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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 

potential-energy surface incorporating enough repulsive 

character to yield barriers to chemical exchange that are in 

general agreement with ab initio results. The trajectory 

calculations are performed at high total system energies to permit 

the possibility of reactions. In addition to non-reactive 

inelastic collisions, the reactants 	can produce four 

possible reactive cases with product species 2H+D 2 , H2+2D, 

FID+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 the H 2  + 

system: H2  + 	+ 2 HD. Even here, the corresponding interaction potential 

must have a complicated form in order to describe all of the various intra-

molecular and intermolecular effects that are present. The dominant 

contributions to the potential should arise from two-atom effects: that 

is, a sum of interactions obtained by considering each possible pair of 

atoms independently of the others. These effects should be adequately 

described by the London-type potentials that have been used in previous 

classical dynamics studies16  of bimolecular collisions. However, especially 

at short intermolecular separations, important contributions to the potential 

can also arise from three-atom and four-atom effects: that is, a sum of 

terms derived from the simultaneoUs interactions of three and four atoms, 

respectively. 

Previous quasi-classical dynamics studies of bimolecular collisions 1-6 

have employed semi-empirical potential energy surfaces714  that are restricted 

to the inclusion of two-atom effects, through use of the London approxi-
7'For H + D, such _ 

mation . 	model potential energy surfaces have saddle-point barriers 

to the chemical exchange process that are approximately one-half as high 

15-22 
as the lowest barriers found from ab initio calculations. 	Although 

two atom effects are dominant, three and four atom effects are important 

to the physical picture and their inclusion brings the model barrier 

heights in line with the ab initio barriers. 

The present work reports details of quasi-classical trajectory 

calculations for collisions between H2  and D2  using a model potential 

energy surface hving strong repulsivefeatures. The surface employs a 
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valence bond model with semi-empirical evaluation of integrals, including 

many-atom contributions. In agreement with ab initlo results, the energy 

barriers to chemical exchange on the model surface are all greater than 

the energy required to dissociate a single hydrogen molecule. 

The total system energy employed in the trajectory calculations 

is maintained at levels above the H2  dissociation to permit the possibility'. 

of chemical exchange. The results are presented in terms of reaction 

probabilities, average final state properties of the molecules, and average 

final state energy distributions. The itifluence of various initial vibra-

tional and rotational energy distributions is. examined. In particular, 

since the experimental observations of the H2  + P2  system have been shown 

to be consistent with vibrational excitation of at least one of the 

23-29' 
reactant molecules 	, several, of 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. ' 

'V 
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• 	 II. Repulsive Model Potential Energy Surface 

The potential function employed in the present work consists of 

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

description8-11  ,30  of the interactions between four electrons about four 

protons. Isotopic differentiation of the four nucleiis suppressed in 

this Section and the nuclei are labelled A, B, C and D. 

The valence bond wavefunction for the four-electron, four-atom 

system3' consists of two covalent structures: (i) an A-B bond and a 

C-D bond; (ii) an A-C bond and a B-D bond. The relative importance of 

these structures is determined by the variation principle. The atomic 

wavefunction on each center : is a hydrogenic isatomic orbital. If all 

one-electron and two-electron integrals are explicitly evaluated, the 

result is an ab initlo valence bond description of the 114  system15 ' 18 , 

which is a reasonable approximation to the corresponding "single-zeta" 

full configuration interaction procedure 32 . 

To obtain a tractable analytical form for the H4  potential surface 

11 and its derivatives, a semi-empirical evaluation of the various electronic 

integrals is necessary. A parameterization of the integrals has been 

chosen30  that gives the proper atomic (4 .11) and diatomic (2 H 2  ) asymptotic 

limits, each 112  molecule being described by a Morse potential 33 . With 

one atom removed, the 114  surface reduces to the Porter-Karplus potential 

for three atoms (H3 ). The remaining parameters governing the repulsive 

four-atom effects are chosen to give agreement with ab initio calculations 

of the 114  potential 
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Since the semi-empirical model H 4  surface is developed from a 

"single zeta" ab initio valence bond surface, a logically consistent 

procedure is to choose values for the repulsive four-atom parameters such 

that these two surfaces are in reasonable agreement. Table I gives a com-

parison between the ab lnitio valence bond and configuration interaction 

results and the semi-empirical "repulsive" potential for the minimum energy 

square-planar conformation of H4 . These results are all in reasonable agreement, 

especially in comparison with the corresponding result on a London potential, 

given in Table I. 

A further comparison is presented in Figure 1, showing the interaction 

energy along a rectangular reaction path leading to a square intermediate. 

The ab initio and repulsive reaction paths cross a saddle-point at the 

Intermediate position, x = y = 2.7 bohr, and thus the reaction path shown 

in Fig. 1 is close to a reaction path of steepest ascent. In contrast, 

the London path shown in Fig. 1 is far from its steepest ascent reaction 

path, since the saddle-point on the London surface occurs at x = y = 1.94 

bohr with an interaction energy of 	0412 hartree 	This is more 

evident from the equipotential contour maps in Fig.. 2 corresponding to the 

rectangle-square-rectangle surfaces. 

The most striking difference between the London.and repulsive 

potentials Is the height of the saddle-point barrier in the square geometry, 

x = y in Fig. 2. Further differences also appear in the shapes of the 

reactant and product valleys, as can be seen in the projected views of 

the rectangular contour maps given in Fig. 3. 1  A comparison of energy 

minima and their positions in other symmetric intermediate geometries 

Is presented in Table II for the repulsive and London gtentials. 
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III. Description of the Collision Procedure 

A. Trajectory Calculations 

The methods of quasiclassical collision dynamics are used to study 

the H2  + D collisions on the repulsive model potential energy surface. 

The conjugate co-ordinates and momenta, the reduced masses, the co-ordinate 

system and the boundary conditions are defined in our previous study. 6  

The numerical procedures, namely the use of a fourth-order Runga-Kutta 

algorithm to solve the equations of motion and the use of a composite 

generator for random number generation, have also been previously described. 6  

6 Atomic units are used throughout these calculations. 

A set of trajectories is defined to consist of 300 trajectOries, 

each trajectory having 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 fascilitate comparison between the various sets and to produce a degree 

of uniformity in the convergence of theMonte Carloaveraging 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 is used for the nth trajectory of all 

other sets. 
S 

A given set of trajectories is characterized by a quadruple of 

numbers, the initial H2  rotational quantum number, the Initial H 2  vibrational 

quantum number, the initial D 2  rotational quantum number and the initial 

vibrational quantum number, and the notation 	VH JD 
 vD ) is used 

22 	2 	2 
to identify each particular set. In this study, initial rotational quantum 

numbers are chosen to be zero or three. 
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The total system energy for most trajectory sets is .24 hartree; 

however, the initial distributions of energy between relative translational, 

rotational and vibrational energy. of the molecules are varied. This high 

system energy insures a reasonable level of: reactivity so that statistically 

meaningful Monte Carlo averages can be., obtained for reaction probabilities 

with relatively few trajectories. 

Preliminary calculations revealed that the impact parameter cut-off 

for reactivity is 1.0 bohr. Since most reactions occur at small impact 

parameters and one of the objectives of this investigation is to study 

reactivity as a function of initial energy configuration, a constant 

initial impact parameter of 0.1 bohr was selected for all the trajectories 

computed. The choice of a constant impact parameter has the additional 

advantage thatthe statistical variation among various sets of trajectories 

is reduced for a given number of trajectories. The consequence of this 

choice is, however, that one cannot then compute reaction cross sections 

which are a prime ingredient of rate coefficients. However, in the case 

of molecule-molecule collisions, restriction to reaction probabilities 

is not a severe liability since the calculation of a rate coefficient is 

a formidable task due to the multiplicity of variables which must be 

averaged to span the phase space. 

B. Final Conditions 

Since a trajectory can lead to a chemical reaction, a simple distance 

criterion is not available as a means of terminating the trajectory. 

Instead, each trajectory Is integrated for a time, t 	800 a.t.u., thetwo 
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smallest inter-particle distances, rm  andrn, are identified, and the 

potential energy of /the system, V, is evaluated. The traj ectory is 

terminated when 

Morse (r) + Morse (r) + 5 x lO > V 

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: 

H2  + D -'- H + D (non-reactive--Case I) 

H2  + 	-' 2H + D 2  (H2  dissociation--Case II) 

H2  + D2  - H2  + 2D (D 2  dissociation--Case III) 

H2  + 	RD + H + D (single exchange--Case IV) 

H2  + D2  + 2HD (double-exchange--Case V) 

The procedure for determining which of these reactions has occurred 

involves the identification of the product species. When the trajectory 

is terminated, the labelling of the two smallest inter-particle distances, 

r and r, is examined. Since the reactant molecules are taken to be AB 

and CD, then if m and n. correspond to AB and CD, Case I obtains and reaction 

has not occurred. If m and n correspond to another combination of labels, 

a check is made to determine whether rm or r is greater than 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 
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either AC and BD or AD and BC with both of the corresponding distances 

smaller than 5.6 bohr, Case V occurs. 

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 paths lor V occur, the 

previously described procedure 6  for each is followed to determine the final rotational 

() and vibrational () energies of the two molecules and the relative kinetic 
_J 	 0. 

(Ek) energy. If reactiOn paths II or III occur, these are treated inkmanner simi-

lar to path 1. 6  If reaction path IV obtains, a coordinate transformation is made, 

the final relative kinetic energy is computed from the appropriate cjugate nnnenta 

and the final rotational and vibrational energy of the single molecule is computed. 6  

Final rotational and vibrational states for each molecule are 

determined and designated by the rotational and vibrational quantum numbers, j'and 

v respectively. Ascattering angle X and the maximum value 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(E), <> and (Ek) 

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 

6  above quantities have been described. 



IV. RESULTS 

In this section, the reactivity and energy transfer of fifteen sets 

of trajectories are discussed. Eleven sets have a total energy of 240 

millihartree but differ from one another in their distribution of energy 

into rotational, vibrational and translational degrees of freedom. Each 

of the remaining four sets has an internal energy identical to one of the 

previous sets but has a different total energy. The fifteen sets are se-

lected to investigate the effects of initial energy distribution on the 

total and specific reactivity and energy transfer. 

Table III provides a summary of results for the various trajectory 

sets. The initial energy distribution according to kinetic energy, rota-

tional energy of each molecule, vibrational energy of each molecule and the 

percent reactivity for each .reaction,path are listed in the table. In gen-

eral, the trajectories are highly unreactive (case I): seven of the fif-

teen sets are greater than 90% unreactive and the remaining eight are be-. 

tween 65 and 90% unreactive. . The next most likely, outcome of a trajectory 

is H2  dissociation (case II). . 

A. Non-Reactive Trajectories 

A summary of the characteristics of the non-reactive trajectories is 

given in Table IV. '. For each trajectory., we define the barrier B to be the maxi-. 

mum potential energy along the trajectory. 	It is interesting to .note that, the 

average barrier, <B>, for each set of. trajectories is approximately 87 percent of 

the total energy of that set. 	 . 	. 	. 

A second characteristic of the non-reáctivé 'trajectories.is that 

they have a nearly constant value of average scattering angle, <X> . The 

average values for the various sets have a standard deviation that is no 

more than 7 degrees and usually less than 3 degrees. The small deviations 
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indicate that the scattering angle is strongly influenced 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 

scattering angles for the various sets, irrespective of the initial energy 

conditions, reflects the strong repulsive nature of the potential and the 

tendency for, the collisions to resemble hard sphere interactions. The 

scattering angle for this limiting case of hard spheres in determined from 

the expression 

x = 2 arccos (b/d) 

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 and values 

for d of ½ re to 2 r, the variation in scattering angle is 164 0  to 1760. 

Although this range brackets the values of 	in Table IV, the trajec- 

tories are apparently more complicated than hard-sphere trajectories as 

evidenced by the variation in the redistribution of energy in the final 

states.' 	 , 

To examine the effect of initial kinetic energy with the remaining 

internal energies held constant,, sets with the same indices but 

different total energy are compared: e.g., compare the two(0000) sets 

having total energy 240 and 330 millihartree, 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 initial kinetic energy. 

The distribution of final rotational states is only slightly influenced 

by the initial kinetic energy, as shown in Fig. 4 for the (0303) case. 
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The distribution of final vibrational 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 distribution of final vibrational states to broaden. Since the average 

vibrational energy changes,(E> given in Table IV, include both excitations 

and de-excitations, the possibility of a systematic dependence on initial 

kinetic energy is somewhat masked. Nevertheless for D 2 , a direct correla- 

tion can be seen between <tE > and initial E v 	 k 
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) with (3030); (0303) with (3333); and 

(0204) with (3234). The final rotational state distribution is peaked about 

the initial j value for both molecules and the number of final j states ex-

hibits little dependency on the initial rotational energy. The vibrational 

state distributions are similarly unaffected by changes in initial rotat-

ional energy of this magnitude. 

The effect of adding initial vibrational quanta to both molecules in 

incremental amounts for sets of, the same total energy is examined by com-

paring the sets (0000), (0101), (0202), and (0303) in Table IV. Since the 

total energy is the same for each of these sets, the increased vibrational 

energy is obtained at theèxpense of relative translational energy. The 

final average kinetic energy loss decreases with increased vibrational ex- 
on initial Ek 

citation, which is consistent with the direct dependence of <Ek>,jno.ted 

above. The final rotational state distributions show little variation in 

this series and reflect the slight changes noted in the final average 

rotational energy. 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 
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molecules in the sets where kinetic energy is the sole variable. The final 

vibrational state distributions for the two molecules behave similarly to 

one another. For sets where transitions Av = ± i are possible, i.e., other 

than (0000), the de-excitation is more probable than the corresponding exci-

tatioñ and accounts for the decreased average final..vibrational energy of 

this series. With the exception of (0000), the total number of populated 

states shows little variation with the increased initial quanta. 

The sets (0008), (0204), (0303) and (0500) are examined to ascer-

tain the effect of initial vibrational energy distribution between the two 

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

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

uted differently between the molecules.. The rotational energy gain of H 2  in 

the (0500) set and forD2  in the (0008) setare the largest entries in 

their respective columns, and may indicate intramolecular energy transfer. 

The vibrational energy gain is higher for the molecule 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 H2  in (0500) and the D2  in 
1 (0008) lose vibrational energy, which appears 

to account for most or all of the relatively large gains of,the other mole-

cule. 

Finally, the effect of increasing the vibrational energy in one 

molecule at the expense of initial translational energy is estimated through 

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

(0000) with (0300) and (0500). 	As the initial vibrational energy of one 

of the molecules increases, the final average kinetic energy loss decreases; 

however, this trend is also present when initial kinetic energy Is the sole 

variable.. The final average rotational energy increases for the molecule 

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 populated as the initial vibrational 

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

populated. The average vibrationalenergy 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 following trends. The energy transfer process is dominated 

by T+V and T+R. Increasing initial kinetic energy increases the energy 

transfer from translational to internal modes. Initial rotational excita-

don shows no strong effects on the collision processes. There is some 

evidence for energy transfer between the internal modes. For example, as 

the initial vibrational energy 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 reported for 

the various sets of trajectories for each of the four reaction cases in 

41 
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Tables V-VIII, respectively. In addItion, the Tables present average final 

energy distributions of the reactive trajectories. These results provide 

the basis for most of the discussion presented below. However, histograms 

of final rotational and vibrational state distributions for the various 

cases have been constructed, and will also be discussed. 

For each set of trajectories in Table V having more than 5% H 2  

dissociation, the average barrier is 5-10% lower- than the barrier for the 

corresponding unreactive case in Table IV. However, the scattering angle 

for a given set is only slightly less for the H 2  dissociation case than 

the corresponding non-reactive case. A similar pattern holds for the one 

set (0008) giving a significant D 2  dissociation in Table VI., The average 

deviations about the average scattering angle for these two dissociation 

reaction cases is relatively small (less than ± 130). This preferential 

scattering and the close proximity of the <> values to the unreactive 

case provide some evidence for the direct nature of these reactive colli-' 

sions as opposed to the idea that an intermediate-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 

rotations about one another. If the reactants form a complex which sticks 

together for a rotational period or more, the products fly off at random, 

-giving an isotropic distribution of scattering angles. 

The average scattering angles of about 900 observed for the single 

and double exchange reactions in Tables VII and VIII differ significantly 

from the average non-reactive < X > value of ,,1720.  Moreover, the average 

deviations for the single exchange case are as large as ± 280. Thus, tra-

jectories leading to chemical 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 effect of initial kinetic energy variation can be examined by 

comparing sets with the same indices and different total energy; that is, the two 

(0204) sets and the three (0303) sets. Total reactivity increases with in-

creasing initial kinetic energy, especially the specific reactions, H 2  

dissociation and single exchange. As the initial kinetic energy increases, 

the energy used for dissociation appears to come preferentially from 

kinetic energy, since the final kinetic energy loss increases and final 

vibrational loss decreases. The double exchange process is slightly more 

probable as kinetic energy is Increased although the slight increase may 

not be statistically significant. The total internal energy of the product 

HD formed in both exchange reactions Increases with increasing initial 

kinetic energy. The increase in HD rotational energy reflects the in-

creased total angular momentum of the system, with increased kinetic 

energy. 

The effect of initial rotational energy on reactivity is deter-

mined by comparing sets that differ only in initial rotational energy: 

(0303) with (3333); and (0204) with (3234). Initial rotational energy 

changes of this magnitude are seen to affect no significant change in re-

activity. Single exchange decreases with increasing Initial rotational 

energy in comparing (0303) with (3333). Increasing initial rotational 

energy could act to decrease the probability of geometrically favorable 

orientations which lead to reaction. 

The effect of holding the total energy constant and adding vibra-

tional quanta of energy in incremental amounts to both reactant molecules 

at the •expense of initial kinetic energy is determined by comparing the 

(0000), (0101), (0202) and (0303) sets. From Table III, the total reactivity 
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increases with the addition of successive quanta and -there is an increás-

ing number of reaction cases having probabilities greater than zero. For 

-H2  dissociation, the reactivity for (0101) is very low, whereas for the 

(0202) and (0303) sets it is '5%. Since the latter two sets differ from one 

another only in a transfer of ".30 millihartree from initial kinetic to initial 

vibrational energy, these two initial energy modes are seen to be equally effec-

tive in producing H 2  dissociation within this series. For single exchange, the 

initial vibrational energy is more effective than initial kinetic energy 

since the reactivity increases from 2 to 7% between the (0202) and (0303) 

sets. In Table V, the ratio of final kinetic energy loss to initial kinetic 

energy is approximately constant for this series. As vibrational quanta 

are added to the two molecules, the vibrational energy of D seems to in-

creasingly contribute to the dissociation of H2 . For the single exchange. 

process in Table VII, the internal energy of the product HD decreases with 

added initial vibrational quanta. 

Next,.the sets (0008), (0204), (0303), and (0500) which have the 

same total energy, nearly constant initial kinetic energy but various dis-

tributions of initial vibrational energy are examined. There are signifi-

cant differences in overall and specific reactivity which implies that it 

is the distribution of- vibrational energy between the reactant molecules 

that is of more consequence to reactivity than the total amount. This.is 

in marked contrast to atom-molecule -  scattering. Placing most of the ini-

tial vibrational energy in one of the reactants produces the dissociation 

of that reactant as evidenced by the relatively large number of H 2  disso-

ciations in the (0500) set and correspondingly large number of D 2  dissocia-

tions in the (0008) set. H2  dissociates more easily than D for a given 

amount of initial vibrational energy. If one considers dissociation as an 

extreme case of vibrational energy transfer, this effect can be explained 
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by the greater ability of H2  to acquire vibrational energy than D 2 . This 

will be discussed in more detail subsequently. Distributing the vibrational 

energy more equally between the molecules increases the occurence of single ex-

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

ly: however, in the former case, D 2  has the greater share of initial vibra-

tional energy while in the iatter,.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 ávérage HD vibratjonal energy in single exchange is 

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

sets of total energy "270millihartree are compared. 

The effect of changing the vibrational energy for one molecule 

at the expense of initial kinetic energy can be examined as follows. Corn-

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

in the initial vibrational energy of one.of the molecules while the other 

remains initially In v = 0 produces an increased number of dissociations of 

the excited molecule. Comparing sets (0202) with (0204) or (0300) with (0300), 

the increase in Initial vibrational energy of one of the molecules while the 

other molecule remains initially in v > 0 enhances the probability for ex-

change reactions but decreases the probability for dissociation. 

dissociatIon occurs largely through kinetic energy transfer with 

an average barrier greater thanthe dissociation energy, 174 .rnillihartree. 

As the vibrational energy of D2  increases, more of the vibrational energy 

is used for H2  dissociation. Little rotational energy is transferred to D 2  

and the final rotational states populated are 	< 6. The initial rota- 
D2 

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

initial to final vibrational quantum number of D 2  is no greater than 
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AV = ± 3, with the probability of de-excitation increasing with increasing 

initial V 
D2  

The D2  molecule is more difficult to dissociate than H 2 . The dif-

ference in mass of the two molecules is responsible for the relative ease 

with which 112  gains vibrational energy and dissociates relative to D 2 . If 

one examines the vibrational energy transfer in the spectator limit of 

atom-molecule collisons, i.e. letting D 2  be a particle in one case and 112 

be a particle in the reverse, the lighter mass molecule colliding with the 

heavier mass particle gains vibrational energy more easily than the re-

verse situation of a heavier molecule colliding with a light mass particle. 

This is shown simply by momentum conservation fora linear collision. 34  

Physically, this implies that the duration of the collision is short com-

pared to the period of the oscillation. The scattering angles associated 

with both dissociation reactions reflect that the atoms of the dissociated 

moleculeare back scattered from the remaining molecule. 

Details of the single exchange process are given in Table VII. 

The single exchange reaction appears more probable for those sets which have 

the initial vibrational quantum number of each molecule greater than or equal 

to two. 	Comparing the two (0204) sets and the three (0303) sets mdi- 

cates that increased initial kinetic energy enhances the probability of 

single exchange. The deviations from the average scattering angle of ap-

proximately 90 degrees are larger than those associated with the other 

reactive paths. The product HD has a final rotational quantum number 
' HD - 

11 with an even distribution over the final states. In general, the final 

average rotational energy of HD is higher than that present in the undis-

sociated molecule in the collisionally induced dissociation reactions. The 
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final vibrational states of HD .are such that v < 3 with the states v 1 . 0, 

1 being most heavily populated. The relative kinetic energy of the un-

bonded H and D atoms is less than but of the same order of magnitude as the 

final relative kinetic energy. 

Unfortunately the probability 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 where double ex-

change occurs, a larger number of single exchanges occur and the average 

barriers for double exchange are higher than the corresponding.aVerage 

barriers for single exchange. 	The average scattering angles of lIU90 0  are 

quite similar in the single and double exchange cases; however, the devia-

tions from the average values of x for double exchange are smaller than 

those in the single echange process. witti one excepcion, Lile LLJetL.JLi 

which lead to double exchange all involve an H 2  with an initially expand-

ing bond (positive vibrational phase) and a D with an initially contracting 

bond (negative vibrational phase). For some sets, there is a significant 

rotational excitation of the HD molecules, with population of rotational 

states up to j' = 14. In all but one trajectory, one of the HD molecules 

is vibrationally excited to v'HD > 8 while the other HD molecule is in a 

low vibrational state. 
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V. Discussion 

Collisions between H2  and D2  would traditionally be expected to 

give rise to some H2  dissociation (Case II), D2  dissociation (Case III), 

and double exchange (Case V). Thus, it is interesting to observe the 

occurrence of the single exchange reaction (Case IV). It appears that 

the four-center single exchange reaction has its own collection of reaction 	.. 

paths that are energetically intermediate between dissociation and double 

exchange. For example, (1) lower average barriers are observed and 

less initial vibrational energy is required for single exchange than double 

exchange; (ii) the reactive paths for single exchange have higher average 

barriers and appear to require higher vibrational energy thresholds than 

the dissociative paths. 	The trajectory times associated with single 

exchange collisions are one and a half to two times longer than other 

reactive trajectories but are considerably less than times one might 

associate with rotational periods of four-center complexes. Moreover, 

there is no other evidence for a long lived collision complex along the 

single exchange reaction path: the distribution of scattering angles is 

not isotropic between 0 and II even though large standard deviations are 

associated with the average scattering angles of the single exchange case. 

Finally, the rather stringent requirement of reactant molecules having 

vibrational phase of opposite signs which was 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 described 1  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. 
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• 0.116 hartree, collisions were studied at energies greater than the 

barrier height and less than the H2  dissociation energy. Thus the number 

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

exchange cas1es. 

In the London study, reactivity decreases with initial vibrational 

energy, while here, the probability for double exchange is enhanced by 

increased vibrational energy in both molecules. The final internal energy 

distribution of the product lID molecules 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 t  ~.. 8, and the other is in 

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

HD products are somewhat different; j' .- 10 obtains for London double 

exchange while j'  1 14 is found here. 

There are more similarities for non-reactive collisions than for 

reactive collisions on bo.th  surfaces. The scattering angles associated 

with the nonreactive collisions on both surfaces are principally determined 

by the central force portion of the interaction. Here, due to the strong 

repulsive nature of the surface, the scattering angle is approximately 

independent of the initial energy distribution, while calculations on 

the London surface with its .softer repulsive wall yield average scattering 

angles which are inversely related to initial kinetic energy. The major 

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 investigated in both studies; 

however, in the London study, I<AEk>l is monotonic with initial kinetic 

energy. 
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There are interesting effects which occur in both studies which 

emphasize the bimolecular nature of the collisions. With only two exceptions, 

the molecule with the greater initial vibrational energy has, on the average, 

the greater. final rotational energy. . The apparent 'intermolecular vibrational 

rotational' coupling' is emphasized by the following trend noted in collisions 

on both surfaces: <E.(H2 )> decreases with Ev(D2)  for constant E(H2 ) and 

'equivalent behavior is noted with respect to the 	 dependence on 

E(H2 ) f o r constant E(D2 ).  

The H2  + 1)2  exchange reaction has been studied experimentally by 

23,24,28,29 
several investigators ' ' ', 	but the mechanism is not understood. 

Large discrepancies exist between experimentally derived activation energies 

and theoretical calculations 
15-22  of barrier heights. 'Experimental results 

are, however, in agreement with one another with respect to an activation 

energy of 40 kcal/inole. If one assumes a quadratic time dependence, unit 

order dependence for the inert gas, and zero order dependence for H 2  and 

the experimental data all yield approximately the same value of the 

frequency factor. The rate law derived from experimental data has a unit 

order dependence on inert, gas concentration, and this argues against a 

direct four-center mechanism. A dissociation reaction followed by an atom/ 

molecule exchange step mechanism has a quadratic time dependence; however, 

this mechanism also requires a unit order dependence of the reactants and 

an activation energy of -110 kcalj'rnole, which is considerably larger than 

the experimentally determined activation energy of 40 kcal/mole. Thus, 

this mechanism is inconsistent with the experimentally determined rate law. 

A vibrational excitation mechanism, in which only vibrationally excited 

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 inconsistent with experimental results. 

A stimulated ramanlaser study of the H2  + D2  exchange reaction 

has been reported 24  in which either H2  or D2  is excited to v = 1 in 

the presence of the other molecule. Modeling calculations 24  which 

included intramolecular and intermolecular vibrational energy transfer 

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 reasonable probability for collisions 

	

in which vU 	3 or VD 	4, and that translational energy was rela- 

	

2 	 2 
tively.uniipportant in causing reaction. 

The present study has been directed toward investigating some fea-

tures of the bimolecular reaction. However, since reaction probabilities 

and not a rate coefficient are determined here, the results are not 

directly comparable with experiments in which a •rate coefficient is 

determined. In addition, since the barrier to chemical exchange on 

the potential energy surface is very high, the trajectory calculations 

needed to be performed at high total energies in order to permit the 

possibility of reaction. Even athigh total energy, less than 3% of the 

trajectories led to double exchange reactions, and therefore the statis-

tical significance of these reaction probabilities is such that the 

results can only be viewed qualitatively. 
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Despite these difficulties and differences between 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 collection of sets investigated, 

double exchanges occur only when VH = 2 or 3 and VD = 3 or 4. In 
2 	 2 

particular, vibrational excitation is required in both molecules, in 

contrast to the mechanism of Bauer et al. 29  in which only one of.the 

molecules needs to be vibrationally excited. Moreover, in the present 

work, dissociation and single exchange reactions are more probable 

than double exchange. Also, kinetic energy enhances the reaction 

probability for exchange once sufficient initial vibrational energy 

is present. The ND exchange products are vibrationally excited in 

• 	agreement with the conclusions of Bauer et al.; 29  however, the amount 

• of excitation differs due to the high kinetic energies considered here. 

The calculations of Bauer et al. 29  indicate that V-V energy transfer is 

of extreme importance in populating the upper, reactive vibrational 

states of the reactants. Here, due to the large initial translational 

energies, T-V transfer is by far the dominant process. 
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Table I. Comparison of ab initio and semi-empirical results. for minimum 

energy 1B1g  square-planar H4 . 

tE(barr1er) R 	 E. 	(H ) 4 min 	mm 
E(2 H ) 2 Surface 

(bohr) 	(hartree) (hartree) (kcal/mole) 

CI (ab initio) 2.7 	-2 0595 -2 2959 148 

VB (ab init io)b 2.7 	-2.0543 	. -2.2947 151 

Repulsive 2.67 	-2 1223 -2 3489 142 

London 1.94 	-2.2321' -2.3489 73 

aFUll configuration interaction, using a single-zeta basis set with 
optimized orbital exponents. 

baience bond including all covalent structures, using the same basis set 
as for the CI calculation. 

t. 
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Table II. Singlet state energy minima for various geometrical conformations 

of H4  

Geometry Surface (bohr) R mm 
E in 

 (hartree) 
m 

Linear equidistant Repulsive 1.80 -2.2710 

London 1.72 -2.2597 

Centered equilateral Repulsive 2.31 -2.0767 
triangle 

London 2.02 -2.0812 

Tetrahedron Repulsive 3.20 -2.0448 

London 2.25 -2.1172 
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Figure Captions 

Fig. 1 Interaction energies along a reaction path corresponding to a 

rectangular arrangement of the two H2  molecules, leading to a 

square-planar symmetric intermediate. 

Fig. 	2 Equipotential contour maps for the London and repulsive surfaces 

corresponding to rectangular arrangements 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. 

Fig. 3 Projection of the equipotential contour maps of Fig. 2 for the 

London and repulsive surfaces corresponding to rectangular arrange- 

inents of the four atoms. 	The contour intervals are one-tenth of 

the H2  dissociation energy. 	The two surfaces are drawn to identical 

scale. 

Fig. 	4 DistribUtion of final rotational (.j') and vibrational (v') states of 

H2  and D2. after nonreactive trajectories having the set of initial 

states (0303) and various values of initial kinetic energy Ek 

in hartree. 
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