1 1.1 4.7xl0-1 

1.4 1.8 4.1xl0- 1 

1.9 2.5 5.8xl0-1 

2.1 2.7 5.6xlO- 1 

1.6 1.8 9.9x10- 1 

2.9 3.5 1.0 

1.0xl0-1 1.0 9.4xlO-1 

2.6 3.2 1.1 

3.2 3.6 1.8 

3.2 3.1 2.9 

3.6 3.1 3.6 
----



TABLE IX 

T t 
Ei m Ji cp/nb 2 

max 

800 46 0-10 0.65 

800 30 30-35 0.62 

800 41 30-35 0.68 

800 46 30-35 0.71 

800 30 50-52 0.74 

800 46 50-52 0.84 

2000 46 0-10 0.56 

2000 46 30-35· 0.67 

2000 46 50-52 0.76 

5000 46 30-35 0.65 

5000 46 50-52 0.84 

. .. 

42 
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Department of Energy. Any conclusions or opinions 
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the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
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. 
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