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ABSTRACT

Collisions between hydrogen and deuterium mblecules are examined
using quasiclgssical dynamicalvtrajectory calculations with the inter-
ﬁo;écular field épecified by four semiempirical potential enefgy surfaces.
Three of the surfaces are éalculéted within the valence bond model with
semiempiricéi evaluation of the integrals, and the fbﬁrth is the London
type. Various degrees of égreement are observed bétween theée four sur-
faces and ab initié results. The trajec;ory célcuiaﬁions are performed
‘at high system energies to permit the péssibility of reactions. vIn
additién to nonreactive éollisions; four reaction paths are found on
each surface with the product sbecies 2H + DZ’ H2 + éD, HD + H + D, and 2HD.
The results are aﬁélyzed to detérmine'th¢ effect of surface properties
on reacfion pfbbabilitiés;(averége final state properties of the polecules
énﬁ average final state energy.distributions. Dynamic#l results are found v

to be strongly dependent on surface characteristics.



I. INTRODUCTION

A prototype for bimolecular collision p:ocessesvis the'H2 + D2
éystem which, at suitable values of energy, is‘capable of undergoing
eléstic, inelastic and reactive collisions. Although there has beenr
considerable effort di;ected toward uﬁderstanding the low energy éoliision
dynamics ofbthe H system,l_6 considerably less attention has been devoted
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to the investigation of the reactive characterisﬁics of this surfaca.7--10

Our own previous workg’10

has been concerned with the investigation of
' reactivity and.eﬁergy transfer in two different energy regimes, eéch with
a différént poténtial énergy surface, using quasiclassical dynamics. The
first studyg-was undertaken to investigate energy transfer characteristics
and reaétivity yia.doublé exchénge; H2 +:D2>+ ZﬁD, atra total‘system
.enérgy of ‘159 m hartree. Theﬁpotential energy surface utilized for this
study was a London type (LEPS) surface which includes two-atom effects
and neglects overlap integrals. This London surface has an aﬁomalopsly low barrier
to douhle excharge since it 1iés below .the Vim hartfee d.issociation energy of 'Hz-.
The second study10 used a surface constructed in the valence bond model
with a semi-empirical evaluation of all intégrals, including mény-atom
éontributions. This model potential energy surface had strong repulsive
characteristics and, in agreement ﬁithlgh.igigig resut:s,ll-18 had energ&
barriers to chemical exchange which were greater than‘the energy required
to dissociate a single hydrdgen moleéule. - The total system energy employed
in this study was 240 m hartreé Vhich_permitted the possibility of chemi-
cal exchange on this surface.v

In the present Qork quasiclassical trajectory-Calculatidns for
poilisioné bétween HZ and D2 are presented ﬁsing four poten;ial energy ‘ )

surfaces: one of the London type and three constructed within the valence
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bond model. Relatidnships befween dynamical‘éffects and surface properties
are examined. ' .

‘it 1s known.that dynamical effécﬁs are quite dependent on gross
quélitative fgatures éf the potential energy éurface (e.g. preséncé'br
abSence.of a well); however; thé extenf of the dependence on minor duanti-‘
tative sﬁfféce characteristics (e.g. depth of a well) is not well under-
stood and ﬁay vary from system to éystem. Several previous studies con-
cerned ﬁith the felationship between dynamics and surface properties havé
examined rotatidnal and vibrational inelastic:collisions. Alexander and
Bérard;9 investigated fhe sensitivity of vibrationally inelasﬁic processes
- to-the fit of an ab initio sufface'for the He + H2 system. Using'a fixed-
"angle collision model, they found bdth the magnitude and angular dependence
of calculated vibrationél'tfansition ﬁrobabilities critiéally‘dependent |
on the analytic surface and the criterion_used to fit the ab initio points.
" Near r'esonant‘D2 - D2 vibrational enérgy transfer in a colliﬁear geometry
was also inveStigaﬁed by Alexanderl through a quantum mechanical treat-
 ment of the dynamics_on,fouf.potential energy surfaces. Near resonant
.V > V transition probabilities were quite sensitive to subtle Qariations
in the potential eﬁergylsufface. In a parallgl stﬁdyvof vibrational energy

2 2

tion probabilities extremely sensitive to the choice of interaction poten-

transfer in the H, + D_ system, Alexander1 also found vibrational transi-

tial. 'Alpef,and Gelb3 investigated the femperature dependence of the ro-

" tational felaxation time of moleculaf hydrogen in the température interval
300 to 1500 K uéiﬁg two surfaces. Calculated reléxation times were quite

sensitive to details of the surfacé;'however, results of the two qalqu-
lations did'nbt agree quantitativelybwith experimental-valhes. Ramaswamy

‘et al. studied low temperature rotational relaxation in H, + D, using



a variety‘of potential forms. Calculated relaxation times were quité
dependent on ;he surface type and did notiquantitatively model the results
of low temperature,sbund absorption measurements.

The ﬁreseﬁt work investigates the effect of varying the potential
énergy surface within a reactivé energy regime for the Hz + D2 system..
The total system energy employed in these trajectory calculatiohs is
maiﬁtained.at'240 m hértreé which is above the HZ dissociation energy, to
perﬁit ﬁhé poséibili;y of chemical exchaﬁge. . The résults»éie presented
in terms of feéction_érobabilities, gverége final state properties of the
molecuiés, and avérége final stafe energy distributions. Since experi-
mgntal obsgrvations of the H2 +.D2.system have been shown to be consistent
.with vibrational excitation of at leégt one of the reactant molecﬁles,20h27'
different #rrangéments of initiai energ§ have been‘considered on.eaéh of
thé surfaces tolétudy reactivity.. |

vA desgriptidn of the coliision dypamics and a brief descriptioh of the
four.potential'eﬁérgy surfaces ié given in'Section-ii. The resglts of the
dynamics on the various surfaces are réported in Sectién IiI‘for both
reactive and inelastic qon—reactive cases. A discussion of the results

‘and their relationship to surface characteristics and experimental

observations follows in Section IV.



the initial H

II. THE MODEL AND NUMERICAL PROCEDURE

. A. Trajectory Calculations

The methods.of quasiclassicai collision dynamics are used to study

Hz + D2 collisions on four model potential energy surfaces. The conjh—

gate coordinates and momenta, the reduced masses, the coordinate system

and the boundary conditions are defined in our previous studies. 9,10

Tte numerical procedures, namely the use of,a fourth—order Runga—Kutta"
-algorithm to solVe‘the equations of motion and the use of a composite
generatorvfor'randoﬁ number generation, have also been described pre—
viously. Atomic units are.used throughout these calcdlations.

A set of trajectories is defined to consist of 300 trajectories, each
trajectory hav1ng an initial energy configuration identical to the other

trajectories in the same set, but different values of Monte Carlo variables

governing ‘the initial orientation and phases of the reactants. To facilitate com-

parison between the various sets and to produce a degree of unifOrmity'in_the con~-

vergence of the Monte Carlo averaging process from one set to.the next, the same

collection of Monte Carlo variables is used for each of the various- sets. Hence

the random numbers used for:the nth trajectory of one set are used for the

nth trajectory of all other sets.. A constant initial impact parameter of

0.1 bohr Was selected forvall the trajectories'COmputedl

A given set of trajectories is characterized by a quadruple of numbers:
2 rotational quantum number, the initial H2 vibrational
quantum number, the initial D2 rotational quantum number and the initial

D, vibrational quantum number, and the notation (G, Vv, 3. Vv, ) is used
2 > , A Hy H, D, D," ,

2
to identify each particular set. In this study, initial rotational

quantum numbers are chosen to be zero.



The total system energy for each trajectory set 1s .24 hartree; how-
.ever; the initial distributions of energy between relative translational,
rdtational; and vibrationalienergy of the molecules are varied. This
'.high system'energy insures a reasonable ievel of reactivity so that
atatistically meaningful Monte Carlo averages can be obtained for reaction

probabilities  with relatively few trajectories.

B. Final Conditions

Since a trajectory can lead to‘a chemical reaciton, a simple distance
criterion is not available as a means of terminating the trajectory In~-
-stead, each traJectory is integxated for a time, t = 800 a.t. u., the two
smallest inter—particle distances, r “and rn, are idEntified and the
vootential energy ofithe-system, Vs’ is evaluated. ‘The trajectory is

terminated when
Morse (rm) + Morse (rn) + 5 x 10-4;> \
- since this implies that the molecules are no longer_interacting.‘ This
criterion has been checked for several trajectories and found satisfactory.
Five different types of reaction are possible outcomes of a given

- trajectory:

H, +D, +H + D (non—reactive-—Case I)

v2 2 2

Hz + D2 + 2H + D2 (H2 dissociation--Case II)

Hz + D2 -+ H2 + 2D (D dissociation—-Case 1I1)
Hz + DZ +HD + H+D (single exchange--Case IV)

-
\

H, + D, + 2HD (double-exchange-—Case V)



The .procedure for determining which of theése reactions has occurred

involves the identifiqa;iOn of the product species, ‘and has been described

9,10

previously . ‘After the particular reaction path is identified the

characteristics of the energy transfer occurring in both réactive and

‘non-reactive collisions are examined. The previously described procedure for

each reactive path is usedvto determine the finAI ;otationgl .Ej
and'vibrational fﬁ;' energy for each’molecule.and the fiﬁal relative
kinetic énergy Eii. .

Final rotétional and vibrational states for eacﬁ molecule are deter-
mined and designatéd by the rotational énd vibrationalvquantum numbers,
j' and v', respectively. A scattering éngle x and the maximum value of
the potential energy along eachvtrajeétéry, referred to as the barrier, B,
ére also determiﬁed. .Fof a given set of tréjectories,vthe‘averages of
;he kinetic, rotational énd vibratiqnal energies are computed and desig-_

nated by <E, >, <E3> and €§§>,respective1y. The average energy change is

* determined by subtracting the initial value of a particular type of

energy from the corresponding average final value. The average barrier,
<g>, averagé scattering«angle <X> and distribution of the final rotational
and vibrational statesAére also determined for each trajectory set.

Tﬁe procedures for caléulating the above quantities have-aiso been des-

cribed.previously.g’lo-

c. The Potential Energy Sﬁrfaces-

“ Four semi—emperical potential energy surfaces.are emplofed in the

. v | | | » v . 0
present work: a full description of the surfaces has been given.2 . Three

of these surfaces,'desighated A, B and C, cprrespond to a valence bond

23

treatmentZI’ of the four electron, four atom system; They differ from

one another in the form'ahd paramétefization of various multiple exchange

 integra1s (for details, consult Table I of Reference 20). In general, the



. parameterization produces strong repulsive character in the H, surfaces

o as to mimic the propertiés’Of gh_initio calcula;ions.ll-lg

The fourth
liédrfacé; désignated"b Eqrrespohdé to a Londbn—type surface where all
oveflap. and multiplé eichangg integfais are set to zero (for details,
again'see Table_f of Reference 205.‘ All fohr surfaces ailow fbr,everyb
LPOSSibielmdtion of the four atoms throughout spaée. When one atom is
rémoﬁed}uéurfaces_h;’B and C reducef to the H3 suffate_of_Portér and
:;karélus, . The diatomic asymptotic limit is-déscribgd_by a hy&rogenic

" Morse potential. 25



III.. RESULTS

Reaé;ivity'and énergy transfér'chgractefistics are determined on four
. potentigl energy‘surfaces designated{A, B,'C; and D for‘five differgnﬁ
‘distributions of'initial vibrational and t;énsléfionai energy wﬂich sum
to a total of 240 m hartree. The seléttion of the five trajectory sets
 is»basgdA1argely on the results of our previous study. They are the sets
- which eXhibitgd abpropensity for.a particular réaction path, and itvié of
intérést to investigate how surface properties effect fhe generél and
specific_réactivity,and energy transfer.
A summary of resulgs‘for the various tfajecﬁory sets isfprOQidéd in
Table i.where'ﬁhe.ihitial enérgy_dist;ibution according to the iﬁicigl
kinetic and vibrational energy Qf each‘molecuie is given. Reaction
: pfobabilities assoclated with the_vérious rea&tion'paths are also listed
‘in the table. 'Iotal;reactiVify‘isvless than 50 percent for the sets
considefed.with‘fhe exceptiénvof reactivity on surface D, tﬁevLoﬁdén
_ type surface. H
The high_:eactivity on surface-D'via‘path Visa conseduence of the

anomalously low Barrier tp double exéhange fhat occurs oh.fhis surface;
‘the barrier to double e#ghahge_is 116 h,hartree (73_kcal/mole) for_a
. square‘pianar arrangement of the nucieif' Of»théAthrge‘Qalence—bond_type
semiémpiricial surfaées.A,»B, and C; double exchange isvcoﬁsiderably
more pfobable pn surface Bf 'A léw enérgy barrier for double exchange

which is less than the H, dissociation energy has.been found for'suiface

2
B in the parallelogram-rhombus geometry. This low energy path for B is
illustratedlin.Figufe 1 which shows equipoten;iél contour méps'fdr the

four surfaces corresponding to a paréllelogram-rhbmbus arrangement of
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athe_four atons.
' surface ﬁ. In this geometry the similarities between A and c are evident,
however neither of these_has.the‘low energy‘path of B. Surface D exhibits
: behavior that is nore,simiiar to A and C than 3 in the parallelogran-
rhombus geometry. | | .
Contour plots are extremeiy useful in finding iow—energy paths for
reaction; hOWever they usually.are constructed only'for highly symmétric
' geometries. Additional low energy paths for double'exchange may exist
for nonsymmetric geometries ror Which contour plots_wouid be inconrenient
.‘toeconstruct.

and D

Table 1 reveals that surfaces B and C behave similarly for Hé 2

dissociation. For scattering on surfaces B and C dissociation of a par-
»ticular reactant molecule is favored when the:initial vibraﬁonalenergy
‘is,concentrated in that molecule ratherithan.distributed'nearly equally
between the moiecules; Coliisions on surface D result in'few-d1530cat10n
.reactions,and collisions on the valence bond type surface A result in

less dissociation reactions than those on B and C.

A. .Non—Reactive Trajectories

A summary of the characteristics‘of the non-reactive trajectories is
given in Table II There.is little variation in the average barrier <>
when one compares trajectories on the three valence bond surfaces, however
<B> is less for the collisions on the London surface than for those on
the valence bond type surfaces. The apparent reason forbthis effect is
that collisions on the valence bondvtype surfaces are more impulsive
resenbling hard sphere type interactions since they are steeply repulsive,
but in contrast, collisions'along the London'snrface tend to result in

greater rotationalenergy transfer which removes the energy available to

convert to potential enmergy thus resulting in lower <g>.

The barrier to double exchange is % 170m hartree (~107kca1/mol)on
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The more repulsiveinéture‘of-the three valence bond type Surfaces.
relativg to thé London surface is further c0n£¥rmed through examination
fof‘thg average scattering angles‘<x>,which are compafed for the sets on
thevfour surfaces and listed in Tabie II. Examination of the individual
trajéCtories for the sets considered reveals that de?iations from the
average:value are small. These small deviations indicate that the
scattering angle isbstrongly_influenced by the central fdrte bortion-of
the.potential. ‘Since the impact parameter is the same for each of the
trajectories, fhe near constancy‘of the average scattering angles for
-the various sets,‘irrespectiQe of the initialvenergy-conditioné, reflects
the strong répulsive nature of the potential aﬁd the tendency fo; the -
collisions to resemble hard sphere interactionms. Thevscattering angle

for this limiting case of hard spheres is determined from the expression:
X = 2 arc cos (b/d)

where b is the impact parameter and d is a.hard sphere diameter. Taking
b= Q.l.bohr.and values for d of % r, to 2re, the Var;ation in scattering
angle is 1649 to 176°. AAl;hough this range brackets the values of <x>
giﬁén in Table II for the three valence bond.surfaces the trajectories

are cértainly more complicéted than'hard sphere‘éolliéions as evidenced

- by tﬁe variation in the redistribution of energy in the final.states
 for the sets considered on these surfaces. In éddition considerable
variation in final.state properties occurs for a giveh set for the three
valence bond surfaées; The values of €x> for the Lﬁndbn surface D range
from 149 to 154° and these angles correspond to rather unphysical values

of d, the hard sphere diameter.
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Qne"can examine the sets 6008, 0264, 0303 aﬁd 0500 to ascertain

' the'éffe;t of the initfal vibrational energy distribution between the.twb

molecules. These sets have the séme total energy, nearly the same initial

kinetic aﬁa‘total vibratibnal energy, but the vibrational energy is distri-

Buted diffeféntly between the molecules. There is a variation in the

| avgrage kinetic ene?gy transfefred pér'colliéion <AE£>'fOr a given sgt

wifh fespéct ﬁo the'surfaces cohsidered, and for most sets considered,

<AE£> is la;gest for éufface D. Generally, mofe kinetic enérgy is lost
wheﬁ the initial vibrational energy is:diétributed between both moiecﬁles
rather'tﬁan localized in>one,:

If one examines rotational energy transfer for all sets, a large
variation with respect to shrféce is noted. For the sets considered,
rotational energy Efansfer is'gfeatestvon surface D and least on C. At
short distances surface D is tﬁe'least repulsive and surface C is the most
repulsive which is consistent with the <x> determined for these suffgces.

- Rotational énergy géin is likely to occur along the incoming trajectory
for the surface with the least repulsive wall, and once the energy is
transférred to the rotational.degree of f;eedom, it is no lonéer avaiiablé
for conversion to pétential energy. This is consistent»with»the low values
of <x> and <B> calculated for the London surface, D. Although the numeri-

Vcal vélues of <AEj>,for.both molecules;yary'significantly with sﬁrface
tyPE; a common characteristic of rotational energy'transfer‘én all the sur-
.faces is that it increases fo:_a given molecule-when the molecule contains
over sixty percent.of the iniﬁial vibrational energy. The. same trend

noted for <AE.> is obvious when one examines histograms of final rotational

h|
state distributions. As one increasesltheviﬁitial vibrational energy in
a molecule, the final rotational state distribution tends to be spread

out to higher j ~ and the_range_df.j‘-increases. This is illustrated in
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 Figures 2 and 3 which show the final rotational state distributions for
" the sets 0008 and 0500, fespectively, where the effect is most exaggerated.
This effect'is'likély‘to result from the intramolecular energy transfer. of -

vibrational energy to rotational energy. The.trajeCtoryvsets 0008 and 0500

also exhibit the leéSt kinetic energy loss. Figures 2 and 3 illustrate
the greéter similari;ies among the three valencé bond,surfaces>and the
aﬁomaldus nafuré of the London surface with.regard to rotational energy
transfer.

.Wiﬁh_a few.exceétidns, the average vibrational energy gain is greatest
for the‘molecule with the least initial vibrational energy. Significant

variation in <AEv> occurs with respect to surface type for the sets con-

- 8ldered. Generally, <AEV? is positive for both H2 and Dz; however, excep-

tions tO':his';re largely <AEv(b2)> for 0008 and <AE§(H2)> for 0500. .For
these ﬁwo';rajectory sets, the éorresponding <AEj> is unusually large for
the molecule Vhich is initially highly vibrationally excited. Additionally
<AEk> for these sets is soméwﬁat smaller than usual-which brovides some
evidence.of intramolecular V + R energy transfer. |
Finally, the effect of ingreaéing the vibrational ‘energy in’ggg_mole—
cule at the expense of initial translational energy is estimated through
comparison of 0300 with 0303 and 0360 with 0500. For all surfaces, as the

initial vibrational energy of one of the molecules increases, the final

average kinetic energy loss decreases, and_<AEv> of that molecule decreases.

" In summary, the results of the nonreactive trajectory calculations
indicate the following trends. - Energy transfer is dominated by T -+ V and
T - R for all surfaces. Scattering on the.Londbn type surface D results

in larger rotational energy transfer than on the other surfaces, and

~scattering on surface C results in the smallest rotational energy gains.
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Surface Clis thé most xepuléive:étvshOr; dis;ances while surface D is:
the least réptléiye. While there are significant-diffe?ehces in»thé‘
éveragé final energy'ﬂistributioné in'the hdnreacting molécuieS'on the
 £ourfsuffaces,~some common trends are evident. Tﬁefe is some evidgnée'
fbr»energy:transfer betweeh thé intefnal modes, for example, as the
initiai vibrational energy of one moiécﬁle increases at the expense of
‘the other, it’acquires more rotational energy and often 16ses_vibratioqa1
energy whiqh indicates_ﬁﬁa; V>R enérgy traﬁsfer is occurring. |
| B. -Réactive Trajectories

Table III summarizes the'ave;age-finalIState_propefties of:the
1d;ssbciationfcases II and IIi;for those sets where percenﬁ reactivity for
disSociation iéfioz_or greater.. Dissociatibn of one of. the molecules is
the favored-type of rééction on the valence bond surfaces when that mole~
cule congains ali'of the initial vibrational énérgy except for fhe zero‘
pdiﬁt,vibrational energy of tHe other molecule. The London surface is
anomaIOQS'since its favored reactiop path is always double exchange.

VIHz tends to dissociate more easily than Dz-for nearly‘equal amounts

of initial vibratibnal energy. If one considers dissdciation as an ex-
treme case of vibrati&nal energy transfer, this effect can be .explained
by tﬁe greater facility H2 appears to have for T <+ V-energy transfer.
The differehce in reduced mass of the two molecules is responsible for
the relative ease with.whichvﬂz‘gains vibratipnal energy and -
: dissociateé; Consistent with this afgument is that more (and avgreaterv
percentage of) initial.kinetié energy is lost for the sets 0500»th§n the
0008 sets. For all surfaces, the effect of increasing the vibrational |
enérgy for one molecule ét‘the‘expense of‘in1tia1 kinetic energy, while

the other molecule remains in v = 0, ptoduces an increased number of
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disSociations of the excited molecule. More of the vibrational.energy
tends to be Qsed for dissociation as the initial vibiatioﬁal energy ié~
increased at the expgnse,df initial kinetic energy.

The scattering angles for dissociation reacfions generaliy tend. to
Se sémewhat‘less than those aséociated with non-reactive trajéctofies.

' Trajectoties'on surface B, in particular‘forvthe sets 0500 and 0008,

“have scattering angles that are less than those determined fof trajectories

on the surfaces A and C and this may indicate a different mechanism ob-
tains for dissociétion on surface B. |

. The dissocilative trajectories exhibit large kinetic energy_losses
- which are substantially larger than those noted for non-reactive colli-
sions. The incfeased loss in kinetic energy seen for trajectories_on D
éccounté for the large rotétional energy gaihs-in the undissociated mole-
cule. In contrast to D, the aiSSOciative trajectories on the valence

bond surfaces do not result in much rotational energy gain..

The vibrational energy change assoclated with the dissociative tra-

jectories Qp surfage A is iéss than that observed for the other -
surfaces.

Table IV summarizes the average finallstate,properties of the single
exchaﬁge caées_for those sets whege collisioné on at ieast one of fhe |
surfaces result in a single exchange,fgaccion probability greater than.
3%. Single ekqhange_is leaét probable on the London surfaée.since tra- ‘
jeCtorieé on it are more likely to reac;bvia.tﬁe‘lower energy path of
double exchange. - Single exchange is more probable 6n thg valence bond
type surfaces B and C than it is on A, and occurs more often when both
molecules are vibrationally excited. 'The <> for the sets ¢onsldered is

between 68 and 105°, and these values are significantly different from
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ghe values obtained fof the non-reactive and dissociative reactioné.
Examination of thg'final.vibratiOnal state distribﬁtioné qf the product
HD revealed that v"§_2.'

Chafacteristics of the double exchange reaction,'Case V are sumﬁarized
in Table V. Réactivity is greatest on surface D and least on C. The
reaction probabiliﬁy associéted with double exchange bh'the Londoﬁ‘Sur-
"face seems independent of the initial energy distribution whereas reacti-
vity on surfaces A and B is favored when D2 is initially‘vibrationally
excitgd; Reactivity on surfaée'Q is favored when both’mélgcules are vi-
bratiqnaliy-excited; however the probability for single exchangé on sur-
face C is greatef than that of double exchange. 'Reactivity ié greatest
on surfaces D and ﬁ;_the <B> values ére lowest for surface D followed-by
surface 3; Low energy paths.have»béen found for both surfaces B and D
and it is of interést to note that <B> values observed for D are close
to thé dissociation energj of H2 (174'm-hart;ee), which iS'significantly
above the!llG m hartree barrier to double exchange on D along the rec-
tangie-square'reaction path. The scattering angles obéefved for double
exchange on the four surfaces are in the range 80 tQ.100°; however, those
6bserved for the London surface are very close to 90°. indicating that most
double exchange reaétions bccuf al§ng'low‘energy paths iﬁ geométries_cloée
to the tectangle-sqﬁare geometry. . | ”

The average'amounﬁ of kinetic energy t;ansferred in the reactivg
double exchange reactions is inverselyvproportional to double exchange
reaétivity. The average rotational and vibrational energy entries in
Table V represent averages over both'producthD‘ﬁolecules., Vibrational
energy transfer to the product molegules is ﬁore substantiai~£han rota-

tional energy transfer and is greater than it is for single:exchange.

Biny
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Vibrational excitation of HD is least for reaction on the London surface.

' Rotational and ﬁibrational excitation of the product HD are quite'similér

on surfaces A and B. When double exchange occurs on surface C it is
accompanied by a large vibrational excitation.

‘Figures 4 and 5 contain histograms of product HD rotetional and vi-

brational state distfibutions, reépectively,fdf the set 0303 where rea-
sonable levels of reactivity are observed for single and double exchange

reactions. These histograms illustrate some differences between the two

exehahge reactibns on the four surfaces.

.Figure'b'reveals that none of the rotational distributions are
peaked at j~ = 0. There.is'little difference in histogram shapes-for_.
single and double exchange on surfaces A and B. Douﬁle exchange on.the
London surface'D has the highest probabili;f of retational excitation
since jfmex = 29 is achieyed and j; > 12 is quite probable.

'Figure‘s sﬁoﬁs.that only the loweét'vibrational states are populated
aa:a result of sing;e exchenge reactions fer surfaces A, B and. C; however
significant vibrational -excitation is evident forrdouble exchenge reac-
tions. 1In eingle exchange, kinetic and‘vibrational'energy must be used

to supply energy for bond breaking whereas in double exchange, bond -

- breaking is fplldwed by (or proceeds simultaneodsly with) -bond formation.

The final energetic requirements of the two paths are'thus quite differ— '

ent.- It is also of interest to eompare the HD vibrational state distri-
Butions_fof doﬁﬁle exchange on the various surfaces. The disfribution
associated with surface D is mdndtonically decreasing with v~ and low
values of v~ are_cbnSiderably more probable then high values. The dis-
tribution associated wiﬁhbsurface B is similar to that of D. vThe dis-

tribution associated with reaction on A indicates o strong preference

o
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for ihe.specific,states in the range v° < 12. The distribution associated

"Vith:sﬁ;féce c,iszcﬁripusvsinée it 1is bippdal, ;hat is, one of the Qkoduct

_ molecules is in v’ < 2 while the other is highly excited with 10 < v < 12.

v
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IV, DISCUSSION

'In'coﬁparing the non-feactive scattering on the four potential sur-
faces sdme_trends emerge which are commoﬁvto all surfaces. Generally,
‘more kinetic energy is lost when the initial vibfation#l éﬁergy is
distributed between.both molecules instead of being concentrated in one
of them. In additioh;_rotational energy gain increases for a molecule
when that molecule initially'COntains over 60 percent of the initial
.  vibrational energy, and ﬁhis provides evidenéé for \Y +vR ehergy-tranSfer.
The energy transfer for non—reactiveidollisions on all Surfaces is.
&dminétEd by T+ Rand T » V transfer}

Although some significant differencés obtain ﬁhenvone examines the
. average energy transferred to the various degrges of freedom in non-
" reactive collisions on thé three valehce bond surféces, the dynamics on
these surfaces are more similar ﬁo one3anofher than they are to those oﬁ
the ‘London surface. The valence bond surfaces are more repulsive at
short distances than the London surface, and the m;nifestatioﬁ of this
is evident in.values of <B>; <x>, <AE (H2)> and <AEj(D2)> obtained for
the various sets. :Inelastic collisions.on_the London surface tend to
resﬁlt in greater amdunts of ro;atidnal énergy géin. It is likely that
. the differences in the average energyvtransferred‘to the various degrees
of freedom on the yéience bond surfaces wou1d~giVe‘riée to different
valuesvbf'ﬁacroscopic quantiﬁies,-if they-weré to be calculated for the '  §?%;
systém. In this sense-du: results associated with inelastic collisions
on. the valence bond surfaces e#hibit theisensitivity to surface propér-

ties noted by other investigatots.l.4,6 :



20

For al1‘thevsurfaces; the.effecr of increasing the vibrational
energy'for one ﬁolecole_at.the expense of initial kinetic energy, while
the orher molecule-remaine inv=20, prodoceé ao increased number of
dissociatioos of the excited molecule."Althouéh dOuble exehange'is the
favored reaction path on the London surface, irrespeetlve of the‘distri—
bution of initial energy, dissociation 1is the favored reaction on the
valence bond surface when one molecule contains all the initial vibra-

_ tional energy (except'for the zero point energy of the other molecule).
'Moreover; on the‘valence bond sorfaces; H2 tends to dissociate more
readily than D2 for. nearly equal amounts of initial vibrational energy.

‘The probability of single .xchange is 1east on the London surface.
.Little correlation_can be found among the s1ng1e exchange reactlons on .
thevValence_bond'surfaces, whic¢h is indicetive that single e#cﬁange
reactioné occor_via”different pathwaysron these surfaces.

There are similarities among the doublevexChange reactions that
occur on the four surfaces. Vibrational energy transfer to the oroduct

HD molecules is more substantial than rotational energy transfer and is

significantly greater than that associated with the single exchange case.

The scattering angles observed for double exchanée are - in the range 80
to 100°.
The london surface is the least and surface C is the most repulsive

at short dlstances. The London surface 1s the most reactive toward

jdouble exchange with the least vibrationally exc1ted products while sur-"

face C is the least reactive toward double-exchange withvthe'most-vibra-‘

tionally excited products. Double exchange product energy distributions

are quite similar for A and B.
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Double éXchange is most probable on the London surface where reaction
ﬁrobabilities greater than 40 pércént are obtained, and the reaction

prébability is quite independent of the initial distribution of the

' -enérgy. Double exchange reactibn probabilities vary significantly for -
collisfons on the valence bond type surfaces with double exchange reac-

B tivity-greatest on B and least on C.

The three :valence bond surfaces differ from one another in both

" the paraméterization and the mathematical form of the triple exchange

abed which can be decomposed into triatomic and four center

speéies. Much of the four center behavior at short distances is influen—

ced by the triple exchange integrals; and'correspbndingly it is‘not

.'unlikely that differences in these integrals could result in different

.characteriStiCs for collisions on the three valence bond ‘surfaces. .

The H, + D2 exchange reaction has been studied experimentally by

2
26-32

several investigators and most fecently by Lifshitz and Frenlach33

who studied the reaction behind feflected shocks in a single pulse shock

_ tube. Lifshitz and Frenlach attempted to measure the H atom concentra-

tions by moﬁitofing Lymaﬁ ~-a abSorpfiop; The H atom concentrations
resulted ffom impurities présent:in the shock tube, and the atoms so
generated were, in part, responéible fo; the production of HD via the
atomic chain mechanism: H + Dz.and-D + H2 occurring in shock heated
mixtures of H2 and Dz. Although the.ihvestigators.had difficulty with
the calibrations of H atom concentrationé; their:reSults indicate that
the atomic chain meéhadiSm could not account gntirely for the productioh
of HD meaSuréd with mass spectrometry. Under the assumption thatithe~
excess HD wés-éroduced via ﬁhe_molecglar ﬁechaﬁism, they determined a-

rate coefficient for_the feaction
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Hz + D2 > 2D

with the value k = 1014130 s exp (~38000 /RT) mole™t 'cms,sec“1 where

the reaction orders werevassumed to be the stoichiometric coefficients
for the reaction. While the authors provide convincing evidence for a
cdnsiderable-contribution'to'exchange from a mechanism»other’thankthe
, atomic chain mechanism, they comment that the low value of activation
E energy raises serious doubts about a four-center transition state.
| Our own investigations of the HZ + D2 reaction have not revealed
~ any low energy path with barriers commensurate with the 38 kcal/mole
activation energy. While double exchange reactions occur with high
! orobahility,on'the London surface, the low energy reaction paths are
likely'to be an artifact of the London approximation.

A low‘energy pathwayvfor a four center“doubleVexchange reaction is
‘also found on the valence bond surface B for a parallelogram-rhombus
arrangement of the nuclei. This surface is comstructed nsing a‘number of
semi-empirical apprOximations; In particnlar,-surface_B'shares the
exact same functional form as surface C, but the two have different
values for the empirical parameters. “This change in parameter values
is responsible for the shift of energy seen in Figure 1 causing surface
B to have a 10w_rhombds=barrier whilebsurface-c has,a high rhombus
barrier. Hence, these:5urfaces should not be used to ﬁpredict" the
position of low'energy barriers. The eariier calculations of Silver
.and Stevensls using an ab initio CI treatment of the-Hagsystem failed
;to uncover a geometry: through which there exists a reaction path for
exchange requiring 1ess energy than the dissociation ‘energy: of the H2
molecuie. They,were, of course, only able to eéxamine a restricted

number of. geometries. 'NeVertheless; it is most probable that the. low
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energy pathway on surféce B is simply an artifact of the para@eterization
aﬁd mathematical form chbéen.tp.represent.the Ha'surface. It is important
to emphasize that the low energy paths of surfaces D and B have barriers
less than but close t§ ﬁé.disso;iation energies'aﬁd are thus not compara-
ble to the 38 kcél/mole'actiVation energies derived from experimental

studies.
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TABLE I General Characteristics of ReactiVitya_

. o %H, Dis- %D, Dis-  %Single  %Double
Surface Set Ek Ev(Hi) EV(DZ) % Unreactive sociation sociation Exchange Exchange
A 0008 128 9.89  101.4 ~ 80.7 0 15.3 0.7 3.3
B ' ' 59.3- 0 22.0 3.3 -~ 15.3
c 75.0 0 24.0 1.0 0
D - 53.3 .0 5.0 0 41.7
A 0204 133  46.7  58.4 91.7 0 0 3.7 4.7
B 180.7 0 0o 5.3 13.7
C 93.0 0.3 0.3 5.3 1.0
D 57.7 1.0 0.7 1.0 39.7
A 0300 172 . 63.6 7.02 94.3 5.7 -0 0 0
B. ' .. 69.3 23.7 0 1.3 5.7
C. 78.0 122.0 0 0 0
D. 52.7 3.3 0 0.7 1 43.3
A 0303 130 . 63.6 46.3 90.7 0.3 0 3.7 , 5.3
‘B . : 80.7 1.3, 0 4.3 13.7
o 186.0 5.0 0~ 7.0 1.7
D 55.0 1.0 0 1.0 - 43.0
A 0500 138  94.2 7.02 " 77.0 21.7 0 0 0.7
B ‘ : 55.3 36.3 0 1.3 6.7
(o - 68.7 31.3 0 0 0 -
D 47.0 . 11.3 0 0.3 1 41.3
) _

Energy in m hartree

_9Z_
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TABLE II ~ Nonreactive Trajectories (Case I)a
| | i | | : | - e JE ‘
Set Surface Ek : Numbe? | <B§ -y <AEk? {AEj(H2)> <AEj(D2)? _ <AEV(H2)> “ fAEv(D2)>,

0008 A 128 242 203 165  -10.2 3.2 11.0 3.1 - 6.6
‘B - 178 204 166 - 6.7 5.9 9.1 "10.8 -18.4

C 225 208 - 170 -13.5 1.7 7.9 19.1 -14.8

D 160 186 149 -19.4. 8.7 19.6 8.2 -16.1
0204 A -133 275 202 169 .-12.9 5.9 3.9 2.0 1.2
: B 242 205 169  -22.3 7.0 4.2 10.1 1.4
C 279 203 172 =26.5 3.3 2.2 14.1 7.0
- D 173 185 152 -36.9 13.8 13.7 1.5 8.5
0300 A 172 . 283 212 168 © -25.7 - 13.5 2.4 6.8 2.7
B 208 216 169 -28.4 12.7 3.8 -3.8 15.5
c 234 215 172 -34.1 8.8 1.1 6.1 17.9
D 158 . 186 153‘ -46.6 fx13.9 ’ 12.7 5.0 "15.3
0303 A 130 . 272 205 169  -15.7 7.2 2.7 3.2 1.1
B 242 209 169 -20.6 8.4 3.1 4.8 - 3.0
C 258 207 172 -18.3 4.6 1.7 4.3 6.3
D 165 190 153 -35.2 15.6 13.1 -1.3 6.8
0500 A 138 231 205 166 -14.8 17.5 1.7 -6.7 2.3
: . B : 166 207 168 - 5.9 15.8° 3.1 -26.0 13.1
C 206 213 171 -13.1 13.2 0.8 -15.3 14.2
D - 141 185 154 -10.4 19.1 10.7 -31.0 12.0

_-a .
Energy in m hartree



TABLE TII Dissociation (Cases II and I1I1)?

' . . v : AR . ‘ mn >. . >
Set. Surface Ek Number»l <p> _<x>‘ ,AEk> | <Aej(02) <AEv(DZ)
0300 AL 172 17 208 169  -109.1 0.8 - 0.5
o B 71 201 © 156 . -115.1 1.0 4.1
C 66 - 195 168 -114.4 0.3 4.7
D 10 202 148 . -127.0 6.9 10.3
0500 A 138 65 - 201 159 - 81.1 0.4 1.3
o B 109 202 - 124 - 82.8 1.1 2.3
C 94 201 159 - 83.0° 0.2 3.2
D 34 195 152 - 92.5 10.8 2.4
Set Surface  E, Number  <B> ' <x> <BE> <BE (Hy)> gAgv(Hé)>
0008 A 128 46 209 162 - 71.7 1.1 -0.1
B . 66 . 202 132 - 74.1 1.3 1.5
c 72 195 166 - 73.2 0.5 1.7
D 15 193 158 - 5.3 1.8

76.9

- ®Energy in m hartree -

,'
if

-gz-



TABLE IV Single Exéhange (Case 1V)?

Set  Surface  E, Number - <B>  <x > <AE > <E, (HD)> <E_ (HD)>
0008 A 128 2 219  67.7 -70.5 0.6 7.4
L B 10 213 88.2  -87.7 12.6¢ © 13.3
c 3 211 87.9 -71.2 . 1.8 8.1
D 0

0204 . A 133 11 218 87.0 -88.4 6.5 13.4
B 16 205  85.9 -86.9 8.0 10.7
c 16 208  91.1 -87.6 5.1 13.9
D 3 198 91.9 -97.5 16.9 12.2

0303 A 130 11 215 92.9 -86.4 11.5 9.5

B 13 202 104.8 -88.9 11.4 13.2
C 21 207 92.2 -81.5 2.9 13.4
D 3 207  81.5 -98.0 10.3 24.6

-

Energy in m hartree

_GZ_



TABLE V  Double Exchange (Case V)?

e - | e B b
Set .  Surface 'Ek Number  <B> x> <AEk> <Ej(HD)> <EV(HD)>
0008 A 128 10 220 82.3  -48.4 12.3 . 67.7
B .46 204 -87.9 - -36.0 12.7 61.3
C 0o — = - — —
D 125 174 -~ 90.2 . -14.1 17.8 45.3
0204 A 133 14 2200 90.7  -43.8 11.4 - 63.2
B IR 41 206 86.7 = -30.0 -~ 10.6 57.2
- C 3 211 - 91.6 -81.0 2.5 - 90.7
D 119 . 170 90.4 . -12.5 16.9 42.1
0300 A 172 0 —— = == =
B 17 203 96.6 - -51.2 9.7 51.2
C 0 —_— - —_— T —
D | 130 174 90.8 -19.4 9.6 35.4
0303 A 130 - 16 218 86.6  -41.9 9.3 66.0
"B 41 - 206 91.0 . -28.2 10.0 58.5
o 5 216 - 90.6 -87.3 9.3 88.6
D 129 173 90.2 - 8.5 14.9 43.7
0500 A 138 2 227 88.0  -26.6  15.9 47.9.
- B . 20 - 203 99.1 -27.1  13.3 50.9
D 124 177 90.5 -2.2 9.8 42,0
a. . v
Energy in'm hartree. B
-bAverége_Qf both prdduét molecules.
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corresponding to a 45° parallelogram-rhombus arrangement of
the four atoms. The contour intervals are 1/10 of the H2
dissociation energy. .



Number

Number

~34- .

30

°Ore, c 8or b
60 | 60}
&
40H : o 5
e “%
pom B ,
20 < 20

......

O 5 10 5 20 25 30 0 5 10 15 20 25 30

Y

Figure‘z. Distribution of final rotational (37) states. of H and D after
nonreactive trajectories for the set 0008. °



.'..35-

.
- o
3
H

15 20 25 30
¥/ | - I

)]

Number

e, ) » ,.} ) i .’ " . }H_‘ !—;-'L'] - )
|'5 20 25 30 O 5 10 15 20 25 .30

] o o o N j'

. Figure 3.

Distributlon of final rotational (j ) states of H and D after
nonreactlve trajectories for the set 0500.



Z

n__ wida _ L=
B 0481260481206

Number
o
i
1
L
AR

. BT i’ -
o CASE Y " &
40 - — - -

o

€ 20F - -

o |

< |

O 4 812160 4 812160 481216

S o j

Figure 4.. Distribution of final rotational (j”) states of HD after

single and double exchange reactive trajectories for the
set 0303. ' '




0303

CASE I¥

%

o O

Jaquinp -

5

0 48 1216048121604 8 1216

- -37-

’

V

’

EN
: nu

vl

. CASEY

/)
48l2l6

| ;_ A%mmmmmww,

1

-
0

Ao

//

0 4 8 12 I6

o
AN

~ sequinN

8 1216

/

/

SV

5. Distribution of final vibrational (v”) states of HD after

Figure

ctive trajectories for the

- single and double exchange rea

set 0303.



i

2]

This report was done with support from the

"Department of Energy. Any conclusions or opinions

expressed in this report represent solely 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 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.




A =y
T e G

TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





