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• 	 . 	" Velocity vector distributions of the ionic 

products of the reactions O(H2,H)HO, O(H2,OH)OH+, 

0(H10)120+, 0(D2,o)0+  as well as nonreactively .  

scattered O are reported for several. initial relative 

kinetic energies of collision. For relative energies 

below.  5 eV, the distributions of HO, OH, arid H20+ 

all show the forward-backward syimnetry characteristic 

of a reaction mechanism which involves a persistent 

I202 collision complex. At higher initial relative 

energies, a transition to direct or 'impulsive reaction 

mechanism is. observed. The.O+  product appears to be 

formed by a direct interaction mechanism at all energies 

at which it can.be  detected.. The distributions, of 

nonreactively scattered O give evidence of both direct 2. 

and complex scattering mechanisms. . The behavior of 

the' system is qualitatively consistent with predictions 

based on the known major features of the potential 

energy surface. 	. 	 . 	 : 
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As reported in a series of recent pub1ications, 4  this 

laboratory has investigated the dynamics of exotherrnic 

ion-molecule reactions in which a hydrogen or deuterium atom 

is transferred from the neutral target to the projectile ion 

such as Ar+  or N. These reactions typically have large total 

cross sections, and the product ion velocity vector distri-

butions in the center-of-mass system are strongly peaked 

in the original direction of the projectile ion beam. Rebound 

scattering of the product through barycentric angles as large 

as 1800  is observed, and at initial relative energies above 

4 eV, the contribution of this process is nearly as great as 

that of the small angle stripping process. 

It seemed clear tous that an entirely different dynam-

ical behavior might be found in endothermic ion-molecule 

reactions, particularly those in which the intermediate 

collision complex had a substantial potential energy minimum 

with respect to both reactants and products The reactions 

O( 2 1:ig ) + H2  -. H0 + H 	LH°  = 1.96 eV 	(1) 

- OH++OH 	tH0 =187 	(2) 

H20+ 	AH0  = 0 66 	(3) 

0+ + H2 0 	AH0  = 1.66 	(4) 

all satisfy these criteria, and can be conveniently explored 

with our ion beam apparatus Accordingly, we undertook invest-

igations of Reactions (1-4) and certain of their isotopic 
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variations, and report the results here. Preliminary 

communications on this system have already appeared. 5 ' 6  

EXPERIMENT 

The instrument used in this work has been described in 

detail previously. 2  It consists of a magnetic mass spectrometer 

for preparation of a collimated beam of primary ions of known 

energy, a scattering cell to contain the target gas, and an 

Ion detection train made up of an electrostatic energy analyzer, 

a quadrupbIe mass spectrornter, and an Ion counter. The 

detector components and the exit slit of the scattering cell 

are mounted on a rotatable lid, which permits the Intensity of 

scattered ions to be measured at various angles and energies. 

The primary ions were extracted from a microwave discharge 

through. oxygen. Because of the low electron temperature ('5 eV) 

• that Is characteristic of these discharges, relatively few 

electrons have energies gieatIy in.excess of 10 elf. Cônse-

quently, most of the ionization is produced by electrons which 

• 	have energies which are not much greater than the ionization 

energy of the gas (12.2 eV), and the number of metästable 

excited ions such as O(4]1U),  which requires 16 eV to be 

• produced, is much smaller in a microwave discharge than In a 

conventional 50 eV electron.impact source. 

Beam attenuation experiments of the type described by 

Turner et al., 7  showed that the momentum analyzed O beam 

contained less than 3 excited metastable ions. The vibrational 

excitation of the ions in the 2 TLg  ground state of 0 Is not 
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known, but Franck-Condon factors 8  suggest that most molecules 

are in the excited vibratiOnal levels 1-5, with the average 

vibrational energy being approximately 0 6 eV This is 

probably a realistic upper limit to the vibrational energy 

of O, since we estimate that the ions undergo at least one 

and perhaps as many as 50 collisions with 02  in this relatively 

high pressure (20-50 iL) source before being extracted from 

the plasma. Measurements of the kinetic energy threshold for 
+ the reaction and dissociation of 02  also suggested that the 

ions have approximately 0.6 eV. internal energy. 

Our experimental results are presented in the form of 

contour maps 2  of the specific intensity, I(e,u), or the intensity. 

of.ions per unit velocity space volume normalized to unit beam 

strength, scattering gas density, and collision volume. A 

polar coordinate system is used, with the radial coordinate u 

representing the speed of the ion relative to the center-of-

mass of. the target-projectile system, and the angular coordinate 

o measured with respect to the original direction of the 

projectile ion beam. The specifio intensity is normalized so 

that 

f211 
	

sinOdO j u2  (O,u)du 

0 	 0 

is always proportional to the true total cross section 

While the original experimental points are not usually 

shown on the intensity contour maps, each map is generated 

from 10-20 scans of the laboratory energy and angular distri-

butions, in each of which 10-20 intensity measurements are 



-5- 

made...: '01' the more complicated intensity distributions, even 

more data are collected. All of the contour maps showcircles 

of constant Q, the difference between the finaland initial 

relative translational energies. Assuming ground state 

reactants we can write 

p.t (g')2  - 	p.g2  = - 	U' -F U 

where AE is the energy change for reactants and products in 

their gr.ound states, and U and U' are the internal excitation 

energies of reactants and products, respectively. 

RESULTS AND DISCUSSION 

In analyzing the experimental results, it is helpful to 

consult Table I, which lists the enthalpy changes 9  for forming 

various products and the intermediate H 2 O from ground state 

O and H2 . It is clear that all possible reactions are endo-

thermic, and that the collision complex H 2 O represents a sub-

stantial potential energy minimum. It must be borne in mind, 

however, that while the energies of the separated products 

and reactants are known, there is very little information 

available about potential energy barriers which may lie between 

reactants and various products. Such barriers of course could 

profoundly affect the reaction dynamics. The appearance 

potentials of thevarious ions formed from H 202  by electron 

impact do indicate the magnitudes of potential barriers which 

lie between H2 O and its various decomposition products. 
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Accordingly, the appearance potentials measured by Foner and 

Hudson' °  are listed in Table I.  

We now shall present the results and discussion successively 

for each channel proceeding approximately in increasing order 

of complication. 	. 	 . 

A. 	0+D20++0+D2 

Figure '1 shows the intensity distribution of 0  produced 

by the collisional dissociation of 0 by D 2  at an initial 

relative energy of 11.2 eV The distribution is asynmetric 

about the ±900  line in the barycentric system. This clearly 

shows that the dissociation occurs by a direct or short-lived 

collisional interaction In addition, the 0+  intensity peaks 

at a velocity which is very nearly equal to the velocity of 

the original 0 projectile This indicates that in the most 

probable collision process, one of the atoms of'the projectile is 

only slightly disturbed by the dissociation, and proceeds on 

as 0+  at nearly the velocity of the original projectile 

In interpreting Fig. 1 and other mapsof the specific 

intensity, it must be kept in mind that the contribution of 

scattering out of the plane of the beam and detector is not 

included To take account of the products scattered out-of-plane, 

one could multiply each specific intensity by sinO, where e 

is the barycentric scattering 'angle. This would remove the 	' 

intensity maximum from 0 = 0 and place it at some greater angle 

in the 'forward scattering hemisphere. In a strict sense, 

'inclusion of the sine factor is inappropriate and can be some-

what misleading if the apparatus resolution is relatively poor, 
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as is true'..for.the case at.hand.. Consequently,we omit this 

factor in the maps presented here. However, a map which 

includes the sinO factor still leads to the conclusion that 

the free 10+  ion has, In the dissociation process, been subject 

to the finite but relatively small forces which product forward 

scattering 

FIgure 2 shows that when the D 2  target.ls replaced by 

He a very similar distribution of 0+  results In another 

paper, we have reported extensive measurements of the dissoci-

.atlon of 0,'NO,'4,:andN 2& by áollislon with helium. Our 

conclusion from that work was that these dIssociatiàns occur 

principally by a version of the stripping process In which 

the target, atom collides with one of the 'atoms of the projeätlle 

and breaksthe projectile bond eitheradiabatically or through 

excitation to a weaklyboundor slightly repulsive electronic 

state. The other prbjecti].e'°atom, which is ultimately detected 

as 0+  is,thus subject onlyto relatively weak forces and 

proceeds at nearly Its original velocity throughout the disso-

elation. The great similarity between F Lgs. 1 and 2 suggests 

that the dissociation of O by collision with D 2  proceeds In 

a similar manner. 	. . 

In an experiment in which 0 collided with D 2  at 5.55 eV 

relative energy, no 0 was observed, despite the fact that 

only 1.6 eV is required to form D 2  0 and 
0+.  Thus, aside from 

our observation that the total cross section for dissociation 

of 0 by D2  Is larger than for dissociation by He at the same 
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relative energy, we have no. evidence, that either the existence 

of a long-lived: D2O complex or the possibility of forming 

D 2 
 0 product has any influence on the dynamics of 'the. dissocia-

tion process. It seems of considerable interest that the 

dissociation occurs by a direc,t interaction with 	for we
21 

shall see that the other reaction channels in this system are 

stronglyaffected by the potential energy minimum which corre- 

+ 
sponds to D 20 2 . 

+ 	+ 
B. 0 + D2 - 02 + (D 2 ) 

The nonreactive scattering of 0 by D 2  depends in an 

interesting manner on the scattering angle of the relative 

'energy of collision. Figure 3 shows that when the initial 

relative energy is 3.91 eV, there is considerable small angle 

scattering .whióh is elastic within experimental uncertainty. 

As the angle increases past 600,  the scattered intensity 

greatly,  decreases and the intensity maxima lie in regions for 

which Q,. the difference between the final and initial relative 

kinetic energies, is increasingly negative. Thus the scat-

tering which produces this outer ridge becomes progressively 

more inelastic as the scattering angle increases 	The mono- 

tonic evolution of this ridge from high intensity elastic 

scattering at small angles to lower intensity inelastic scat- 

tering at large angles suggests that, the entire ridge is caused 

by direct interaction processes which occur in moderate to 

large impact parameter collisions. 
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I 

This direc,t Interaction mechanism seems to be consider-1 

ably attenuated at angles greater than 135 ° , where the intensity 

ridge disappears.: Apparently, the small Impact parameter 

collision!s. which would be expected to contribute to scattering 

In this very large angle region in fact lead to chemical 

reaction or inelastic scattering with a broad distribution of 

internal excitations. There is also a substantial scattered 

Intensity ofO at or near to the - centerof mass velocity. 

This indicates that a considerable fraction of the collisions 

are very inelastic, and leave the O and D 2 .sharing up to 

3.91 eV as internal excitation energy. 

In analyzing scattering from a reactive target, it is 

often very enlightening to compare it to the scattering of 

the same projectile from an Inert target of the same mass. 

in Fig. 14  we show the intensity of O scattered from a helium 

target at 5.55 eV initial relative energy. At angles greater 

than 900  the scattering becomes increasingly Inelastic as the 

angle Increases. At:1800 , the most probable value of Q Is 

-1.5 eV. In another paper 2  we have reported more extensive 

measurements of inelastIc scattering in this and other such 

nonreactive systems, and have successfully interpreted the 

scattering in terms of classical theories of vibrational 

excitation. Thus FIg. 14 represents the vibrational excitation 

of O that can be - expected from collisions in which the inter-

action is of the direct, nonchemical type. 

Figure 4 should be compared with Fig. 5, whIch shows 

scattered fronD2  at '5.57 eV initial relative energy. In the 
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0-D2  system, virtually all the O at large angles has been 

scattered very inelastically. In fact, the back-scattering 

of greatest intensity lies very close to the center-of--mass 

velocity, and therefore involves collisions in which nearly 

5.57 eV is shared as intenal excitation of O and D 2 , or is 

used to dissociate 

The fact that the inelasticities found for the 0-D 2  and 

O-He systems differ greatly is consistent with the existence 

of a collision complex D 2 0 in which the atoms interact through 

strong chemical forces However, the data for nonreactive 

scattering does not, by itself, prove that this complex is 

necessarily long-lived. For example' 4in the systems N-D2  and 

Art.D2  which involve reaction by direct, short-lived inter-

action,the 4 that does not react is scattered very inelast-
ically, while the unreacted Ar+  shows only very small 

inelasticity. On the basis of our experience, it appears 

that the existence of strong chemical interactions does not 

necessarily lead to nonreactive collisions of great inelasticity, 

but that inelasticity substantially greater than that pre- 

dicted by classical vibrational energy transfer theory mdi-

cates either electroniô excitation or strong coupling of the 

nuclear motions through valence forces. 

When the initial relative energy of O and D 2  exceeds 6 eV, 

the intensity distribution of the scattered 0 .  shows a secon-

dary maximum in the small angle inelastic region. Figure 6 

shows that when the initial relative energy is 11.1 eV, this 

feature has developed into a fairly well-defined.intensity. 
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ridge (see the ellipse of intensity 50 K). The, asymmetry of 

this feature about the ±900  line makes it seem very unlikely 

that it Is connected with the existence of a long-lived colli-

sion corrqhex 	It also seems unlikely that the cause of this 

ridge is vibrational: excitation of the collision partners by 

direct interactIon, since we should expect large, rather than 

small angle scattering, and a broad, rather than well-defined 

range of inelasticities from such.. a process. Much the same 

arguement eliminates simple adiabatic one-step or knock-on 

collisional dissociation of D as a likely origin of this 

scattering 

The inelastic feature in Fig 6 resembles the one which 

we found 2  In the nonreactive scattering of N by D2 . From a 

determination of the energy threshold for the N-D 2  Inelastic 

process, we conc]uded that it arose principally from the 

excitation of D to Its lowest 3Zstate by grazing collisions 

Asiinhlar finding was made 3 'in the N-CD 4  system, andwas 

rationalized In a similar manner. The same explanation may 

In fact be valid for the Inelastic feature in the 0-D 2  system 

However, the existence in this system of large amounts of 

elastic and inelastic scattering which cannot be unequivocally 

separated from the Inelastic ridge makes It impossible for 

us to determine a partial cross section and energy threshold 

for this feature, and thereby to test the electronic excitation 

hypothesis thoroughly. 
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Another.possible explanation for the inelastic peak.is 

that It arises from the dissociation of DO molecules which. 

are formed by a stripping type process 2  and have internal 

energies In excess of the 2.6 eV dissociation energy of the 

D_c4 bond. It can be easily demonstrated that the internal 
energy U' of DO formed by the spectator stripping process 

is given by 	.. 

= Ea - 

where Ea 	 j is the energy of the proectile O relative to the 

atOm abstracted. The excitation energy of any DO 2  formed by 

spectator stripping thus rises, linearly with the projectile 

energy until U' equals 2.6 eV. At this point (a relative 

energy of 8.6 eV for 0 + 2-D 2 ) any DO 2  formed by spectator 

stripping becomes unstable with respect to dissociationto 

+ 	 + 
02 and D. . The resulting 02  should have a velocity approxi-

mately equal to that calculated for DO formed by spectator 

stripping. . . 

The well-defined inelastic peak or ridge in Fig. 6 first 

makes its appearance at app'oxirnately 8 eV initial relative 

energy. ,, quite close' to the value of 8.6 eV predicted from 

the spectator stripping. These observations strongly suggest 

that,, at 'least at relative energies above 8 eV, some or all 

of the small angle inelastic feature may. represent collisional 

dissociation of D 2  by 0 through the spectator stripping 

mechanism. However, careful examination of FIgs. 3 and 5 shows 

that at energies below 1  8.6 eV, there Is Important, if not 



'F  

-13- - 

particularly well defined inelastic scattering In the small 

angle region. Experiments with 112  targets also show this 

feature. Since the dissociative stripping mechanism cannot 

operate In this low energy regime, we are inclined to attn-

bute •these small angle Inelastic features to electronic 

excitation of H2  to the 	state. Thus there Is evidence 

for dissociation of D both by electronic excitation and the 

dissociative stripping process, and it seems likely that 

both ocóur at relative collision energies above 8.6 eV. 

C. O + 	+ DO + D 

• 	In apreliminary communication, 5  we have briefly summarized 

• our finding.s for this reaction. At low relative, energies 

of collision (<5 eV) the DO product (or H0 fróm0-H 2  

collisions) has a very nearly isotropic specific intensity 

• distribution In the center-of-mass system. This Is illu-

strated in Fig. 7, which is typical of several of the maps. 

which we have determined In this low energy regime. The iso-

•tropy indicates the occurrence of a long-lived collision 

complex, of relatively small total angular momentum and large 

Internal energy per vibrational and rotational mode. The 

small total cross section ("2 	and large bondIng.energy 

(2.4 eV) with respect to D 2  and O are consistent with such 

a deduction. 

Another factor that may contribute substantially to the 

isotropy is the rotational angular momentum of the O drawn 

from the microwave discharge. While the temperature of the 
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discharged .gas was not measured, it could easily be 400 0  K, 

which would correspond to a most probable J of 9 for 0. The 

plane of rotation, and thus the angular momentum vector of 0 

is randomly oriented with respect to the 02 -D2  relative 

velocity vector Therefore, rotation of 0 is a factor which 

tends to randomize the relation between the initial relative 

velocity vector and the total angular momentum vector or 

orientation of the complex, andthus tends to produce an 

isotropic product distribution. 	 . 

In investigations of 0-HD collisions, 5 ' 6  we have found that 

atlow initial relative energies, both HO and D0 are distributed 

isotropically in the center Of mass system, and that the inten-

sity of D0 exceeds that of H0 by as much as a factor of 

eight. These results constitute further evidence that the 

• O(D2 ,D)DOreaction proceeds by a long-lived collision complex 

at these lower relativekinetic energies. The prevalence of 

• D0 over H0 is the opposite of the isotope effect that we found 

for reactions which proceed by a direct interaction mechanism. 

However, because D0 has a lower zero point energy and higher 

density of states than does H0, the isotope effect expected 

from the statistical decay of a long-lived HD0 collision 

complex should favor formation of D0 over H0, as is observed 

in the experiments. 

In an attempt to determine whether there is an activation 

energy barrier for the reaction which exceeds the endothermicity 

of 1.96 eV, we studied the 0(H 2 ,H)H0 reaction down to initial 

relative energies of 1.47 eV. While the relative reaction 

kt 
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crosssect1ón decreased as the :relative  energy was lowered 

past 2.0 eV,• considerable product intensity remained even when 

the nominal initial relative energy was as low as 1.147 eV. In 

view of the uncertainty of .  ±0.20 eV in the initial relative 

energy due to target gas motion and ion beam energy spread, 

and the estimated 0.6 eVvibrational excitation of the 0, it 

is not surprising that a reaction threshold was not observed 

at 1.96 eV, nöreven in the 1.147 eV experiment. Diminished 

beam Intensities prevented significant experiments at lower 

energies. However, It seems clear that if there is an äcti-

vation barrier for the 0(H2 ,H)H0 reaction, Its height is 

not significantly in excess Of 2.1 eV. These experiments also 

Indicate that the barrier for formation of the H20 complex 

from 0 arid H2  Is not significantly greater than 2.1 eV. On 

the other hand, If all products are formed by decomposition 

of an H2O complex, the fact that significant products are 

formed at all suggests that the barrier for formation of the 

complex from reactants is not much lower than the endothermicity 

for .forrnation of HO or OH+.  If this were not so, most corn-

plexes would simply redissoclate to reactants over the.low 

barrier between reactants and complex. The picture that 

emerges then is that the barrier for formation of the H2O 

complex with a hydrogen peroxide structure from O and H 2  is 

comparable in height to the energy plateau which represents 
+ H02  product formation.. 
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Support for this conclusion is found in the work of Foner.  

and Hudson10  on the mass spectrornetry of H2 02 . These authors 

found that the appearance potential of O and H2  from H2 02  is 

15.8 ± 0.5 eV, whereas the thermodynamic minimum energy 

required. far this change is 13.42 eV. Therefore, 0 ± H2  are 

• formed from H20with internal or kinetic energy amounting to 

• 2.4 ± 065 eV. This means there is a 2.4 ± 0.5 eV barrier for 

forming H2 0 from 0 and H2 , which is consistent with our 

• earlier conclusion. 

Figures 8, 9, and 10 show that as the initial relative 

kinetic energy is increased above 5 eV, the angular distribution. 

• of D0 loses its isotropy, and acquires an intensity maximum 

in the forward scattering region. The forward peaking increases 

in relative importance with increasing energy. These distri-

butions of D0 found in high energy experiments are qualita- 

• tively similar but clearly broader than the product distri-

butions from the A r+(D2 ,D)ArD+ .and N(D2,D)N2D+ reactions.2'4 

Thus the D0 distributions Indicate that as the initial rela-

tive energy is increased, the lifetime of the D 2 0 c011ision 

complex decreases to less than one full rotational period, and 

the reaction mechanism tends toward the direct or impulsive 

types of interaction. 

The reaction 0(D2 ,D)D0 has recently been investigated 
	a, 

by Ding and Henglein, 13  who determined the translational energy 

• spectrum of D0 in the primary beam direction without angular 

intensity measurements. The 0 was prepared by impact of 

100 eV electrons in a conventional mass spectrometer source, 
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and contained substantial amounts of the metastable 11 state 

of 0 	 Ding andHenglein were able to separate the effects 

of this excited state from the reactions of ground state O, 

and showed that below 4 éV relative energy the reaction of 

ground stat,e O produced DO moving at the velocity of the 

center-of-mass, as would be expected from the decay of a long-

lived complex. When the Initial relative energy was above 

5 eV, the maximum intensity of DO fell at velocities greater 

than that of the center-of-mass, and with Increasing Initial 

energy eventually reached the value expected from the ideal 

+ stripping process. A threshold for production of DO2  from 

ground state O was found at approximately 1.9 eV relative 

energy. In view of our failure to observe a sharp threshold 

for this reaction, this findIng of Ding and Henglein Is some- 

what surprising. In other respects, however, the two Iñvesti-

gations are nicely consistent in the regions In which they. 

overlap. 	. 	 . 	 . . 

The qualitative reason for the change In reaction 

mechanism with increasing relative kinetic energy is clear 

from unimolecular reaction rate theory. The lifetime of the 

collision complex is determined by its total internal energy 

as compared to the minimum amount needed to decompose, and 

by the total number of internal modes vihich share the total 

energy. The simplest expression for the lifetime t of the 

collision complex is that derived from the Rice-Ramsperger--

Kassel theory, 	which treat.s the energized molecule as a 
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collection of s degenerate oscil1ators of frequency v: 

T = 

Here E 1s the total internal energy and E0  is the minimum 

energy needed for decomposition. Because of failures of the 

assumptions of the model, this expression can give lifetimes 

which are incorrect by orders of magnitude, and therefore. 

should not be used for quantitative calculations of T. How-

ever, the formula does correctly indicat.e the important quan-

titativê trends thati decreases as the internal energy E 

increases, and the molecular complexity decreases. 

In order to calculate the lifetime of the D 2O collision 

14 
complex quantitatively, we used the RRKM theory 	of unimolec- 

+ 
ular decomposition. The vibration frequencies for D 2  0  2  were 

estimated by analogy to those of D 20 2 , with allowance for the 

Increased O-O bond strength in D 20. The vibrational energy 

level densities were evaluated by the method of Whitten and 

RabInowitch. 5  The total internal energy of the complex was 

set equal to the sum of the initial relative kinetic energy 

and the binding energy of reactants, plus 0.6 eV to allow for 

+ 
the vibrational energy of 02.  The maximum impact parameter 

for reaction was evaluated from the approximate cross section 

for DO formation, and from this, the reduced mass, and the 

initial relative velocity, the maximum angular momentum was 

calculated. 
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In Table II we give a comparison between the lifetime of 

the complex with respect to dissociation to DO and D as calcu-

latéd using RRKM theory, and the "experimental" lifetime. The 

possibility of the complex decomposing to O + D 2 , D0 + D, 

OD+ + OD, and D20+ + 0 was included in the ôalculation. The 

experimental lifetime was estimated from the experimental 

intensity ratio of forward to back scattered D0 using the 

fall-off function for, osculating coMplexes given by Fisk, 

McDonald, and Herschbach. 16  In calculating the rotational 

frequencies used in constructing Table II, we have assumed 

that D20 has approximately the :se  geometry as D 2 0 2 . It Is, 

therefore, nearly a prolate symmetric top with One small 

moment of Inertia 'A  corresponding to the rotation of the 

deuterlum atoms around the 0-0 axis, and two large and nearly 

equal moments of inertia 1 3  and I corresponding to the 

tumbling of the oxygen atoms 

One sees from Table II that in the experiment at 5.5 eV 

relative energy, the D 2O complex had a maximum experimental 

lifetime of. approximately one rotational period. For the 

same experiment, RRKM theory predicts a lifetime of 0.8 rota- 

tions about the B or C. axes,. or 5 rotations with the same ã.ngu-

lar momentum about the unique A axis 	Since the reaction 

occurs in effect by ejection of a D atom from the D202 + complex, 

it would appear that.t.he significant motionin determining the 

forward-backward symmetry of the product angular distribution 

is thehlgh frequency rotation about the. unique axis.. That is, 
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the circulation of the deuterium atoms about the 0-0 axis 

destroys any memory of the direction from which 0 came much 

more rapidly than does the precession or tumbling of the 

0-0 axis about the total.angular momentum vector. If this 

argument were valid, then we would be forced to conclude that 

RRKM theory overestimates the lifetime of the D 20 complex by.  

• approximately a factor of six. 

There.is reason to expect that complexes will tend to 

have only a small fration of theirtotal angular momentum 

present. as rotation about the unique axis. The assumption of 

statistical equilibrium corresponding to a rotational tempera-

ture Tr  leads to a distribution function P(K) for the quantum 

number. IC for rotation about the unique axis which is given 

by17 	• 	 . 	.. 

P(K) = exp(- - K/K) 

where 

Ka 	jkTI/fi2I//2 

and 	 • 

	

= 'B'A 	B_IA) 	. 	• 	. 	. . 

Thus high.values of K are not favored, and the rotational 

• angular momentum will tend to reside In the low frequency tumb-

ling motions of the 0-0 axIs. 	 . 

• 	 It can also beargued that complexes which do have large 

amounts of their angular momentum present as rotation about 

the unique axis will not dissociate to the products D0 and D. 
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If we treat the separation of the products as a two-body 

probl'em with a (negative) potential energy 	r), then rotation 

of the complex creates a maximum in the effective potential 

Veff for separation of the products: 	 . 

V ff. =. L22/(2r 2 ) + (r) 

Here L ñ is the orbital angular momentum of the separating 

products, p is their reduced mass, and r is their separation. 

This two-body approximation is appropriate ifthe maximum in 

the effective potential comes at a value of r large enough so 

that the internal motions of the fragments are essentially 

decoupled from their motion along the reaction coordinate. 

The maximum which occurs in the effectivepotential energy 

curve can be viewed as a barrier which complexes must cross 

in order to become products. Alternatively, and perhaps more 

satisfactorily, it can be pictured as an ejection potential 

which supplies final relative kinetic energy to product 

particles that have crossed it. The height of this barrier 

(with respect to products) is given by 

VB = (L)/(c)(14j)2 	 (1) 

when 	Is the Ion-induced dipole potential -C/r. 

We see from Eq. (1) that large amounts of angular momentum 

L coming from rotation of the complex combined with small . 

reduced masses for the products can create a high barrier in 

the exit channel, in the case at hand, the barrier height may 

be as much as 1 eV above the asymptotic produôt potential energy. 
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Products would be expected to have this much relative trans-

lational energy, and therefore to lie well away from the center 

of mass velocity. This is not found experimentally. In fact, 

the intensities of Fig. 8 have maximum values on the Q = 

.J.75 eV circle, which corresponds to the minimum possible 

final translational energy consistent with product stability. 

It appears, therefore, that in the dissociation of D 2  0 to DO 

and D, the angular momentum of the complex must be converted 
+ 

to angular momentum of rotation of the DO 2  entity, rather than 

appear as orbital angular momentum (and thus product transla-

tional energy) of D0 and D. 

In order to explain the high internal excitation of the 

DOproduct, we must find a mechanismby which the total angular 

momentum of the complex (150 ) is converted to rotation 

of DO rather than to orbital motion of D and DO. This con-

version requires that angle dependent forces act between the 

D and D0 fragments as they begin to separate to products. 

Since D20 in the hydrogen peroxide structure would have an 

equilibrium OOD angle of approximately 105 0 , separation of 

D from DO in a direction approximately parallel to the 0-0 

axis would produce torques which could result in excitation of 

rotation of DO. This mode of separation might be particularly 

favored in D 20 2  complexes in which most angular momentum was 

contained in the tumbling around the B and C axes. Indeed, 

this type of rotation would seem to be required if the incipient 

orbital rotation of D about DO 2  were to be converted efficiently 

to rotation of D0. 



16 

-23- 

+ 
In contrast, separation of D from DO 2  in a direction 

more nearly perpendicular to the 0-0 axis would seem to be an 

inefficient way to convert orbital momentum to product rotation. 

There ares, of course, angle dependent forces which are respon-

sible for the internal rotation barrier in hydrogen peroxide, 

but these are relatively weak compared to the forces required 

to bend chemical bonds. Thus, it seems that rotation of the 

complex about the unique axis cannot be readily converted to 

rotation of the D0 fragment. 

In view of the foregoing considerations, we feel that 

there will tend to be relatively few D 20 complexes' which have 

substantial amounts (150 'ri) of angular momentum present as 

rotation about the unique axis. Those which do apparently do 

not dissociate to D and DO because of the high effective 

potential energy barrier and the difficulty of converting this 

angular momentum into product rotation. Thus the high Ire-

quericy rotation about the unique axis of the complex is not 

effective In maintaining  the isotropy of the DO angular 

distribution as the collision energy is increased. The predic-

tions of the RRKM theory for the lifetime of the complex should 

therefore be compared with the period for rotation about the 

B and C axes of D 20 2 . 

:The data in Table II show that the RRKM calculation of 

the lifetime of the D 2O complex is consistent with experimental 

observations of the symmetry of the DO angular distribution, 

provided that rotation of the complex about the B and C axes 

of the prolate top determines this symmetry. There is, however, 

considerable uncertainty in the molecular parameters and total 
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angular momentum of the complex, and this fact tends to make 

the agreement between calculated and experithental lifetimes 

less significant as a test of RRKM theory.  

It is also worth noting that it may not be entirely valid 

to test a statistical model like the RRKM theory in an. energy 

region where we expect to see the beginning of the failure of-

the statistical picture of rapid distribution of energy among 

all internal modes. In the experiment done at 5.5 eV relative 

energy, the calculated lifetime of the complex is long enough 

to allow only 3-10 vibrations in the various mnpdes of 

Even considering the strong anharmoniccoupling, this would 

seem to be nearly the minimum number of vibrations necessary 

f or complete randomization of the internal energy. Failure to 

distribute the total energy over the entire molecule would 

result in a lifetime of the complex shorter than that calcu-

lated from RRKM theory. 

We should also remark that while RRKM theory gives a 

satisfactory indication of the lifetime of the complex 

the relative yields of products depart noticeably from what 

one would calculate using this theory. Relative to the OD+ 

formed the amount of D0 exceeds, and the amount of D20+  is 

less than expected on the basis of the simplestapplication 

of RRKM theory. This suggests that some D0 may be formed 

by direct interactiOn at all energies, or that complexes with 

other than the hydrogen peroxide geometry may be involved. 

These points will be explored in a subsequent paper on the iso- 

tope effectsand product velocity-distributions for this system. 
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D. 02 	
OD+ OD 

Several maps of the intensity of OD+  or  OH+  from the •  

reaction of 0 with D 2  and 112  were obtained. Two of these are 

shown in Figs. 11 and 12. Itis clear that at both low and 

high initial, relative energies the distribution of OH+  or  OD+ 

shows considerable symmetry about the ±900.  line in the center-

of-mass coordinate system. However, this reaction represents 

a situation in which such symmetry cannot be taken as proof 

of the existence of a long-lived collision complex. The 

products OD+  and OD are very nearly identical, and there is 

no reason to expect that even direct, impulsive interactions 

will lead to preferential scattering of 0D in either the 

forward orback direction, as long as the complex has, on the 

average, a symmetry that maintains the dynamical equivalence 

of the two oxygen atoms. On the other hand, if the potential 

energy surface were such as to allow reaction by a process 

• 	such as 

+ D2 - 00k " DD - 0 + OD+ + D • 

where in the linear collision complex the oxygen atoms are not 

equivalent, then there would be no reason to expect symmetry 

in the distribution of OD+  at high energies. 	. 

It appears, therefore, that the observed highly symmetric 

distribution of OH+  found in the experiment carried out at 

2.93 eV relative energy (Fig. 11) implies primarily that the 

H2 O collision complex has oxygen atoms which are dynamically 

equivalent. If, as seems highly likely, the OH+  occurs as an 
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• alternate decomposition product of the same collision complex 

• that produces HO, then this complex not only has equivalent 

oxygen atoms, it is long-lived when its energy is low. 

• 	The high .degree of symmetry ofthe OD+  dIstrIbution 

found in the experiment performed with 8.3 eV relative energy 

(Fig. 12) also implies the prevalence of a collision mechanism 

in whlch.the oxygen atoms. are equivalent. While this equiva-

lence could be the con'sequence of a long-lived complex of the 

hydrogen peroxide structure, it would seem impossible to main-

tain that a long-lived complex exists when the relative energy 

is so high.. This is particularly true in view, of the fact 

that formation of D0 occurs by a direct interaction at these 

high energies.. We conclude, therefore, that OD+  is formed 

at high energies by a direct, impulsive interaction in which 

the collision complex has geometries, resembling the hydrogen. 

peroxide structure. The small excess intensity of 0D  in the 

small angle scattering region maST be a consequence of formation 

of OD+  by processes in which the oxygen atoms are not equivalent. 

E. 0+H2 _H20++0 	 . . 	. 	. 

This reaction is the least endothermic (0.66 eV) of all 

the reaction channels. It therefore 'would be expected to be 

the most important reactive process if products .were.formed at 

a rate proportional to their total phase space. Figüre.13 shows 

that the angular distribution of H20+  is isotropic even thOugh 

the initial relative energy of.collision (2.93 eV) is markedly 

greater than the endothermicity of reaction. Moreover, the 
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total intensity of H20+  is less than those of OH+  and HO at 

the same relative collision energies. Both these facts suggest 

that the reaction path for decay of the H 2  0 complex to 
H20+  has 

in it a barrier which limits the available phase space of H20+; 

a 

	

	 and.0, and prevents these products from being of greatest 

importance. On the other hand, Foner and Hudson1°  find that 

in the mass spectrum of H 2 02 , the products H20+  and 0 appear at 

the thermodynamic threshold energy, and théref ore are formed 

without significant internal or translational excitation. 

•This finding refutes the postulate of an energy barrier in the 

H20+ product channel. 

It is also possible that the critical configuration of the 

H2 0 complex which leads to H20+  is of highly constrained 

geometry. Such a "tight" complex would be consistent.with 

both the small yield of H2 0+,  and the low appearance potential 

found byFoner and Hudson. A configuration in which H2 0 

resembled a nonplanar formaldehyde molecule would have the 

necessary characteristics of high vibration frequencies in all 

but the reaction coordinate. 

Figure 14 shows that even when the initial relative energy of. 

collision is 5.9 eV, the distribution of H20+  has considerable 

symmetry about the ±90 °  line in the center-of-mass coordinate 

system. This persistence of the long-lived complex mechanism 

at higher energies is consistent with the low product yield, 

for if the critical configuration for forming H20+  and 0 is 

of very low probability, it is likely that these products tend 

to be formed from complexes which have existed several rotational 

periods. 	 . 	 . 	. 	. 
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Figure .15 gives the velocity vector distribution of H20+ 

formed from very energetic co11iions (8.89 eV) of O and H 2 . 

The distribution is highly anisotropiC, which indicates that 

112 0+  is frmed by a direct interaction mechanism in this high 

energy regime. The velocity vector distribution is rather 

broad, and has a rather poorly defined maximum in the vicinity 

of the velocity H20 would have if it were formed by the 

spectator stripping.mechaniSm. The latter would correspond 

to abstraction of 0 + from 0 +2 by 112 with no momentum transfer 

to the free 0 atom. However, because of the extreme breadth of 

the H2 0+ distribution, the term spectator stripping is a very 

pooi description of the high energy mechanism. Moreover, since 

112 0+  can absorb only 5 7 eV as internal energy before disso-

ciating, and most of the product in Fig 15 lies in regions 

where Q is more negative than -5.7 eV, the oxygen atom formed 

with H2 0+ must be electronically excited. 

SUMMARY 

In this paper we have demonstrated the existence of three 

reactionswhich proceed through a persistert collision complex. 

at low initial relative kinetic energies For the 0(D 2 ,D)DO 

and 02 (H2 ,0)H2 0 reactions, we have shown that as the relative 

kinetic energy of collision is increased, the product angular 

distributions become asymmetric, and direct interaction mech-

anisms begin to dominate the dynamics. For the0(D2,OD)Or)+ 

reaction, the product distribution remains quite symmetric even 

in the high energy regime, evidently because of the near identity 
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of the OD and OD  products, and dynamical equivalence of the 

oxygen atoms These observations of the reaction dynamics can 

be qualitatively rationalized using thermodynamic and ion 

appearance potential data. The experimentally estimated 

• 	lifetime of the collision complex formed in 5.5 eV relative 

energy collisions is in agreement with the prediction of the 

RRKM version of unimolecular reaction rate theory.  

The nonreactive collisions between O and D 2  lead to 

scattering patterns which are consistent with direct or.potential 

• 	scattering for small angles or la'rge impact parameters, and 

with strongly interacting collision complexes for small impact 

parameter, large angle scattering. Collisions between 0and 

D2  which produce 0+  appear to proceed only by a direct inter-

action, despite the influence of the persistent.collision 

complex in the other product channels. 
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Figure Captions 

Fig 1 A contour map of the specific intensity of 0+  from 

0-D2  collisions at an initial relative energy of 

11.2eV. Theradial coordinate is the speed of 0+ 

relative to the center of mass, and the angular coor- 

dinate is the center-of-mass system scattering angle, measurec 

relative to the direction of the 0 beam. The circle 

labelled.Q= -6.5 is located assuming the•D 2  and neutral 

0 products retreat from 0+  with no 

kinetic energy relative to each other.' 

Fig 2 A contour map of the specific intensity of 0+  from 

0-He coll-i-sions at 11.1 eV relative energy. The 

intensities are directly comparable to those in Fig. 1. 

Fig 3 A contour map of the specific intensity of 0 scattered 

from D 2'at 3 91 eV relative energy. The circle marked 

Q = 0 is the locus of elastic scattering. Points 

closer to the origin correspond to negative Q values 

and hence inelastic scattering 

Fig 4 A contour map of the specific intensity of the 0 

scattered by He at an initial relative energy of 5.55 .  

eV The small circles locate the actual intensity 
• 	maxima found in each energy and angular sweep through 

the scattering pattern. 	• 	• 

Fig. 5. The distribution of the specific intensity :of 0 	• • 

scattered from D2  at 5.57 eV relative energy. Note 

the smaller intensity near 180 °  and Q= 0, in comparison 

with Fig 4 
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Figure Captions (Continued) 

Fig. 	6. The distribution of the specific intensity of O 

scattered from D 	 at 11.1 eV relative energy. 	The 

'small clrcieslocate intensity maxima as in Fig. 4. 

The circle marked Q = -6.48 Is the approximate loctis 

of scattered 	excited to nearly its dissociation 

limit (6.8 eV), while the Q = -9.9. eV circle locates 

O 	which has eiccitedD 2  vertically to Its dissociative 

state. 	The cross at the inelastic peak is the 

velocity which DO 	formed by the spectator stripping 

process would have. 

Fig. 7. A contour map of the specific intensity of DO 	from 

O-D2  collisions at a relative energy of 3.86 eV. 

The circle marked Q = -2 eV is the locus of the 

maximum product. velocity, assuming no motion of the 

target gas, no beam energy and angular spread, and 

infinite detector resolution. 	. 

Fig. 8. A contour map of the specific Intensity of DO 	from 

the 0-D2  reaction at 5.47 eV initial relative 

energy. 	The circles marked Q = -2 and -4.75 eV 

are, respectively, the velocity limits for products 

with the minimum and maximum allowable internal 

excitation. 	The cross marks the velocity of DO 

formed by the spectator stripping process. 



Fig. 9 A contour map of the specific intensity of DO 	from 

the 0-D2  reaction at 8.34 eV initial relative energy. 

The cross locates the velocity of D0 	formed by the 

spectator stripping process. 

Fig. 10. A contour map of the specific intensity of DO 	from 

the 0-D2  reaction. 	Note that the total intensity 

Is small, and rather broadly distributed about the 

spectator stripping velocity, which is marked by .  

across. . 

Fig. 11 A contour map of the specific intensity of OH+  from 

02 -H2  c-elusion-sat 2.96eV.initial relative energy. 

The circle marked Q = -1.9 eV is the locus of OH+ 

scattered without internal excitation in either 

product molecule. 	 . 

Fig. 12. A:contour  mapof the specific intensity of 0D 	from 

0-D2 .coI1isions at 8.38 eVrelative energy. 	The 

circle marked Q = -6.6 eV corresponds to O1J 	and 

OD leaving the collision excited to the dissociation 

limits of their ground states 	Scattering inside 

this circle must occur with electronic excitation 

of either product, or dissociation of OD. 

Fig. 13. A contour map of the specific intensity of 112 0+  

formed by the 0-H2  reaction at 2.93 eV relative 

energy. . 
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Figure Captions (Continued) 

Fig. 14. A contour map of the specific intensity of H2 0+ 

formed by the 0-H2  reaction at 5.88 eV initial 

relative energy. Product ions formed with zero 

velocity relative to the center of mass are unstable 

with respect to dissociation the H + OH+ if the 

neutral 0 product is not electronically excited. 

Fig. 15. A contour map of the specific intensity of H2 0+ 

formed from 0 and H2  at 8.89 eV initial relative 

• • 	• energy. Note the low intensity relative to that in 

Fig. 14. The circle marked Q = -8.1 eV passes 

through the broad intensity maximum. A Q value 

of -7.9 at e = 1800 corresponds to spectator strip-

ping of the 0+  from 0. 

• 	 •• 
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Table I. 	Enthalpies and Appearance Potentials 

(ey)b (eV)a Vapp 

H2 0 -2.38 10.92 ± 0.05 
H-f- HO 1.96 15.36 ± 0.05 

: 	H + H + O 4.47 

OH± + OH 	- 1.87 15.35 ± 0.1 
OH++0+H 6.26 

HO 	+ 0 0.66 14.09 ± 0.1 
H20+0 1.66 - 
H2 +0+0 6.78 

3.37 

H2  ± O 0 15.8 ± 0.5 

a. 	Enthalpy forforming specified products 

from 01 and H2 . 

• 	b. 	Appearance potential for products from. 	• 

Ionization of H2O. 
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Table II Lifetimes for the D 2 O 	Collision Complex 

E1(eV) ¶ calc e 	Trtb (sec) 	rot C/1 d1s 

386 
11  

4.7 x lo 	 1.4 

5.47 	. 1.1 x lo 	1.2 	x. 	 1 	: 

8.3 3.5 x 	 09 x 10 3 	 0.3 

Calculated using RRKMthebry, with all channels. 	. 

Calculated assuming that the total orbital angular 

momentum appears as rotation about a nonunique axis. 

Estimated using, the fall-off function of ref. 16. 
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