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ABSTRACT

- Collisions between hydrogen and deuterium molecules are
examined using quasiclassical dynamical trajectory calculations
with the intermolecular field specified by a semi-empirical

1

potential-energy surface incorporating,énough repulsive

character to yield barriers to'chemicél_exchange that are in

general agreemeht with ab initio results. The tfajectOry
calculations are performed at high total system energies to permit

the possibility of reactions. In addition tovnon-reactive

inelastic collisions, the reactants H2+D2 can produce four

possible'réactivevcases with product species 2H+D2, H2+2D,
HD+H+D and 2HD, respectively. The results are presented in terms
of reaction probabilities, average final state properties- of the

molecules, and average final state‘energy distributions.



I. Introduction

. A prototype for bi-molecular collision processes is théH2 + D2
, S o _ o
system: H, + D, > 2 HD. Even here, the corresponding interaction potential

2 2

must have a complicated form in order té deséribe all Qf the Qarious intra-
molecular and iﬁtermolecdlar effeéts that are present. The dominant
coﬁtributions tb the poténtial should arise from two-atom effects: fhét
is, a sum of inferéctions obtained'By considering each possible péir of
atoms indepéndegtly of the others. .These effects should be adequétely
described by thg London—type potentials that have been used in pfevious
classical dynamics st:udiesl-6 of bimolecular céllisions. However, especially
at short intermblecular séparations, imporfantvcontributions to the potential
can also arise from threé—atom an& four-atom effects: that is, a sum of
termsiderived froﬁ the simultaneous interactions of three and four atoms,
Irespectively. |

Previouquuasi—classical dynamics studies of bimolecﬁiar collisionsl_
vhave employed s¢mi—empirica1 potential'energy surfaces7-14vthat are restricted
to the inclusion of two-atom .effects, through use of the London approxi-

7 For 32 + Dy, such

mation . 'fY model potential energy surfaces have saddle-point barriers
to the che@ical exchange process that are approximately one-half as high

as the lowest barfiers_found from ab initio calculations.l?_22 Although

two atom effect; are dominanﬁ, thrée and four atdm effects are important
to the physicalipictufe and their incluéibn brings the médel.barrier
heights in line with the ab initio‘barriers..‘ |

The preéent work feports details‘bf'quasi-classical trajectory.~
calculations for:cpllisions between Hé and D2 géing a model potential

energy éurface having strong repulsive features. The surface employs a



.valence bond model with semi—empirical evaluation ofbintegrals, 1ncluding
many-atom contributions; In agreement with ab 1n1t10 results, the energy .
barriers to chemical exchange on the model surface are all greater than
~ the energy ‘required to dissociate a 51ngle hydrogen molecule. |
The total system energy employed in the trajectory calculations '
‘is maintained at 1evels above  the H2 dissociation to permit thebpossibility
of-chemical'exchange. The results are presentedrin terms of reaction
probahilities; average final state properties of the molecules, and average
final state energy distributions.,'The influencevof various initial vibra-
tional and rotational energy distributions is.examined.» In particular,
since the experimental observations 6f the H, +D, system have_been‘shown
tovbe consistent with vibrational excitation of'at least_one-of the .
reactant‘mOleculeSZszg,.severalvof these posibilities are examined in
'detail to study reactivity as a function of.initial energy distribution.
| The model potential surface is presented in Section II. A descrip—
tion of collision,procedures is given in Section III. The results of the
collision calculations are reported in Section IV for both reactive and

inelastic non-reactive cases. A discussion of the results and their

relationship to eXperimental observations follows in Section V.




IT. RepulsiﬁevModel Potential»Eﬁergy Surface

The potehtial function employed in the presént work consists of

¥

the nuclear-nuclear repuision energy plus a semi-empirical valence bond

descriptiona-llfBO of the interactions bétween four electrons about four

protons; Isdtopic differentiation of the four nuclei is suppressed in
ﬁhis Section and ﬁﬁe_nuclei arg'iabelledvA, B, c and D.

Ihe‘valence bond wavéfupCtion for the four-electron, four-atom
system3l coﬁsists of two covaleﬁt S§ructures:' (15 an A-B bond and a
C—blbond; (1) én A-C bond and a B-D bond. The relative importance of
these structures is determined by the variation principle; The atomic
wgvefunction on éach center is a hydrogenié 1s:atomic orbital. If all
one-electron aﬁd two—eiectron integrals are_e#plicitly evaluated, the -

result is anngh initio valence bond description of the‘H4 systemis’ls,

which is a reasonable approximation to-the corresponding '"single-zeta"
full configuratipn inte;action pfécedureBz.v

.To obtai% a tractable analytical form for ﬁhe H4 poténtial éurface
and its derivati;es, a semi-empirical eyaluationlliof the various electronic
integrals is necessary. A parameterizatién'of the integrals has been
chosen30 that giQes the proper atomic(4;H)and diatomic (2 Hz) asymptotic
1imits, each Hz_molecule being described by a»Morse potenfial33a With
one atom reméved, the H4 surface reduces ;O‘the quter-Karplus11 poteptial
for three atoms %H3). The remaining pafameters goverﬁing the repuléive
four-atom effecté are éhosen ;Q‘give agreement ﬁithvéh;iﬁitioVCaléulations

of the H4_potentia1;



Since the semi—empiricalvmodel'Havsurfgce is developed from a
"single Zeta".gh initio Valenée bond surface; a iogically consistent
iprocedure‘is'to choose.valuesifor the repulsivé four-atom parameters such
thaf thésevtwp surfaces are in féasonable dgreement. Table I giﬁés a com-
parisoh between thg ab initio valence bohd and configuration'interaction
results énd the semi-empirical "repulsive"’potentiél for the ﬁinimum énergy
square-pia;ar conformation of H,. These résults'are all in reasonable agreement,
especialiy in comparison with the_correspohding.result on a London potential,-
' given in Table I. |

A further comparison is presented in Figure 1; Showing thé interaction
energy along a reétangular’reactiop path léadipg to aYSquare intermediaté.
The ab iﬁitio and repulsive reaction paths éross é saddle;pOint at thé
intermediate position, X=y= 2f7 bohr, and thus the reaction path shown
in Fig. 1 is close to a reaction path of.steebést asﬁent. In contrast,
the London path shown din Fig. 1 is far from its stegpest ascent réaction
path; sincevthevsaddle-point §n the London surfage occurs ét x=y=1.9
bohr with an interaction energy of :30‘12 hartrée . This is more
evident from the equipotential contour méﬁé in Fig. 2 corresponding_to the
rectangle—quarg?recténgle.sﬁrfaces. |

The moét strikiﬁg difference betweén the Londdn‘and repulsive
pbtentiéls is the height of the saddle;poinf bafrier in the square geometry,
~x =y in Fig. 2. Further differences also appear in the shapes of the
reactant and_product_valléys,ias can be seen in the”projected-vieﬁs_of
the rectangular contour maps given in Fig;r3;  A comparison of energy
minima and their positions in other symme;;ic‘intermediate.geometries

is presented in Table II for the repulsive and London potentials,'



III. - Description of the Collision Procedure
A. Trajectory Calculations
R ¥ _ . :
The methods of quasiclassical collision dynamics are used to study
collisions on the repulsive model potential energy surface.
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The conjugate co-ordinates and momenta, the teduced masses, the co-ordinate

the H, + D

system and the boundary conditions are defined in our previous study.

The uumerical pr?cedures, namely the use of a fourth-order Runga-Kutfa
aigofithm to solve the equations of motion and the use of a composite
'generator fqr fandom number geueration, have also been’previously described.
Atomic units6 are used'throughout these calculations.

A eet of trajectories is defined to_consist of:300 trajectories,
each trajectory having an initial energy eohfiguration identical to tﬁe
other trajectories in the same set, but diffefent vaiues of Monte Carlo
variables guverning the initial orientation aud phases of the reactants.

To fascilitate comparieen between the various sets and to produce e.degree
of uniformity intthe eouvergence of the Monte Carlo-averaging-process

from one set to uhe next, the same collection of ﬁonte Carlo variables

.,is used for each of the various sets; Hence, the random numbers‘used

for fhe nth trajectory of one‘set,is used for the Eph'trajectory of all
other sets. |

A giveﬁ set ef'trajectories'is characterized by a uuadruple of
umbers, the 1nitia1 H2 rotational quantum number, the initial H2 vibrational
quantum number, the initial D2 rotat10nal quantum number and the initial

D, vibrational quantum number, and the notation (JH vy jb_ vD-)_is_used

2 . . . v 2 72 72 2
to identify each particular set. In this study, initial rotational quantum

numbers are chosen to be zero or three.



Thé_total system energy for mbétvtrajectory'sets is .24 hartrée;
 h6wever,'thé initial distributions of'ehergy.betweéh‘rélativé transiatibnal,‘
rotational and vibrational énergy-of thevmolchles'are varied. This high '
‘system energy insures a reasonable level of- react1v1ty so that statistlcally
meaningful Monte Carlo averages can be. obtalned for reaction probabllities
with relatively few trajectories. |

: . &
-Preliminary calculationé revealed that thé impact‘parameter cut—off
fér reactivity is l.Oibohr% Since mdst reactions occur at small'impact
parametefs and‘one'of';heApbjectives'of this investigation is to study
reactivity as a function of initial energy'coﬁfiguration, a constant .
initial impact parameter of 0.1 bohr waé éelectéd fo? all the trajeétories
cdmputed. Thg choice of a constant impaét parametef has the additional; |
advantage that.the étatistical_variation»among‘various.sets of trajectories
is reduced fof a given number,of trajectories.,.The consequence of fhis
choice is, hoWever, that one cannot then compﬁﬁé reaction cfoss sections
which are a prime ingredlent of rate coefficients. waéver, in the case
of molecule—molecule colllsions, restriction to reaction probabilities
is ﬁot a severe liability since the calculation of a rate cqefficient is

a formidable task due to the multipliéity'of variables which must be

averaged to épan the phase space.
B. TFinal Conditions

Slnce a traJectory can lead to a chemical reaction, a simple distance
criterion is not available as a means of termlnating the traJectory.v

Instead, each trajectory is integrated for a time, t = 800 a;t,u., the - two



smallest inter-particle distahcés, T and r , are identified; and the .
potential energy of .the system, VS, is evaluated.‘ The trajectory is

terminated when

Morse (r ) + Morse (r ) + 5 x 10_4 >V,
_ m’ _ n ' T g

since this implies that the molecules are no longer interacting. This
criterion has been checked for severai'trajectories and found sétisfactory.
Five differeht types of reaction are possible outcomes of a given '

~trajectory:

.H2 + D2 > H2 + D2.(pon—reagtive—égaseil)
H, +D -+ 2H + D2 (_H2 dissociation—-~Case II)
'HZ + D2 + H2v+ 2D (D2 dissociation——Case‘III)
H, + D, ~ HD + H + D (single exchange--Case IV) -

+ 2HD (double-exchange--Case V)

The précedure.fOr determining which of these reactions has occurred
involves the identification of the produét spe;iés. 'When the trajectory
is terminafed,_the lébelling‘ofrthe twq smallest inter-particle distances,
r  and rn,'ié examined. Since the reactant méleéules are taken tovbe AB
and CD, thenvif m and n. correspond ﬁo AB and CD, Case I obtains and reaction
has not‘occﬁrred. If m and n correspoﬁd to apother éombination of labels;
a check is made to determine whéther:rﬁ or r, is greater thaﬁ or.equal to

5.6 bohr. If»so; Cases II, III or IV are possible outcomes, and the specific

case is identified by determining the smaller distance. If m and n are



‘either AC and BD or AD and BC with both of the corresponding.diStancesrW
smaller than 5.6. bohr, Case V occurs. o |
After the particular reaction path is identified it is of interest
to study the characteristics of the energy transfer occurring in both.the |
reactive and non-reactive ‘collisions. If‘reaction‘pathsil or Vboccnr, the
'previously described procedure6 for each is followed to determlne the final rotational
.(ﬁj) and vibrational (ﬁ;)‘energies‘of the'two'molecnles and the relative kinetic
.(Ek) energy. If reaction patbs 11 or III occur,these are treated intﬁannervsimie
lar to path I.6 lf reaction path IV obtains,'acoordhune'transformation is made,
the final relative kinetic,energy is'compUted.fromlthe_appropriate_qxﬂugaua1mnmnta
and the final rotational and vibrational ‘energy 'of.t‘ne'singl.e molecule is computed.
Final rotational and vibrational~states for‘each nolecule‘arevg
determined and designated by the rotational ano vibrational quantum numbers, j’and
v? respectively A\scattering angle X and'the maximun valne,of the‘potential energy
along each trajectory, referred to as the barrier, B, are also determined. For
a given set of trajectories, the averages of the rotational, vibrational
and kinetic energies are computed and designated:by <E3>’:<§v> and'<fk)-
respectively. The average barrier.(B) and'average scattering angle {X)
and distribution of the final rotational.and vibrational states are also

‘determined for each trajectory set. The procedures for calculating the

above quantities have been described.

Y




IV. RESULTS

In this section, the react1v1ty and energy transfer of flfteen sets
of trajectories are discussed. Eleven sets have a total energy of 240
millihattreebhnt differ_from one another in their distribution of energy
into rotational, vibrational and translational'degreee of freedom. ‘Each |
of the remalnlng four. sets has -an 1nternal energy 1dent1cal to one of the
previous sets but has a different total energy. - The fifteen sets are se-
v A
lected to investigatevthe effects of initial energy distribution on: the
total and specific reactivity and-energy transfer.

.Table III’provides.e summary ofvtesults for the verious trajectory
Sets. The initiai energyvdisttibution.aecording to_kinetie energy, rota-
tional energy of each-noleéule, vibrational energy of each molecule and the
percent react1v1ty for each reactlonpathare listed in the table.- In gen—
.eral, the trajectories are highly unreactive (case I): seven of the fif-
teen sets are”greater than 90% unreeetiVe and the remaining eighteare be~.

tweenv65 and 90% unreactive., The next mostllikely.outcome of a trajectory

is-H2 dissociation (case II). o v . . \

A. Non-Reactiﬁe‘Trajectories’
A Summary of the characterlstlcs of the non- -reactive traJectorles is
given in Table IV. - For each treJectory, we define the barrier B to be the maxi- e
mum potential energy along the trejeetory. ' It:is.interesting toenote_that_the
anerage barrie;;,<B>,.fof'eaCh'eet of.trajeetories iSvappfoximately 87 percent of
. the total enefgy.Of that’set.'i | | | |
A second characteristic of the'non-reactive ttajectbriee is that
_they have a nearly eonstent”value ef evetage scettering angle,~%X$.. The
average values for the various sets havete standard deviation that ie_no

more than_7-degtees and usually.less,thanv3‘degrees. -The small deviations
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indicate that the scattering angle is strongly.inflnenced by the-central
_force portion of the potential. _Since the initial impact parameter is the
' same'for each'of these trajectories, the near constancy of the average
scatterlng angles for the varlous sets, irrespective of the initial - energy
conditlons, reflects the strong repu151ve nature of the potential and the
tendency for the collisions to resemble hard sphere interactions. The
scatternxu;angle for this 1imitrng case of ‘hard spheres in determined from -

the expression

= 2 arccos (b/d)_h
where b is the impact parameter and d'is the distance between centers and
is equivalent to the "molecular diameter". _Taking>b = 0.1 bohr andyvalues
" for d of % r, to 2 s the variation in scattering angle is 164° to 176°
Although this range hrackets the values of~<x>'in Table'IV, the trajec—

tories are apparently more compllcated than hard-sphere traJectorles as

ev1denced by the variation in the redlstrlbutlon of energy in the final
states. |

Torexamine the effect of initial kinetic energy with'the remaining
internal energies held constant, sets with the.same indices but
different total energy are comparedi e.g.,5compare.the'two.(OOOO) sets
having total energy 240 and 330 miliihartree;'respectively. The average
kinetic energy loss increases monotonically with_increased>initial kinetic
energy. The average final rotational energy‘change of each molecule also
increases with initial kinetic energy which probably_reflects the in-
creased angular momentum of the'sets with‘higher initialvkinetiC,energy.
The distribution of final rotationai.states;is only slightly influenced

by the initial kinetic energy, as shown in Fig. &4 for the (0303) case.

b
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The distribution of final vibrationai-states for this case is also given

in Fig. 4. The collisions become more inelastic with respect to vibrational
energy change with increasing kinetic energy and there. is a tendency for

the distrlbution of f1na1 vibrational ‘states to broaden. Since the average

vibrational energy changes <AE > glven in Table IV 1nclude both excitations
and de—excitations, the p0351bility of a systematic dependence on-initial ‘

kinetichenergyjis somewhat masked. Nevertheless for D2, a direct correla; :

tion can be seen between <AEV> and initial Ek'

Increased initial rotational energy has little effect on the energy
transfer process. This is determined by comparing sets that differ only in
initial rotational energy: (0000) w1th (3030) ; (0303) w1th(3333),_and
'(0204) with (3234). The final rotational state dlstribution is peaked about
the initialvj value for both molecnles and the number of finai.j states ex—
hibits 1ittle dependency on the initial rotational energy. The yibrational
state distributions are.similarly unaffected,by changes in initial rotat-
ionai energy_of this magnitude. |

The effect of adding initial vibrational quanta to bgth_molecules in
incremental amounts for sets of the same total energy is examined by com-
paring‘the.setsv(OOOO), (0101), (0202), and (6303) in Table IV. Since the
total energy is the same for each of these: sets, the increased v1brat10nal
energy is obtained at the expense of relative translational energy. The
final average kinetic energy loss decreases with increased v1brationa1 ex-

on initial E,
citation, which is con51stent w1th the d1rect dependence of <AEk>,‘noted
above. The final rotational state distributions show little variatlon in
this series and reflect the slight changes noted in the final average
rotationallenergy. The average vibrational energy change of both mOlecules
decreases with increased'initial quanta. This cannot be.attributed to de-~

creased initial kinetic energy since this effect does not occur for both .

-



12,

molecules in the sets wﬁere kinetic enefgy is the solé variable. .The final
vibrational étate diétribufionsvfor thé two molecules behave similafly to
~one anotﬁer. For sets where transitions Av = i‘i‘ére_possiblg, i.e., other
thgn (0000), thé de-excitétion is mofelﬁrobable‘than the'correqunding exci;
vtation and accounts for the decreased average fiﬁal vibratibna1 gnergy_éf
‘this series. With the exceptioﬁ of (0000), the tqtalﬁnumber ofkpdpulated
states shows littie vafiétion wiﬁh the incnéésed initial.quanta.‘
The sets (0008), (0204), (0303) and (OSOQ)_aré examinéd to ascer-

taiﬁ the effécf of initial vibrational energy-d;stribution between the two
molecules. _These sets havé thé samé tqtal énergy, negfly the same'initial

‘kinetic ‘and total vibrational energy, but the vibrational energy is distrib-

uted differently between the molecules. .The rotational energy gain of H2 in

the‘(OSOO) set and for D2

their respective columns, and may indicate intramoleéﬁlar'energy transfer.

in the (0008) set are the largest entries in -

The vibrational energy gain is higher for the‘molecdle with the lesser
~ amount of initial vibrational energy and the effect is more exaggerated

when one of»the molecules has the greater bulk of initial vibrational energy.

The H, in (0500) and the D, in (0008) lose vibrational energy, which appears

2 2
to ‘account for most or all of the relativelyllarge gainé of the other mole-
cule.

Finally, the effect of increasing the.vibratiOhalvenergy in one’

molecule at the expense of initial translational energy is estimated through

comparison of (0000) with (0008), (0202) with (0204), (0300) with (0303)7and

.(0000) with (0300) and (0500).. As the initiallvibrational energy 6f one
of thebmblecuiés increésés,,the final;averagevkinetic énérgy lées_deéreéses;'
however, this trend is also present Qhen initial.kinetic_energy is the sole .
variable.. The final average ?ocational'enefgy_increases for the moleculé

with increasing initial vibrational energy, while the final average rota-
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tational energy of the other molecule decreases. Also, the final rotational
state distribution of the molecule whose initial vibrational state is
altered has higher rotational states pdpulated'as the initial vibrational

energy’ increases, and the other molecule has fewer final rotational states

populated. Tﬂe average vibrational energy change of both molecules de-

creases as the initial vibrational energy of one of them increases. This

effect cannot be attributed entirely to the initial kinetic energy decrease

since this effect did not occur for both molecules when kinetic energy was

.

the sole variable. As the initial vibrational energy of a molecule in-
creases, the maximum vibrational state populated for that molecule in-

creases. 'No pattern‘emerged for the molecule with constant initial vibra-

. tional energy.

In summary, the results of the non-reactive trajectory calculations
indicate the'fpllowing trends. The.energy transfer process is dominated
by T+V and T+R. Increasing initial kinétic energy increases the energy
transfer from translational to internal modes. Initial rotaﬁional excita~
tion shows no strong effécts on the cplliéion.processes. Thefe ié some
evidence for energy transfer between the internal ﬁodeé.v For exampie, as
the initial v?brational.enefgy.of one of the molecules is increased, it

acquires more rotational energy and loses vibrational energy while the other

- molecule gains less rotational energy.

B. Reactive Collisions-
Average barriers <B>  and scattering angles <X> .are reportéd for

the various sets of trajectories for each of the four reaction cases in
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Tables V-VIII, respectively.' In addition, the Tables preéent average final
energy»distributions of the reactive trajectories. ~These results provide
the.basis for nost of the discuseion presented below. However, histograms
of finai rotational and vibrationalvstate’distributions for the various
cases.have been constructed, and will also-be discussed.

.For each set'of trajectories in'Table‘V having more than 57% Hé
dissociation, the average barrier is S—iO%'lOWer.than the barrier for the ' o .¢
corresponding unreactivevcase in Table'IV.vaonever, the scattering angle
for aigiven.set is only;elightly less for_the‘H2 dissociation case than
the correSponding_nonfreactive case. A'eimilar pattern holds for the one
set (0008) giving a significant D2 dissociation7in'Table VI. ,The.average
deviations about the average scattering angle for these .two diséociation.
reaction cases is relatively small-(less.than + 13°). This preferential
scattering and the close proximity of the <x> values to the unreactive
case prov1de some evidence for the direct nature of these reactive colli-
‘sions as opposed to the 1dea that an- 1ntermediate .complex is formed during
the course of the collision. In a direct.reactive.collision, the
- reaction is over before the‘colliding reactants have time to undergo
rotetions about one another. If the reactants form a conpiex which'eticks
‘together for a rotational period or more, the‘produCto flyvoff at.random,.,
giving an ieotropic diétribution.of.scattering angles;

.The average scattering angles of-about §0° obeerved for the single
and double exchangeireactions in Tables VII end ViII differ significantly v
from the average nonfreactive < X > value of ml72°r ‘Moreover, the aVerege
deviations for the single eXchange‘case are as 1arge as + 280‘ Thus, tra-
Jectories leading to chem1ca1 exchange correspond to a collision mechanism
‘that is quite distinct from the more direct mechanism that appears to con-

trol the non-reactive and dissociation collision cases.
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The éffect of ihitial kinetic energy vériation cén be examined by_
comparing éets with the same indices and differeht ﬁotal energy; that is, the two
(0204) sets aﬁd the thrée‘(0303) sets.. Total reactivity increases with iﬁ—
creasing ini§£ai kinetié.energy; especialiy the specific reaétions, H2
dissociation and singlg exchange. As the initial kinetic energy increaseé,
the energyAuséd for'dissociationiappeafs‘to come preferéntially_from
kinetic:epergy; since the final kinetic energy loss inéreases-and finai
vibrational 1dss decreases.. The double exchange process‘is‘slightly more
probéble as kinetic energy is incréaséd'although the slight increase may |
not be sfatistiéally,significant‘ The‘;dfal internal enéféy of the»broduct
HD formed in both exchange reaétioné increases with increasing-initial
kinetic éﬁergy, The increase.in HD rotational eﬁergy reflects the in-
'creased total énguiar momentum of the system, with increaSedvkinetic.ﬁ
énergy. | |

The‘effectvof initial rotafionai energy on reactivity is defer-
mined by comparing sets that differ oﬁly_in initial rotational energy::
(0303) with (3?33);‘and (0204) with (3234).> Initial rotational energy
changes of this‘magﬁitude are seen to affect no significant change in re-
activity. 'Single gxéhange.decréases‘with_iﬁcreasing initial iotational
energy in comp;ring (0303) with (3333). Iﬂcfeasing initial rotational
énergy could act to decrease thé probabilifytof geometrically.favorable
orientations whichvleéd to‘reaction;

The effect of hélding the total energy*éonstant and.adding vibra-
tional duanta‘of energy in incremental amounts to both réactanf molécules
at the-expehse of initial.kinetic_energy’isvdetgrmined by:comparing the

(0000), - (0101), (0202) and (0303) sets."From Table II1II, the total reactivity
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increases with the addition of suCcessivéfquanca and there is an increas-
_ing number of reaction cases having probabilities greater than zero. For

H, dissociation, the reactivity for (0101).is very ldw; whereas for the

2
7(0202) and (0303) sets it is:.NSZ. Since fhe_latter two sets differ from one
another only in a traﬁsfer of ~30 miilihartree:from iﬁitial kineticvto initial
vibrational energy, théée two initiai_energy modes aie seen. to be equally effec-
tive in p-roducing'H2 diésociation'within thisvseries. jFor singievéxchange, the
initial vibrational energy is more effective théﬁ initial kinetic energy
éince the feactivity increasés from 2vto 7%.between the (0202) and (0303)
sets. In Table V}'fhe ratip_of‘finéi kinetic enefgy loss to initial kinetic
energy is_approximately.constant for this‘séries. As vibrational quaﬁta
:are added to thg two moiecules,-the vibratippal energy of D2 seems to in-
creasingly confributevto thé dissociation of H2.I;F6r:the single exchange:-
process in Table VII, the iﬁternalfeﬁergy of the product,HD decreases with
added initial ?ibrational ﬁuanta, R |

Next, the sets (0008), (0204), (0303), and (0500) which have the .
same total eﬁergy, nearly cOnétant ini#ial kinetic energy but vérioué dis—
tributions of initial vibrational energy are examined. There are signifi-
cant differences in overall‘and Specifiéxreactivity‘whigh implies that it
is the distribﬁtion of vibrationa1_energy.bétween the reactant'molecﬁ}es
that is of more conséquence to reactivity thah the total aﬁount. This . is
in marked contrast to atom—molecﬁle“séatﬁering. Piacing most of the ini-
tial vibrational énergy in one éf the reactants produces the dissociation
of thét reactant as evidenced by the felatiyély large nqmﬁer of H2 disso--
ciations in the (0500) set and correspondingly_lérgevnumber of Dz'disso¢ia—
tions in the (0008) set. H2 dissoéiates-moréueasily than:'D2 fof a given
amount éf initial»vibrationalvenergy. If one édnsidérs dissociation as an

extreme case of vibrational energy transfer, this effect can be explained
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by the greater ab'ility'of-H2 to acquire vibrational energy than D2. This
will befdiscussed in more detail subsequently. Distributing the vibrational
energy more equally between the molecules increases the occurence of single &%~

change reactions. The (0204) and (0303) sets are nearly equivalent energetical-

ly: " however, in the former case, D, has the greater share of initial vibra-

' tiOnal»energvahile'in the latter, the converse obtains. In comparing the

two sets, the'(0303)‘set_has'a'larger number of'H2 diSsociations while the

number of single exchange reactions is only slightly greater for the (0303)

 set. Also, the final average HD vibrational energy in single exchange is -

‘similar for'the two'sets.‘ The same trends are seen when the. (0204) and (0303)

sets of total energy n270. m1111hartree are compared.
‘The effect of changing the v1brat10nal energy for one molecule_

at the expenSe'of initial kinetic energy can be examined as follows. Com~

‘par1ng sets (0000) with (0008) or (0000) with (0300) and (0500), an increase

in the 1n1t1a1 vibratlonal energy of one of the molecules while the other

remainsvinitially inv=20 produces an increased number of dissoc1ations of
the excitedvnolecule. .Conparing sets (0202) with (0204)\or (0300) with (0300),
the increase in initiel vibrational_energy of_onevof'the molecules while the |
other molecule remains initially inv>20 enhances the probability for ex-
change reactlons but decreases the probabillty for dlssoc1at10n.'

' Hz dissoc1at10n occurs largely through k1net1c energy transfer with

an average barrier greater than the dissociation energy, 174-millihartree.
As the vibrational energy of D2 increeSes,dmore,ofrthe;vibrational energy
is used for Hzidissociation; Little rotational energy is transferred to D2
and the final rotationel.states populated are j52_5_6¢ _The.initial rota-

tional state of D2 is elso the most populated final state. The change from

initial to final vibrational quantum number of DZ is no greater than



18.
Av = + 3, with the probability of de;excitation,increasing with increasing

initial Vbz.

The.D2 molecule is more difficult to dissociate than HZ' The dif-
ference in mass of the two molecules is responsible for the relative ease

with which H, gains vibrational energy and dissociates relative to D2. If

2

one_exanines the-vibrational energy transfer in tne spectator limit of
atom-molecule colllsons, i.e. lettlng D2 be a partlcle in one case and ﬁz
be. a partlcle in the reverse, the lighter mass molecule colllding with the
‘heavier mass particle gains vibrational energy more_easily then the re-
verse situationvof a heavier‘molecule,colliding'With'a 1ight mass particle.
This is shown simply bybmomentum conservation.for-a iinear collision.
Physically, this implies rhat-the duration of the collision is short com-
pared to the period of the oscillation. The scattering angles associated
nith both'dissocietion reactionsvreflect'tﬁar the atoms of the dissociated

molecule are back scattered from the remaining molecule.

Details of the single exchange process are given in Table VII.
The 31ngle exchange reactlon appears more probable for those sets which have
the 1n1t1al v1brat10nal quantum number of each molecule greater than or equal
to two. Comparlng the two (0204) sets and the three (0303) sets 1ndi—
cates that increased initial kinetic energy enhances the probabillty of
single exchange. The deviations from rhe average scattering angle of ap~-
' proximately 90'degrees are larger than those associated with the other
, reaCtine'patns. The producr HD hes a.final rotational quantum.number j'HD‘g
11 with an even distribution over the finel steres. In general, the final -

average rotat10na1 energy of HD is hlgher than that present in the undis-

soc1ated molecule in the colllslonally induced dlssoc1at10n reactions. The -

Py

(&S
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final VlhrationallsratesvoleD.are such that vﬁD'§_3vwith the states v’/= O,
lbbeing most heavily oopulared. The relative kinetic energy of the un-
bonded H and D atons.is41ess than but of the same order of magnitude as the
final relative kinetic energy;

Unfortunately the probablllty for the occurrence of a double ex-

‘ change reaction is very low and therefore only a small number of trajector- '

ies follow this path. Nevertheless, a few observations of,the results in
Table VIII are of interest; .For each set of trajectories wherebdouble ex-
change occurs, a larger number of 51ng1e exchanges occur and the average
barriers for double exchange are higher than the correspondlng average
barriers for single exchange. The aVerage-scattering angles of 90° are
quite similar in the single and' double exchange cases; however, the devia—
rions from the average values of ¥ for double exchange are smaller than
those in the single exchange_process.- With one exception,.the trajectories
which 1ead to double exchange all: 1nvolve an H2 with an initially expand—
ing bond (p031tive vibrational phase) and a D2 w1th an initially contractlng

bond (negative vibrational phase)‘ For some sets, there is a 31gn1f1cant

rotational excitatlon of the HD molecules, w1th populatlon of rotational

states up to j' = 14, In all but one trajectory, one of the HD molecules
is vibrationally excited to VJHD > 8 while the other HD molecule is in a

low vibrational state.
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V.. Discussion

2 2

»Collisions between H, and D, would traditionally be expectéd to
give rise to some H, dissociation (Case 1I), D2 dissociation (Case I11),

2

and double,exchangé (Case V). Thus, itbis interesting to observe the
occurrenée of the.single exchange reaction (Casé‘IV). It appears that

the four-center singlé exchanée reactionbhaS'its own‘colléction of reaction
‘ paths tﬁat are energetically intermediate:betweeﬁ dissociation'and dquble
exchange. For éxample, (1) lowef average bafriefs are observed and

less initial vibrational energy is reqﬁired fdr single éxchange than double
exchange; (ii) the reacﬁivé paihs for sihgle'éxchange‘havé higher average
barriers and apﬁear to require higher,vibrational energy thrgsholds than
the dissociative ééths." The trajectory tiﬁés associated with single
exchange collisiops.are one and a half to.two‘times longer than other
reactive trajectbries but are considerably less‘than times one might
associate with rotational periods of four—éentér complexes,“Moreover,-
there'is no otberveVidence for a long lived éollision complex along the
single exchénge reéction path: ' the distribution of 3cat£erihg'angles is
not isotropic betweeﬁ 0 and 0 even though Iarée standa;d:deviatioﬁs are
associated with the average scattering angiéé-of thé’giﬁglevexchange.case.
Finally, the rathef striﬁgent requiremeh£<of feactant molecules  having -
vibrational phase of opposite‘signs which wés noted for double exchange

reactions is absent for the single exchange case.

Although it would be of interest to compare collisions on the
" valence bond repulsive surface with the previously describedl collisions
on the London surface, the comparison is not parallel since the London

surface has a lowest energy saddle point barrier to chemical exchange of

N
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0.116 hartree, collisions were studied at energies greater than the -

barrier height and less than the H, dissociation eﬁergy. Thus the number

2

of possible reaction paths were restricted to the non-reactive and double

exchange cases.

4

In the London'study, reactivity decreases with initial wvibrational
energy, while here, the probability for double exchange is enhanced by

increased vibrational energy in both molecules. ' The final internal energy

' distribution of the prbduct'HD'mdlegules for both studies is different.

Both HD molecules have v' < 4 in the London study; while here, one of the -
product HD molecules. is highly excited with v' > 8, and the other is in

a low vibrational state. The final rotational state distributions of the

HD products are somewhat different; j'IS.IO obfains for Ldndon double

exéhange'whiie i' < 14  is found here.

There are mﬁre siﬁilarities for non-reactive collisions than for
reactive collisibﬁs on both'surfaées‘ The séattering'angleé associated
with the nonreéctive collisions oﬁ_bofh.suffacesvare principally determined
by the central force poitidn of thgﬁiﬁteréétion. Here, due to the stfoﬁg
fepulsive nafﬁre of the surface, the séattering angle is apprqiiﬁately

independent‘of the dinitial energy distribution, while'éalculations on

“the London surface with its softer repulsive wall yield ave;age scattering

angles which aré_inversely'related to initial kinetic energy. The méjor
mode of energy transfer for both studies appears to be the transfer of
kinetic energy into the internal degrees of freedom. AVerage kinetic

energy changes are negative for the Sets investigéted'ih both studies;

however, in the Londoh study, |<AEk>| is monotonic with initial kimetic

-energy.
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:uThere are interestiﬂg effectS'Vhich occﬁ: ip both studies which
‘emphasize the bimoiecﬁlar naturé of the'CAllisidns} With-oﬁ1y two exceptions,
the moleéule.with‘the greater initial'vibrational'eneréy has, on the average;
the greafer_final'fotational energy. The»apparent'intermolecular vibrational
fotational'coupling'is emphasized by the'following treﬁd noted in coiiisions
~on bbthvsurfacés: »<AE3(H2)> 'decr¢a5§3~with EV(DZ).fﬁt constant E§(H2) and
-equivalént‘behavior is noted wi;h respéct.tq the <AEj(D2)> dependence on

.EV(HZ) for constant EV(DZ)'

The H, + D

2 exchange reaction hés béén studied experimentally by

23,24,28,29

_ 2
several iﬁvestigators but'tﬁe_meéhanism.is_not understood.

Large discrepancies exist betweep e#perimentally &érivedvactivatibn energies
and theoretical calcﬁlatioﬁs'15_22‘6fvbaffier'heights. ‘Experimental results
are, however, in agreement with one another with regpect to an activation
enefgy of 40 kcal/moie.- If one assumes a'quadratic time-dependeﬁce; unit
order dependence for the:inert gas, ahd'Zérqvofder dependence for,szand

DZ’ the experimental data all yiéld a?proximaﬁely tﬁe:séme value of the
ffequency factor: The rate law Hérived from eXpérimental data has aluﬁit
order dependence on inert gas contentration, aﬁd this'argueé againSt a
direct four-center mechanism; A dissoéiafion reaction.folléwed by an atom/k
molecule eﬁchange step mechanism has'a quadratic time dépendence} howeVér,
this mechanism also requires a unit ordef dependence of the teactants and
-an activation energy of fllO'kcal/moie; whiéh is considerablyvlarger'than
.thé.experimentally detérmined activation energy of 40 kcal/mole.- Thus,

this mechanism isbinconéistent with the expériﬁentaliy dgtermined rate law.
A vibratiénal éx;itation mgchanism, in which only vibrationallytexcited_

molecules react via double exchange, is eliminated as a potential mechanism
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if one includes vibrational de-excitation kinetics, since it does not
reproduce the experimentally determined quadratic time dependence. This
mechanism also requires a unit order dependence on reactants and is

thus inconéistent with experimental results.

A stimulated raman laser study of the H2 + Dzaexchange reaction

has been reported>” in which either H, or D, is excited to v =1 in
the presence of.ﬁhe other moleculef, Modeling calculations24 which
included,intramolecularband interﬁolecular vibrational energy tfansfer _
and chemical reaction were performed to describe'the time evolution of

the system and ultimate reactivity. These were in qualitative agreement

with experimentally determined HD production levels, and it was thus

concluded that exchange occurs with reasbnable probability for collisions
in whi¢h Vg 2 3 or Vo 2 4,.*and that translational energy was rela-

2 2
tively unimportant in causing reaction.

The present study:has been directed toward investigating some fea-

‘tures of theé bimolecular reaction. However, since reaction probabilities

and not a rate coefficient are détermine& hére; the results are not
directiy comparable‘with experiments in which a rate.coefficient is
determined. In addition,'since.;he bérrief to chemical exchange on

the potential energy surface is very high, the trajectdry,caiculations
needed to be performed af.high total energies in order to pe¥mit the
possibili#& of reaction. Even at‘high-total enefgy; less than 3% of the
trajectories led to doublevéxchange‘feactions; and thérefore_the.statis—
tical sigﬁificanée of these reactioﬁ probabilities is such that the

results can only bé_viewed'qualitatively.
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: Déspite'theSe difficulties and differences betwéen the present

calculations and the experiments, there ‘are some interesting comparisons. .

Here, reaction via double exchange requires that both molecules are’
vibrationally excited and,in the colléétion'of sets investigated,

double.exchanges ‘occur only when vy = 2 or 3 and vy =3 or 4. In

partiéuiar, vibrational exéitétiop is required in both molecules,vin
contrast to the mechanism of Bauer ef al.zg in which only one of:the
mélecﬁiés needs to be vibratiohally ekcited; Moreovér; in the preseﬁt
work, dissociation énd single exchange reéctidns are more éfobabie
than double exCHangé. Also, kihetié energy eﬁhaﬁces the'feaction
probability'fot.exchange oncé sufficiént'ihitial vibrational energy

is present. The HD exchangé préducts:ére vibtationally excited in
égfeemént with the cénélusions of Bauervet a1a;29' hbﬁever,‘the.amountv
of exéitation differs due'fé fhe.high kinétic en¢rgies consi&ered'here{
The calculations of_Béuef et 31?29 indicaté that V-V eneigy’transfer is
of extreme importance in ﬁépulating the:uppér, reactive Qibrational'
states of the_reacfants. Hére,vdue tovthe.large initial»transiatibnal

energies, T-V transfer is by far the dominant process.

[~
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TablevI."Compafison of ab- initio and7semi—empiricai results for minimum

'energy 1B1g Square-plaﬁar H,.

Surface o - Ro. E_,_(H,) vE(z'Hz) AE(barrier)
: (bohr) . (hartree) (hartree) _(kcal/mole)
CI (ab initio)® 2.7  -2.0595 -2.2959 148
VB (ab initio)® - 2.7 -2.0543 -2.2947 151
Repulsive = 2.67 L2223 _2.3489 142
' -2.3489 73

London - 1.94 S -2.2321

4pull configuration. interaction, using a single-zeta basis set with

optimized orbital exponents.

bValence bond including all covalent strhctures;‘using the same basis set

as for the CI calculation.



_Table II. ‘Singlet state energy minima for vérious'geometrical'conformatidns

~of H.
Geometry . B Surface o Rmin(bohr) _ Emin(yartree)
N

Linear equidistant . Repulsive : 1 - 1.80 -2.2710

| London  1.72 - =2.2597

Centered equilateral. Repulsive o 2.31 ' -2.0767

triangle '
London - - ' 2.02 . =2.0812
Tetrahedron ' Repulsive - 3.20 . =2,0448

London 2.25 21172
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Fig. 1

Fig. 2

Fig. 4
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Figure Captions

Interaction energies along a reaction path corresponding'to a

rectangular arrangement of ‘the two H2 molecules, leading to a-

square-planar symmetric'intermédiate.

Equipotential contour maps for the London and repulsive surfaces
correspbnding to rectangular'arraﬁgementé~of the four atoms.

The contour intervals are one-tenth of the H2 dissociation energy.

‘The reaction paths in Fig. 1 are indicated here with dashed lines.

. Projection of the equipotential_contour maps of Fig. 2 for the

London and repulsive surfaces co:responding to rectangular arrange-
ments of the four atoms. The contoﬁr intervals are oneftenfh of

the H2 dissociation energy. -The two surfaces are drawn to identical
scéle.‘ :

Distribution of final rotatioﬁal (&) andvvibrational (v') states of

Hz and D2 after nonreactive trajectories having the set of initial

states (0303) and various values of ihitial'kinétic energy Ek

" in hartree.
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