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Ion-Molecule Collision Processes 

by 

Bruce H. Ma:1an 

Inorganic Materials Research Division of the Lawrence 

Radiation Laboratory and Department of Chemistry, 

University of California, Berkeley, California; 

In an earlier article1 I described the motivation, 

execution, and first results of our experiments in which a 

collimated, mass analyzed ion beam of known energy impj_nges 

on a scattering gas, and the distribution of velocity vectors 
. 
of the charged products of ion-molecule reactions are measured. 

Our immediate object in this work is to deduce from the measu1·ed 

product ene::.~gy and angular distributions information about 

the details of the reaction dynamics .. Our long-term goal is 

to use this information to test calculated potential energy 

surfaces for the systems investigated. 

The principle of these experiments can be understood 

easily if we recognize that the velocity vector Vlhich describes 

the motion of a projectile ion relative to a target molecule 

represented the initial state of the combined target-projectile 

system ab0ut to undergo a transition. The ion beam part of 

our apparatus is a device which "prepares" the composite 

system in a k..nown initial state; that is, a chemically identified 

ion moving relative to an identified target in a known direction 
( 

\ 

at a kno-vm speed. The detector of the app&,ratus analyzes the 
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the state of the target-projectile system after the collision 

by determining the mass and velocity vector of the scattered 

ion. From these measured final and initial mass and velocity 

states and the laws of conservation of energy and morn~ntum, 

the internal energy of the colli~ion partners and the deflection 

produced by the collision cah be calculated. 

The interaction which causes these transitionE: is the 

intermolecular potential sampled by the colliding molecules 

along their t~ajectories. Even when the initial vElocity 

vector is very well defined, a very large variety c·f collisions 

can occur which·sampl~ rather different regions of the inter­

molecular potential. These· collisions differ in tLe VcLlue of 

the impact parameter or aiming error, which is the distance by 

which the center of mass of the molecules would mif;s each other 

if no intermolecular forces operated. 

In a: nearly ~ead-on (small lmpact parameter) ~~ollision, 

the centers of the projectile and target approach until virtually 

the entire initial kinetic energy is converted to potential 

energy. At this "turning point" the collision partners r'everse 

their relative motion and start to recede from each other, 

thereby acquiring their final relative velocity vector. For 

these nearly head-·on collisions, the final relative ve·locity 

vector makes a large angle with the initial relative velocity 

vector (180° for an exactly head-on collision). It is the 

potential energy surface in regions where the kinetic energy 

is smallest (that is, near the distance of closest approach or 

.,, ! 

\ 
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turning point) that is most responsible for the details of 

what happen in these· small lmpact parameter collisions. Thus 

we have the convenient association that smaJl impact parameter 

.. collisions give large angle scattering whose details are 

determined by the "close" target-projectile configurations in 

which the potential energy i.s nearly equal to the initial 

relative kinetic energy. 

When the impact parameter is large, that is, of the order 

of a typical bond distance or greater, the target and pro-

jectile undergo a grazing collision in which the potential 

energy is never large compared to the initial kinetic energy. 

Thus the intermolecular forces which act are not large, and 

the final relative velocity vector makes only a small angle 

with the initial relative velocity vector. We have therefore 

another convenient associat:Lon: large impact parameter collisions 

sample the outer regions of the potential surface, and give 

small angle scattering. 

In an actual experiment, all values of the impact parameter 

occur, and in general scattering is expected at all angles 

relative to the ion beam. By measuring the intensity of 

scattering as a function of angle, and making use of the asso-

ciations just discussed, we can deduce qualitatively what type 

of collision is responsible for th3 various dynamical processes 

of elastic, inelastic, and reactive scattering. 

The first systems we studiedl-S bj this ion beam-product 

velocity vector method were exothermic hydrogen or deuterium 

atom transfer reactions like 
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N+ D2 
+ D 2 + ..,..,.. N

2
D + 

N+ 
2 + CH4·- N2H+ + CH3 

Ar+ + D
2 

-ArD+ + D 

N+ + H 
2 - NH+ + H 

While the details of the product distributions~ and therefore 

the reaction dynamics~ differed significantly~ there were 

several important features common to all distributioi?s whj_ch 

led to the following general deductions. When the relative 

energy of collision is 4 ev or g'reater ~ these exothermic atom 

transfer reactions proceed by a "direct" interaction mechanism; 

~hat is they involve a collision complex which lasts less than 

a full molecular rotational period (lo-12 -lo-13 sec at these 

energies). Grazing collisions in which the product ions 

proceed in much the same direction as the projectile ions make 

the principal contribution to the total reaction cross section. 

However~ nearly head~on collisions in which the· product ion 

is scattered through large angles are-almost as important as 

grazing collisions~ particularly at high energies. The molecular 

ion products are highly excited internally~ often to their 

dissociation limit~ and a major factor in determining the 

reaction probability at high energies is the necessity of 

forming product ions which are stable with respect to dissoci­

ation. Very large isotope effects occur which increase vdth 

. increasing energy and always favor pick-up of H over D in 

grazing collisions by factors of up to 20. For more nearly 
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head-on collisions in the N~-HD system, the isotope effect 

favors the formation of N2D+ v-rhen the relative energy 1s near 

4 eV and favors N2H+ when the relative energy is 8 eV or above. 

The interpretaiion of these data in terms of potential 

energy surfaces is still at a very rudimentary level. Recently, 

however, Suplinskas6 has calculated the velocity vectbr distri-

+ + bution of ArD from the Ar -D2 reaction using classical 

mechanics and a potential energy surface based on the assump-

tion that the atoms interact through a long range ion-induced 

dipole attraction and a hard sphere repulsion. The agreement 

between experiment and the calculated distribution obtained 

from this admittedly crude but qualitatively reasonable 

potential is very good. There is an important lesson conta1ned 

in the success of this crude potential surface. Even though 

scattering experiments give us much more detailed information 

about reaction dynamics than we have ever had, they still do 

not provide sufficient information to allow determination of 

the complicated three or more particle potential energy surface 

with a high accuracy. This observation, which has been all 

too easy to overlook, should come as no surprise. The much 

simpler job of finding an accurate intermolecular potential 

for two rare gas atoms has occupied many v-rorkers for many years, 

and still remains an active research area. 

Even though current experiments permit us to make only very 

qualitative conclusions about the gross features of potential 

surfaces, we can be very optimistic about future posq.ibilities. 
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The er,ergy and angular resolution of the apparatus and the 

data lnalysis techniques now used can be greatly irrproved, and 

as thjs is done, the more subtle aspects of potentjal surfaces 

will ~' .. tart to emerge. In the mean time, beam experiments can 

give us firm answers to many long-standing qualitative questions 

in chemical kinetics. In this article I will relate some of 

the recent result9 obtained in my laboratory which we feel 

elucidate the processes of excitation of molecular vibrations, 

the collisional dissociation of molecules, and the behavior 

of reJatively long-lived or sticky collision complexes. 

COLLISIONAL EXCITATION OF MOLECULAR VIBRATION 

Before a molecule can decompose or rearrange it must 

acquiJ·e internal energy as vibrational motion. Conversely, a 

molecule formed by combination of tw·o smaller fragments must 
~ 

have some of its vibrational energy removed before it becomes 

stable to re-dissociation or other unimolecular processes. Con-

sequently, the collisional transfer of vibrational energy to 

and from a molecule is an important kinetic process, and a 

great deal of effort has gone into its study, both experimentally 

7-9 and theoretically. 

There are methods7 of determining vibrational-translational 

energy exchange rates which depend on measuring a macroscopic 

property like the velocity of sound, or the low pressure {second 

order) limit of the rate constant of a pseudounimolecular 

reaction. These methods give an energy exchange rate which is 

an average over different kinds of vibrational transition, over 

all types of collision from grazing to head-on, and over the 

'"i 
I 
I 
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Boltzmann distribution of relative molecular velocities. Ev~n 

more specific techniques like the quenchlng )f laser-induced 

fluorescence 9 yield a rate averaged over the complete spread 

of velocities and the full range of impact parameters. Fortun-

ately, ion beam techniques allow us to discern the difference 

in the effectiveness of head-on and more nearly grazing 

collisions in producing vibrational excitation, and to do this 

in experiments in which the relative velocity of the collision 

partners is fairly well defined, and variable over a wide range. 

In the past year, my research group has performed many such 

experiments, and gained increased understanding of the vibra-

tional ex~itation process. Somewhat similar ion-beam-vibrational 

excitation studies have been done in the laboratories of 

Toennies, 10 Datz, 11 and Moran. 12 

Figure l shows a contour map of the intensity of NO+ 

scattered by a helium gas target. A polar coordinate system is 

used in which the radial coordinate is the speed of NO+ relative 

to the center of mass of the NO+-He system. (The velocity of 

the target-projectile center of mass is constant throughout 

any type of collision and is therefore a natural origin.) The 

other coordinate, the so-called center-of-mass· scattering 

angle, is the angle between the initial and final relative 

velocity ve~tors, and is measured with respect to the original 

direction of the NO+ projectile. Consequently, the NO+ ions 
~~ 

only slightly deflected by grazing collisions appear at angles 

less than 90°, while those which have made more nearly head-on 

collisions appear at large scattering angles. 
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An elastic collision is one in which the speed of' the NO+ 

ion relative to the center of mass is the same after the 

collision as before~ even though the direction of the trajectory 

is altered. 'l'herefore~ the locus of elastically scattered NO+ 

is a circle with a radius equal to the ird.tial speed of the 
. 

projectiles relative to the center of mass. This circle is 

labelled Q = 0 in Fig~ 1. The·quantity Q is the difference 

between final and initial relative energies of the collision 

partners, and is zero when no energy is transferred into internal 

modes bf motion, and is negative for inelastic collisions where 

the final relative translational energy and speed must be' less 

than those initially. 

We can see in Fig. 1 that at small (<60°) scattering angles, 

the maximum in the ridge of scattered intensity coincides with 

the elastic circle. Therefore, grazing collisions in which the 

intermolecular potential is small compared to the initial 

kinetic energy are essentially elastic- in nature. In contrast, 

for angles greater than 90°, the intensity maximun lies off 

the elastic circle, closer to the origin. Since ·these p~rticles 

scattered through large angles have speeds smaller than that 

of the projectile ions, they must have undergone inelastic 

collisions which produced internal excitation. Thus the appear­

ance of Fig. l can be interpreted qualitatively as follows. 

There are a large number of grazing collisions which produce 

small-angle scattering which is essentially elastic. The 

j_ncrease in the inelasticity which occurs at larger scattering 

-r 
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angles indicates that head-on collisions are more effective 

in producing internal excitation than are grazing collisions. 

The maximum inelasticity in Fig. l occurs nea:r· 180°, and 

corresponds to 1.4 eV appearing as internal energy of the 

products. Neither NO+ nor He have excited electronic states 

with energies this small, so the internal energy must.be present 

either as vibration and/or rotation of NO+. In a nearly head-on 

collision, very little torque can be exerted by He on NO+, and 

consequently we do not expect rotational excitation to be 

produced by such collisions. We conclude that for scattering 

near 180°, virtually all the internal excitation goes into 

vibration of NO+. In contrast, scattering near 90° and at 

smaller angles involves grazing collisions in which torques 

occur, and rotational excitation very probably occurs along with 

vibrational excitation. Consequently, we have concentrated on 

studying the scattering near 180°, which can be meaningfully 

interpreted in terms of pure vibrati,onal exc i tat iori. 

Because of the low resolution of our apparatus, excitations 

to individual vibrational levels are not resolved. The inela-

sticity of 1.4 eV corres'ponding to the intensity maximum at 

180° in Fig. l does give us the most probable vibrational 

excitation energy, however. Since the vibrational energy level 

spacing of NO+ is 0.29 eV, the most probable change in vibracional 

quantum number in this experiment was 4 or 5. We have observed 

that even larger quantum number changes occur in collisions 

with high relative translational energy. There has been a 
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tendency to overlook or discount the possibility of such larse 

changes·in quantum number, since most other experimental 

techniques involve or are sensitive to only small changes. 

However, various theories8 have predicted these large vibra-

tional quantum number changes. They are Observed in our 

experiments because they occur only wher:.. the relative·kinetic 

energy of collision is in the 2 to 20 eV range, and at present, 

only ion beam techniques can explore this energy region with 

any facility. 

Our measurements of the vibrational excitation of NO+ and 

o; in head-on collisions with He are nicely in agreement with 

a slightly modified version of the classical theory of vibra­

.tional excitation proposed by Landau and Teller13 in 1935. 

This theory tr~ats a one-dimensional.collinear collision in 

which the target atom interacts with the nearest atom of the 

diatomic molecule via a repulsive potential of the for.m 

-r/L v = v .. e 
0 

Here r is the distance between interacting atoms of the. target 

and projectile, V is a constant which does not appear in the 
0 . . 

final expression for the transferred energy, .and Lis a·length 
0 

parameter, usually about 0. 2 A, which Jet ermines how rap:Ldly 

the potential energy rises as the atoms approach each other. 

The theoretical expression14 for the energy 6E transferred 

into vibration is 

• 

• 

·~· 
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Here MA is the mass of the target atom, MB is the mass 

of: the atom in the diatomic which hits the target) Me is the 

mass of the trailing atom of the diatomic, w is the circular 

vibrational frequency, and E 1 and v are respectively the re o 

initial relative energy and relative speed of the target and 

projectile. When MB and Me are different but of similar 

magnitude, as is the case in NO+, each may be replaced by 

their average without appreciable error. 

Equation l shows that the transferred energy is a function 

of the factor in brackets which involves only the atomic masses, 

and also of the dimensionless group ( 7rwL/v 
0

). Since L is a 

characteristic length over which the potential energy changes 

substantially, and v
0 

is a speed characteristic of relative 

motion, vdrrL = we is a "frequency" which characterizes the rate 

at which the intermolecular potential changes during the 

collision. Therefore, the amount of energy transferred into 

vibrational depends, apart from mass factors, only on w/wc, the 

ratio of the vibrational frequency to the "disturbing" frequency. 

The ratio of internal to perturbing frequency is an ubiquitous 

factor in inelastic collision theories for all types of 

excitation. When this factor is small, the energy transferred, 

or the transition probability are large, and vice-versa~ This 

is nicely illustrated by Eq. (1), since as v
0 

increases, w/.JJc 

approaches zero, the product of the last two factors in Eq. (l) 

approaches unity, and depending on the mass factor, the change 
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in vibrational energy can be a substanti.al fraction of Erel. 

In contrast, as w/wc increases, the hyperboU.c cosecant is 

closely approximated by exp ( -w/ we), and the ene1·gy transferred 

becomes exponentially small. 

Figure 2 shows a comparison between Eq. (1) and our 

experimental data. The agreement between theory and experiment 

is very good over the complete range of initial energies studied. 

Of course, the theory does include the parameter L, but this 

was not adjusted to fit our data. Instead, it was chosen 

a priori according to a potential energy curve matching pro­

cedure15 which relates L to the Lennard-Jones pot~ntial parameters 

+ 16 of NO and He. We have found similarly good agreement betvTeen 

~ur experimental results for o; and N; collisions with He. It 

is worth remarking that the substantial disagref'ment of our 

data with a conventional form of classical vibration energy 

transfer theory led us to discover a lotig-standing inconsistency 

in the theory. When this inconsistency in.the treatment was 
14 removed, good agreement ·bet-ween experiment and theory resulted . 

. Thus at least for collision partners which have a combination 

of atomic masses similar to those in the systems we have 

investigated, the simple corrected analytical classical theory 

of vibrational energy transfer works very well indeed for high 

energy co1.1 i.sions. 

This pleasing result should not be interpreted as a complete 

vindication of the classical theory and exponential repulsive 

potential. The theory strictly applies only to head-on collinear 

• 
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colli.sions_, whereas in the scattering at 180°_, the collisions 

are head-on, but the atoms are not necessarily collinear. 

Furthermore, a much more searching test of the intermolecular· 

potential could be made if excitations to individual vibrational 

states could be resolved. We have experiments in which 've 

hope to accomplish this resolution novr under way. 

COLLISIONAL DISSOCIATION OF MOLECULES 

In elementary treatments of chemical kinetics, the colli­

sional di.ssociation of a diatomic molecule is written as a 

simple, one-step process, for example, 

Br2 + Ar - Br + Br + Ar 

The implication is that if Br2 and Ar collide with a relative 

translational energy equal to or greater than the bond energy 

of Br2 , a dissociation will certainly occur. Indeed, at any 

one temperature the measured rates at which such processes 

occur are approximately equal to Z exp(-D/kT); that is, to the 

total collision rate Z multiplied by a Boltzmann factor in which 

the activation energy is equal to the bond energy D. Oh the 

other hand, we have just seen that even in the most favorable 

case of head-on collision, only approximately 25% of the initial 

relative translational energy is converted to internal excitation 

in an NO+ -He c'ollision. This makes it seeni quite unlikely that 

dissociation could occur upon every collision which met the 

minimum energy requirement. Therefore the one-step or strong 
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collision description of disso~iation may not be an accurate 

description of what occurs in nature. 

There is another possibility~! The dissociation of 

diatomics could occur as a result of a many-step collisional 

excitation-deactivation process in which molecules gradually 

work their way up the ladder of vibrational states and are 

finally dissociated from a highly excited level by a rather 

weak collision. There is support for the occurrence of this 

ladder climbing mode of dissociation both from theoretical 

calculJ.tions and macroscopic dissociation rate measurements. 

We have determined the importance of the:strong single 

collision mode of dissociation in several systems with our ion 

beam apparatus. 18 Figure 3 shows the veJ.ocity vector distri­

bution of o+ from the reaction 

+ . + . 
02 + He ~ 0 + 0 + He 

at a relative energy of 8.31 eV. The max2.mum intensity of 0+ 

occurs at a velocity very nearly equal to the velocity of o; 
before the collision. Thus it appears that in many collisions, 

one oxygen atom is stripped out of the molecule by colllsion 

with helium, whil-e the other proceeds fr2ely having experienced 

a relatively small impulse or .disturbance dt<ring the disso-

elation. As the collision energy is incr~ased; this description 

becomes less accurate, and both dissociation fragments are 

scattered broadly. 

The most significant feature of Fig .. 3 is that the total 

intensity of the 0+ fragment ion is very small, even though the 

.--

i 
j I 

! 

• 

.. 



• 

• 

-15- UCRL-20316 

initial relative energy of 8. 31 eV is 2. 5 eV ( 5'7 kcal/mole) in 

+ excess of the bond energy of o2 . Thus, the strong collishm 

mode of dissociation indeed seems to be a rather improbable 

process, ~ven when there is more than sufficient energy 
I 

available. This qualitative assessment is confirmed by the 

results given in Table I, where we list the cross sections 

for dissociation in o;-He and NO+-He collisions at various 

energies. For comparison, the total cross section for elastic, 

inelastic, and dissociative scattering should be approximately 

"TnJ
2 , where a is the Lennard-Janes size parameter. This gives 

a total cross section of approximately 28 K2 . The fact that 

the dissociation cross sections given in Table I are much 

smaller than this shows that only a small fraction of collisions 

produces dissociation even when the available energy j_s wEll 

in excess of the bond dissociation energy. 

When helium is replaced by a target of greater m<t.SS, the 

dissociation cross sections increase, but not by a large 

increment. The small cross sections which we have found lead 

to rate constants for dissociation which are much small,er than 

those measured experimentally. Therefore, it seems clear 

that the one-shot strong collision mechanism is not an important 

contributor to the dissociation of diatomic molecules, and that 

the overwhelming fraction of dissociations occur by variants 

of the ladder climbing mechanism. 

CHEMICAL REACTIONS 

We have already pointed out that the exothermic atom 

transfer reactions 1-4 have in common several characteristics 



-16- UCRL-20316 

of their product velocity vector distributions. These simi­

larities suggest that the major features of the potential 

energy surf_aces for the. reactions are very much alike o After 

completing work on reactions 1-4, v;e wished to exam~ne a system 

which had a rather differentpotential energy. surface, and. 

which, therefore, would have different reaction dynamlcs and 

display"a new type of product velocity vector distribution. 

The reaction 

seemed to have all the properties we required. It is endo­

thermic: by 1. 9 eV, . a· substantial amount. Even more important, 
0 . +' . 19 the ion n2o2 is known . to be a stable species, with a net 

biriding e~ergy of 2.6 eV wi~h r~spect to the reactants 0~ and 

n2 • Thus it was clear that the.re would be a deep well in 

the potential surface. We ~trongly suspected that 'this .potential 

well would lead to the occurrence of relaT.ively long-lived 

col],.ision.complexes, rather than·the very short-lived complexes 
\ . 

+ + observed in the N2 -D2 .reaction. Finally, t_he o2 -D2 system had 

·the interesting feature that several different sets of products 
' . 

are possible, in addition to those of react:.on 5: 

ot.+ D2 ~ OD+ +·on. 

o+ 
2 + D2 4D20+ + 0 

o+ 
2 + D2 ""'+ 0 + + 0 + D2 

• 

,, 
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Other reactions can also occur, but these are the ones which 

we have investigated in detail. 

Figure 4 shows a contour map of the intensity of no; 
from collisions in which the initial relative kinetic energy 

( 2. 7 6 eV) is rather low. It should be c ompar·ed with the 

+ + distribution of N2n from the N2 -n2 reaction shown in· Fig. 5 .. 

~'he significant feature of the no; distribution is that it is 

symmetric about a line through ±90° in the center-of-mass 

coordjnate system. Such a symmetry indicates that the reactants 

collide, to form a "sticky" complex which rotates many times, 

and then dissociates randomly with the products leaving in a 

direction which is uncorrelated with the direction of the 

projectile ion beam. In contrast, the distribution of N2n+ 

is very asymmetric about the ±90° line, with the greatest product 

intensity in the small angle region. This asymmetry indicates 

that the N; which leaves the complex as N2n+ "remembers" the 

direction it had as it entered the collision region. This 

correlation between product and reactant velocity vectors implies 

a collision complex which exists for less than one molecular 

rotational period. + + Thus the N2n and no2 distributions are 

very different, with the no; showing the influence of a deep 

potential well associated with the n2o; complex. 

There R.re other experimental data which confirm the exi_st­

ence of a long-lived complex in the o;-n2 system. we20 

+ +' measured the velocity vector distributions of H02 and no2 from 

low energy (<4 ev) o;-Hn collisions, and found that both isotopic 
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products were distributed symmetrically about the ±90° l:Lnc 

in the center-of-mass system. Moreover~ the no; was in much 

greater abundance than HO;. This is also what is expected from 

the decay of a long-lived complex. The strong atomic inter-

actions in.such complexes should lead to products whose inten­

sities are proportional to their intrinsic statistical weights. 

The ion DO~- has a lower zero point energy than HO; ;. and because 

of i~s lower vibration frequencie~~ it has a greater density 

of internal energy states. Therefore~ it should be formed in 
. + 

greater abundance than H02 in the statistic;tl decay· of the 
+ .' . . ' 

HD02 complex~ just as is observed. Finally, a calculation of 

the lif~time of n2 o; with respeci t6 dissocation to no; was 

made~ using the Rice-Romsperger-Kassel-Marcus (RRKM) theory 

of unimolecular reactions. 17 The result found was that n2o; 
formed in collisions with less than 4 eV relative energy should 

live longer than 10 molecular rotations before dissocating to 

products. Despite the several ·approximations and assumptions 

necessary to the execution of this calciulation~ the qualitative 

finding that long-lived complexes should be observed at these 

low collision energie~ is reassuring. 

F'rom unimolecular reaction rate theory~ it is expected 

that the lifetime of a complex will decrease as its internal 

energy increases. In ion beam experiments· vre can change th~ 

internal energy of the complex by changing the relative trans-

lational energy of the collision partners. We would expect 

that as the collision energy is increased:, the lifetime of the 



• 
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complex should deCl·ease to less than one 1·otational period, 

and the symmetry of the product angular distribution about the 

±90° line should be lost. We undertook such experbnents jn 

-order to see how accurately the RRKM theory could p::-:·edict the 

collision energy at which the lifetime of the complex became 

less than one rotational period. 

Figure 6 shows a contour map of the intensity of no; 
formed by 0~-D2 collisions at a relative energy of 5.5 ev. The 

appearance of an intensity maximum in the small angle region 

indicates that at this relative energy, the lifetime of many 

of the complexes is of the order of one rotation or less. The 

lifetime of the complex calculated by RRKM theory is of the 

order of three rotations. At this stage, this must be considered 

to be very encouraging agreement. Most of the molecular param-

+ . eters of n2 o2 necessary for the calculation had to be estimated, 

and no account was taken of the fact that the n2 o~ complex Yas 

several modes of decay available to it. If this latter factor 

were taken into account, the calculated lifetime of the comrlex 

would decrease by a factor which could easily be 3 or more. 

Moreover, it is probably not reasonable to expect the statistical 

unlmolecular decay theory to predict the lifetime of the coP . .:-lex 

accurately at an energy where the assumption of a statistical 

decay of a long-lived complex is sta .... ting to fai.l. We expect 

that further studies of the lifetimes of collision complexes 

and the velocity distribution of their decomposition products 

will reveal to u~ the validity of current unimolecular decay 
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theories, and point out what changes must be made to inprove 

them. 

The behav1or of the velocity distribution of H2 o+ from 

o;-H2 collisions is similar to that just described for Do;. 

When the initial relative energy is low, H
2

o+ has an i wtropic 

distribution of velocities, sy~~etric about the center-of-mass 

velocity origin. At higher energies, the distribution of 

H2 o+ is asymmetric,. and indicates that the reaction occurs 

through a short-lived interaction in which an o+ is stripped 

ovt of the o; projectile to form H2 0+, while the freed 0 atorr 

receives a relatively small impulse. Thus for this reaction 

also a transition from long-lived complex to something akin 

to spectator stripping occurs as the collision energy is 

increased. 

The distribution of OH+ from o;-H2 collisions is symmetric 

about ±90° in the center-of-mass system when the initial rela­

tive energy is low. This certainly would be expected if OH+ 

were 

that 

being formed 

+ produces H02 

by 

and 

decay of the same long-lived H2o; complex 

+ + H20. . However, this symmetry of the OH 

distribution persists even when the relative collision energy 

is so high (10 eV) that no long-lived complex could exist, and 

formation of HO; and H2 o+ clearly occur by impulsive processes. 

This persistant symmetry of the OH+ distribution is very 

probably a consequence of the near identity of the product 

+ partners OH and OH. Since these molecules.differ merely by 

exchange· of an electron, there is no reason to expect that even 

at the highesc energies the OH+ will be scattered preferentially 
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either at angles greater or less than 90°, as long as the 

collision proceeds through an intermediate which has equivalent 

oxygen atoms. 'Thus our observance of a highly symmetric O~T+ 

distribution at all collision energies indicates that the 

collision intermediate H2 o; which forms OH+ resembles hydr)gen 

peroxide, rather than a linear OOHH or T shaped 00~ structJre. 

As indicated earlier, the isotope effects in low energy 

o;-HD collisions agree qualitatively with the predictions of 

unimolecular reaction theory. More interestj.ng isotope effects 

occur when the energy is high enough so that the complex is 

. + + short lived. Figure 7 shows the distributions of H02 and D02 

from an o;-HD collision at 8.6 ev. The Ho; is scattered in 

the small angle region almost exclusively, while the no; appears 

at larger angles. This is the first such extreme anisotrcpy 

jn an isotope effect to be observed, although a milder antular 
... 

dependence of an isotope effect had been discovered by us~ in 

the N;-HD system. 

There is probably no single explanation for the extrc·me 

angular dependence of the Ho;/no; isotope effect, but t~ere 

are at least two simple possibilities which may both contribute. 

The first is that the HDO; collision complex will tend to be 

formed with o; and HD roughly parallel to each other, and 

+ perpendic·ll'l.r to the direction of ~light of the 02 . The fact 

that the center of mass of the resulting HOOD+ is closer to 

the D atom than to the H atom will, on the average, cause the 

complex to start to rotate with the OH end moving in the flight 
J.,· 
'l+ direction of the o2 projectile, and the OD end moving oppositely. 
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If the complex decomposes in less than one rotation, cs it 

+ does in this high energy regime, any H02 formed will. tend to 

be travelling in the forward, or small angle directior, whereas 

any DO~ will be aimed into the large angle region. Ttus the 

explanation involves the fact that the centers of.masE and of 

charge of HD are not coincident, and that therefore i:r. general 

0~-HD collisions are accompanied by a rotation of the complex 

which initially carries the H end in the direction of the 

projectile. 

The second possible explanation for the angular dependence 

of the isotope effect involv~s the problem of stabilizing the 

incipien~ HO~ or DO~ molecule to decomposition to o; and an 

H or D atbm. At a given laboratory kinetic energy~ a projectile 

has a greater energy relative to a deuterium atom than to a 

hydrogen atom. Thus + it is possible for o2 at a laboratory 

energy of 100 eV to form stable HO~ from HD by essentially a 

spectator stripping reaction with no necessity of dissipating 

the internal.energy of.HO~ by recoil off the free deuterium 

+ atom .. On the other hand, D02 formed by a spectator stripping 

.process at the same projectile laboratory energy has enough 

+ ' + 
internal energy to decay to o2 and D. Thus D02 will not app'ear 

in the forward or smarl angle region because such "stripped". 

DO;is unc;t,q,ble. If DO~ is formed by collisions in which it 

rebounds off the free hydrogen atom, the product can be 

stabilized and will appear at large angles in the center-of-mass 

system. At the present time, we feel that this product 

stabilization process is the most ,likely cause of the anisotropy 

in the HO;-no; isotope effect at high energies. 

• 

"' 
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CONCLUDING RF1,1J\HKS 

Ion beam investigations of collision phenomena an: stjlJ 

in their exploratory, low resolution stage. Nevertheless, it 

is clear that even these crude initial experiments can provide 

clear qualitative answers to some of the classical questions of 

chemical kinetics. With the second generation of high resolu-

tion apparatuses now in sight, we can anticipate much more 

detailed tests of the theories of vibrational and electronic 

excitation, unimolecular decomposition,· and bimoleculE.r reaction. 
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• 
Table I. Total Cross Sections for Dissociation 

' 

System E rel (ev) (j (A2) 

o+ - o+ 2 8.32 0.013 

ll.l 0.054 

16.5 o.l 

16.5 0. 23 

19.4 0.83 

19.4 0.83 

27.7 1.5 

NO+-+ 0+ 23'. 6 0.12 

NO+ -+ N+ 17.7 0.054 

N o+ - o+ 
2 

12.5 0.49 

N+-+ N+ 
2 18.7 0.056 

( 



• 

( 

-27-

Figure 4. An intensity coutour map of DO; formed from o;-D2 

collisions at 2.76 eV relative energy. The nearly 

UCRL-2' 316 

isotropic distribution of intensity about the center 

+ 
of mass velocity indicates that the formation of D02 

+ proceeds through a long-lived n2o2 
collision complex. 
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+ A contour map of the specific intensity of 0 from 

o;-He collisions at an initial relative energy of 8.31 ev. 

The dashed contours are somewhat undertain because of very 

low intensity. The intensity maximum lies at a velocity 

slightly smaller than the velocity of t~e primary beam 

particles. 

• 

) 
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Figure 2. The exothermicity (or negative inelasticity) Q as a function 

of initial relative energy of 180° scattering in the NO+-He 

system. The circles are experimental data, while the curve 

is the prediction of Eq. l with the parameters given. 
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+ A Contour map of the specific intensity of NO scattered 

from He at an initial relative energy of 6.55 eV. The 

+ polar coordinate has as its origin the velocity of the NO -He 

+ center of mass, the radial coordinate is the speed of NO 

relative to the center of mass, and the angular coordinate 

is the scattering angle in the center of mass system, 

measured with respect to the direction of the initial ion · 

beam. The circle labeled Q = 0 is the locus of the velocity 

+ of NO scattered elastically. The small circles locate 

points of maximum intensity, and thus.represent the most 

probable speed at a particular angle. 

; 
.., l 

i 
•j 

j 
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+ An intensity contour map of N
2

D 

UCRL-20316 

+ formed from N2-D2 

collisions at 3.12 eV initial relative energy. The 

distribution is asymmetric about the ±90° line, with 

an intensity maximum in the small angle region. This 

indicates that in the most probable reactive event, 

+ . N2 p1cks up a D atom in a short-lived grazing collision 

with D2, and the resulting N
2

D+ proceeds in approximately 

the same direction as the original pro,jectile motion. 
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Figure 6. An intensity contour map of + + D02 from o2-D2 collisions 

at 5-47 eV relative energy. The intensity distribution 

is now asymmetric about the ±90° line, which indicates that 

the reaction proceeds through a short-lived direct interaction 

at this and higher inital relative energies. The small cross 

marks the velocity of products formed by the ideal stripping 

mechanism, while the circles marked Q = -2 and -4.75 give 

the limits of product speeds which are imposed by reaction 

endothermicity and product instability, respectively. 

Finite resoltuion of the apparatus and motion of the target 

gas are responsible for product intensity outside the 

Q = -2 eV circle, and inside the Q = -4.75 eV circle. 
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Figure 7· Contour mapsof the intensities of products from the 

0+-HD reactions at 8.59 eV relatiYe energy. The 
2 

+ upper panel shows the H02 product which is apparently 

formed by a direct interaction wh::.ch gives predominately 

+ forward scattered H02 • The small cross locates the velocity 

of products formed by the ideal stripping process. The lower 

+ panel shows the velocity vector d:.stribution of D02, again 

+ 
from 02-HD collisions at 8. 59 eV :~elative energy. The 

intensity lies principally in the large angle region, 

+ with only small amounts of DO product at the ideal stripping 
2 

velocity. In both maps, the product intensity lies closer 

to the center of mass than would be predicted by the ideal 

stripping or elastic spectator model. 
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