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Ton-Molecule Collision Process
oy

Bruce H. Mahan

Inorganic Materials Research Division of the Lawrence
Radiation Laboratory and Department of Chemistiy,

University of Califcrnia, Berkeley, California:

f

. . 1. . . .
In an earlier article” I described the motivation,

execution, and first results. of our experiments in which &

2}

collimated, mass analyzed ion beam of known energy impinge
on a_séattering gas, and the distribution of velbcity vectors
bf.thé charged products of‘ion—moleculevreactions are measured.
OQur immediate object in this work is to deduce from the measured
product energy and angularvdistfibutions infqrmation about
the details of the reaction dynamics.a.Our long-term goal 1is
to use this information to test calculated potential energy
surfaces for the systems investigated.

The principle of théese experiments can be understood
easily if we recognize that the velocity wvector which déscribes
the mﬁtion of a projectile ion relative to a target moleculeA
represented the initial state of the combined target-projectile
i system about to undergo a transition. The ion beam part of

our apparatus is a device which "prepares"

the composite
system in a known initial state; that is, a chemically identified
ion moving relative to an identified target in a known direction

at a known speed. The detector cf the apparatﬁs analyzes the
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the state of the target-projectile system after the collisidn_
by determining the mass and velocity vector of the scattered
idn. qum these measured-final and initial mass and velocity
states ahd the laws of conservation ofvehergy and momentum,

the internal energy of the collision partﬁers and tﬁe deflection
produced by the collision can be calculated. - ’.

The interaction whichvcauses'these tfansitions is the
intefmqlecular potential sampled by the colliding molecules
along their trajectofies. Even whén the initial‘velocity.
vector is very wéil defined, a very large variety_of édllisiohs
cén occur which‘sampi@ rather different regions of the inter-
molecular potential. These“éoliiqions differ in the value of

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

which the center of mass of the molecules would miss each other
if no intermolecular forces operated.

In a nearly head-on (small impact parameter).collision;
the centéfs of the pfojectile and target approach until virtually
the entire initial kinetic energy is converted to potential
energy. At this "turning point" the collision partners re&erse
their relative motion and start to recede from each othér,
thereby acquiring their final relative velocity vector. For
-these nearly head-on coilisions, the-final,relative velocity
vector makes a large angle with the initial relative velopity
vector (180° for an exactly head-on collision). It is the
poteﬁtial energy surface in”fegibns where the kinetic energyv

is smallest (that is, near the distance of closest approach or
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turning point) that ié mcst responsible for the details of
what happen in these‘small impact parameter collisions. Thus
we have the convenient association that small impact parameter
collisions give large angle scatﬁering whoée detalills are
determined by the "close" target-projectile configurations in
which ﬁhe potential energy is 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 potentiél
energy is never large compafed to the initial kinetic energy.
Thus thé intermolecular forces which act are not large, and
ihe final relative velocity vector makes only a small angle
with the initial relative velocity vector. We have therefore
another convenlent association: Ilarge impact parameter collisions
sample the outer regions of the potential surface, and give
small angle scattering.

In an actual experiment, all values Qf the impact parameter
occur, and in general scéttering 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 th2 various dynamical processes
of elastic, inelastic, and reactive scattering.

The first systems we studiedt™°

by this ion beam-product
'velocitybvector method were exothermic hydrogen or deuterium

atom transfer reactions like
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N+ D, —.N Dt + D

.‘+ 
2 2

L | .
Ny + CH4 —’NZH + CH3
. ,

art + p, = ArD* + D

-+

N+, owgt o+ w

2
While the details of the produéffdistfibptibns, and therefore
tﬁe reaction dynamics, differed significantly, there wére
several important:features'cdmmon to'a1i:distributionsvwhich
led to the following general deductions. When the relative
energy-éf'éoiiiéion is 4 éV!or gfeatér,'these exothermic étom |
transfer'réactidns proceed‘by a "direct" interaction mechanism;
that is they involve a collision éomblex which lasts less than

a full molecular rotational period (10—12e10;13

sec at these
energies)._'Grazing collisions in which the product iéns

proceed in much the same direétidn as'the prbjectile‘ions make
the principal contribution to the total reaction éross section.
Hoﬁever; nearly head-on collisions in which the product ion

is scattered through large angles are:aimCSt as importantvas_
érazing.collisions, particulafly at highjenérgies. The moiecular
ion products are highly éxcited intefnally, often to their |
diséociétion 1limit, and a major'factor in detefmining'the |
"feaction_probability at high energies is the neceséityvof
fbrmihg product ions whiéh are stable with réspect to'dissogi—
ation; iVery large isotope effécts occur which increase with
[inéreasing energy and always‘favor pick—up'of H o?ér D in - |

grazing collisions by fdctors of up to 20. For more nearly

ks
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head-on collisions in the N;—HD system; the isctope effect

favors the formation of N2D+,when the relative energy 1s near

4 eV and favors N2H+ when the relative energy is 8 eV or‘above.
The interpretation of these data in terms of potential

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

however, Suplin'skas6 has calculated the velocity vectdor distri-

bution of ArD+ from the Ar+—D reaction using classical

2
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
fotential is very good. There is an important lesson contained
in the success of this crude potential surface. Even though
scattering experiments give us much more:detailed information
about reéction dynamics than we have ever had, they’stili 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 intérmolecular potential
for two fare gas atoms has occupled many workers for many years,
and still remains an active research area. |

Even though current experiments permit us to make only very
qualitative conclusions about the grosé features of_potential

surfaces, we can be very optimistic about future posgibilities.
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The enefgy and.angular resolution of the dpparatus and the
data analyéis techniques now used can be greatly improved, and
as this is done, the more subtle aspects of potential surfaces
will etart to emerge. In the mean time, beam experimenté can
give us firm answers to many'long~standing:qualitative questioné
in chemical kinetics. 1In this article I will relate Some of
the recent[result$.obtainéd in my laboratory which we feel
elucidate the processes of excitation of mblecular vibrations,
the collisional dissociation of moleculés, and the behavior

of relatively long-lived or sticky collision complexes.
-COLLISIONAL EXCITATION OF MOLECULAR VIBRATION

' Befdre é molecule can decompose or rearrange it mﬁst
acquiré infernal energy as vibrational motion.‘ Conversely, a
molecule formed by combination of two smaller fragments must
have some of.its.vibrational enefgy rembved before it becomes
stable to re—dissociafion/or other unimoleéuiar proceéées.' Con-

sequently;vthe collisional transfer of vibrational energy to
| and from a molecule is an impértant kinetic proééss, and a
- great dealAbf effort hés gone into its sfudy, bbth experimentally

and theoretically.7'9

There arevmethods7 of determining vibrational-translational
energy exchange ratesﬂﬁhich depend on measuring a macfoscﬁpic
‘propeffy 1ike the velqcity of SOund, or the iow pressure (éecond
order) limit of the rate constant of a pseudounimolecular
reaction. KThese methods give én~energy exchange rate which is
an avérage oVer different kinds of vibrational transition, over

all typeé of collision from graziné'to head-on, and over the
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Boltzmann distribution of relative molecular velocities. Even
more specific techniques like the quenchihg Of laser-induced
fluorescence9 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 faifly well defined, and variable over a wide range.
In the past year, my research group has performed many such
experiments, and gained increased understancing of the vibra-
tional excitation process. Somewhat similar ion-beam-vibrational
éxcitation studies.have been done in the laboratories of
Toennies,lO'Datz,11 and Moran.12 '

Figure 1 shows a contour map of the intensity of Nof
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 cbnstant 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 wvectors, and is measured with respect to the original
direction of the NO+ projectile. Cbnsequently, the‘:NO+ iéns_

only glightly deflected by grazing coiliSions appear at anglés
less than 96°, while thoée 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 NoV
ion relatiye to the center of mass 1s the same after the
collision‘as before, even though the direction of the trajectory
is altered. Therefore, the locus of elastically scattered NOY
is a circle with a radius equal to fhé initial speed of the
projectiles relative to the center of mass. This circle is
labelled @ = O in Fig. 1. The quantity § is the difference
between final and initial relative energies of the collision
partners, and is zero when no energy is transferred into internél
modes of motion, and is negative'fOr inelastic collisions where
‘the final relative translational energy and speéd must be’ less
than those initially.

We can see. i1n Fig. lbthat at small (<60°) scattering‘angles,
the maximum in the ridge of scattered intensity coincides With
the elastic circle. Therefore, grazing4colliSiOns in which the
intermolecular potential is small compared to the initial
kinetic'energy are essentially elastic‘in.nature. In contrast,
for angles greaﬁer than 90°, the intensityfmaximun lies off-
the elastic circle, closer to the origin. Since these particles
scattered through large angles have speeds émaller than that
of the projectile ions, they must have uﬂdergone inelastic
collisions which produced internai excitatioﬁ.' Thus the appear-
- ance of Fig. 1 can be interpreted qualitatively as follows.
There.are a largevnumber<ﬁ‘grazing collisioné wﬁich producew
small-angle Scattering which is essentially elastic. The

increase in the inelasticity which occurs at larger scattering
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angles indicates that head-on collisions are more effecfive
in producing internal excitation than are grazing collisions.
 The maximum inelasticity in Fig. 1 occurs near 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'. Tn a nearly head-on
collision, very 1itt1e torque can be exefted 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 Not. 1In contrast, Scattering near 90° and at
émaller.angles involves grazing collisions in which torques
occur, énd rotational»excitation Véry probably occurs along with
vibrational excitation. Consequently, we have concentrated on
studying ﬁhe scattering near 180°, which can be meaningfully
interpreted in terms of pure vibrational excitation.

Because of the low resolution of our apparaius, excitations
to individual vibrational levels are not resolved. The_ inela-
sticity of 1.4 eV corresponding to the intensity maximum at
180° in Fig. 1 does give us the most probable vibrational
exgitation eﬁergy, however. Since the vibrational eﬁergy 1ével
spacing of not is 0.29 eV,'the most probable change in vibracional
quantum number in this experiment was 4 or 5. We have observed
that eQen larger quantum number changes occur in collisions

with high reldtive translational energy. There has been a
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tendency to overlook or discount the‘possibi1ity of such iarge
changes in Quanfum number, since most other ekpefimeniel
techniques involve or are sensitive to only small chaﬁges.
However, various theories® have predicted these large vibra-
tional quantum number changes. They are observed in our

experiments because they occur only when the relative-kinetic

energyVOf”collision is in the 2 to 20 eV range, and at present,

only ion beam»techniques can explore - -this energy region with
any'faciiity. | ‘ |

Our measurements of the vibrational excitation of NO ‘ nd
Og in head on colllslons with He are nlcely in agreement with'
a slightly modlfled version of the classical theory of vibra-
'tional excitation proposed by Landau and Teller'> in 1935.
This theory treéats a‘one—dimensional&collinear collision,ih 
which the target atom interacts with the nearest atom of the

diatomic‘moleCule via a repulsive potential of the form:

. -r/L
V‘—.Vbe

‘Here r 1s the distance between interacting atoms of the, target
“and pfojeCtiie, Vo ;s a‘censtant which does not appear in the
final expression for the transferred energy,.and L is a'lehgth
parameter, usually about 0.2 K, Which éeterminee how repidly'
the potential energy rises as the atoms approach each other;
The theoretical expression14 for the energy AE transferred

~into vibration is

Iel A BC

AE = E [4M MM /(M +MB) (MB+MC)2 (rwL/ v ) csch? ’me/v ) (1)

[
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Here MA is 1he mass of the target atom, MB is the mass
of the atom in the diatomic which hits the target, MC is the
mass of the trailing atom of the diatomic, w is the circular
vibrational frequency, and Erel and v, are respectively the
initial relative énergy and relative speed of the target and
projectile. When MB and MC are different but of similar
magnitude, as is the case in NO+, each may be replaced by .
their average without appreciable error. |

Equation 1 shows that the transferred energy 1is a function
of thevfactor in brackets which involves only the atomic masses,
and also of the dimensionless group (va/vo). Since L is a
characteristic length over which the potential energy changes

substantially, and vy is a speed characteristic of relative

is a "frequency" which characterizes the rate

motion, VO/WL = o,

at which the intermolecular potential changes during the
cbllision. Therefore, the amount of energy transferred into
vibrational depends, apart from mass factors, only on Q/mé, the
ratio of the vibrational frequency to the "disturbing" frequency.
.The ratio of internal to perturbing frequency is an ub;guitous
factor in inelastic collision theories fbr all types of
excitatibn. When this factor is smali, the energy transferréd,
or the transition probability are large, and vice-versa, This -
is nicely illustrated by Eq. (1), since as v, increases, w/»c
approaches zero, the product of the lasf two factors in Egq. (1)

approaches unity, and depending on the mass factor, the change
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in vibfatibnal energy can be a substantial fraction of Erel'
In contrast, as m/wc increases, the hyperbolic cosecant is
closely approximated_by exp(—@/wc), and the energy transferred
becomes exponentially small.

Figure 2 shows a comparison between Eq. (1) and our
_experimental data. The agreement between thedry and experiment
is very good over the complete rangé of initial energiés studied.
of course; the theory does include the parameter L, but this
was not adjuStedvto fit our daté. Insfead, it was chosen

a priori according to a potential energy curve matching pro-
15

cedure™™ which relates I to the Lennard-Jones poténtial parameters

of NO+'and He. W616 have found similarly good agreément between

our experimental résults for O; and Ng collisions with He. It

is worthvremarking that the substantial disagreement of our |
data with a conventional form of classical vibration energy
transfer theory led us to diséover a 1ong—staﬁding inconsistency 
~in the theory. When this inconsistency in.the treatment was
removed;l4 good agreement between experiment and theory resulted,
.Thus at 1ea§t for collision partners whiéh have a combination

of atomic masses similar to those invthe systems'we havé
investigated, the simple corrected analytical classical.theory

of vibrational ehergy transfer works very wellvindeed for high

: energy co'lisions. '
This_pleasing result‘should not be interpreted as a complete

vindication of the classical theory‘and exponential repulsive

potentiall - The theory strictly applies only to head-on collinear
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collisions, whereaé 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_céuld'be resolved. We have experiments in which we

hope tQ accomplish this resolution now under way .

COLLISIONAL DISSOCIATION OF MOLECULES

In elementary treatments of chemical kinetics, the colli-
sional dissociation of a diatomic molecule is written as a

simple, one-step process, for example,

Br, + Ar — Br + Br + Arv

2

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 dissociafion will certainly occur. Indeed, at any ’
ohe température 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. On the
other hand, we have just seen that even in the most favorable
case of head—on'collision,bonly approximately 25% of the initial
relative translational energy 1s converted to internal excitation
in an Nof—He.collision. This makes it seem quite unlikely that
diséociatioﬁ“could occur upon every collision which met the

minimum energy requirement. Therefore the one-step or strong
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collision description of dissobiation may not be an accurate -
description of what occurs in nature.

There is another possibility;l7

The dissoclation of
dlatomlcs could occur as a result of a many-step colllslonal
ex01tatlon deactlvatlon proceqs in whlch molecules gradually
work their way up the ladder of vibrational states and are
finaliy‘di ssociated from a hlghly excited level by a rather
weak c0111s1on. There is support for the occurrence of this
ladder climbing mode -of dissociation both from theoretical-
calcuiaﬁiohs and macfoscopic dissocigtionvrate measufemehts.

Werhave determined the importance of the!strong single
'collision'mode of dissociation in several systems with our ion
18 |

beam apparatus. Figure 3 shows the velocity vector distri-

bution of 0" from the reaction

o+

, + He = 0" + 0 + He

at a relative‘energy of 8.31 eV. The maximum intensiiy of O+
occurs ét alvelocity very nearly equal to ﬁhe.velocity of O;
before the collision. Thus 1t appears that in many cOlliSions,
one oxygen atom 1is strlpped out of the molecule by collision

vAw1th helium, whlle the other proceeds freely hav1ng experlenced

‘a relatively small 1mpulse.or‘dlsturbance durlng the disso-

-ciation. As the collision energy is incr~ased, this deecriptiOnv

becomes less accuraﬁe, and both dissociation fragments are.
scattered broadly.

The most 31gn1flcant feature of Fig. 3 1s that the total

Lnten31ty of the O fragment 1on is Very smdll even though the

o
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»

initial relative cenergy of 8.31 eV is 2.5 eV (57 kcal/mole) in -

excess of the bond energy of Og.v

Thus, the strong collision
mode of dissociation indeed seems to be a rather improbable
process, ‘even when there is more than sufficient energy
available. This qualitative assessment is confirmed by the
results given in Table I, where we list the Cross sections

for dissociation in Og—He and NO+—He collisions at various’
energies. For comparison, the total cross section for elastic,
inelastic, and dissociative scattering should be approximately
voz, where ¢ is the Lennard-Jones size parameter. This gives
a total.cross section of approximately 28 KZ. The fact that
phe dissooiation 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 is weil
in excess of the bond dissociation energy.

When helium is replaced by a target of greater mass, 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 smaller 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
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of their'product'velocity vector distributions ~ These simi-

‘1ar1t1es suggest that the maJor features of the potential
energy surfaces for he reactions’are very much alike. ~After
‘completing'work on reactions 1- 4, we w1sned to examine a system
which had a rather different potential energy surface, and
which, therefore, would have different 1caction dynamics and’

‘ display a new type of product ve]ocity vector distribution

The reaction

T 4D, —»Do+ +D

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

thermic by 1.9 eV, a substantial amount . Even more important3'

19

the ion D,0T 1is known to be a stable. speCies, with a net

272
. binding energy of 2. 6 ev With respect to the reactants O2 and

D Thus it was clear that there wou]d be a deep well in

2.0
well would lead to the occurrence of relatively 1ong 1ived
collision comp]exes, rather than the very short 1ived complexes

observed in the-Nz—D2 reaction. Finally,-the 02—D2 system had

' ~the Interesting feature that several different sets of products

are posSible,_in addition to those of react on 5
ot4p;=mopt 40D |
of +p, -0t + 0
2 T2 2 T
+ D,

the potential surface. We strongly suspected that th1S:potentia1:‘ :
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Other reactions can also occur, but these are the ones which
we have investigated in detaill. .

Figure 4 shows a contour map of the intensity of Dog
from collisions in which the initial relative kinetic energy
(2.76 eV) is rather low. It should be compared with the
distribution of N2D+ from the Ng—D2 reaction shown in-Fig. 5,- 
The significant feature cf the DO, distribution is that it is .
symmetric about a line through 190° in the center-of-mass
coordinate system. Such a symmetry indicates that the reactants

collide. to form a '

'sticky" complex which rotates many times,

and then dissocilates randdmly with the products leaving in a
direction which is uncorrelated with the direction of the
brojectile ion beam. In contrast, the distribution of N2D+

is very_ésymmetric dbout the ¥90° line, with the greatest product
intensity in the small angle region. This asymmetry indicates
that the N; which leaves the complex as N2D+ "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 périod« Thus the N2D+ and Dog distributioné‘are

+
2

potential well asscciated with the Dzog complex.

very different, with the DO, showing the influence of a deep

There are other experimental data which confirm the exist-

ence of a long¥1i0ed complex in the O;—D2 system. Wezo

megsured the velocity vector distributions of Hog and Dog from

low energy (<4 eV) OZ—HD collisions, and found that both isotopic
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products were distributed symmetfiéally aboﬂt.the;i9o° line

in the‘Center—of-mass system. Moreover, tha ﬁo; was in much
greater abundance than»HOZ. This iS»also what is expected from
the decay of a 1ohg—1ived_coﬁpléi; The strong atomic inter-
actions in such complexes should lead to products whose inten-

sities arerproportional to their.intrinsic statistical weights.

+-
2

of its lower vibration frequencies, it has a greater density

The ion DO. has a lower zero point energy than HOL, and because
of internal energy states. Therefore, it should be formed in
greater abundance than Hog' in the statictical decay of the

HDO, cémplex, just as“is observed. Finally, a calculation of

2
the lifetime of DZO; with'respecﬁ té'diSSOCation_to Dog was
made, using the Rice—Romsperger—Kaééel—Mérqus (RRKM) theory

17 The result founé was that DZO;

of unimolecular reactions.
‘formed infcollisions with less than 4 eV ‘relative energy should
iive longer than 10 molecular rotations before dissocating to
“products. Despite the several approximations and assumptions
necessary to the eXecution of this calculation, the qUalitative
finéiﬁg that long—livédvcomplexes should be observed at these
low céliision energies is reaséuring.

From-unimblécular reactioh rate theory, iﬁ.is expected
that the lifetime of a complex will decrease as its internal
energy-incfeéses. In ion beam éxperiments-we caﬁ.change th2
internal energy 6f.the‘complex'by changing the relative trahs—

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 decrease to less than one rotational period,
and the symmetry of the product angular distribution about the
+90° line should be lost. We undertook such experiments in
-order to see how accurately the RRKM theory could predict the
collision energy at which the lifetime of the complex became

-

less than one rotational pericd.

Figure 6 shows a contour map of the intensity of Dog

o+
formed by 02—D2

appearance of an intensity maximum in the small angle region

collisions at a relative energy of 5.5 eV. The

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 i1s of the

5rder of.three rotations. At thils stage, this must be considered
to be very encouraging agreement. Most of the molecular‘param—
eters of Dzog nécessary for the calculation had to be estimated,
207
several modes of decay available to it. If this latter factor

and no account was taken of the fact that the D complex Fras
were taken into account, the calculated lifetime of the comrlex
would decrease by a factor which could easily be 3 or more.
Moreover, 1v 1is probably not reasonable to expect the statistical
unimolecﬁlar decay theory to predict the lifetime of the comilex
accurately at an energy where the assumption of a statistical
deéay of a 10ng—livea complex is starting to fail. We expect
that further studies of the lifetimes cof collision complexes

and the velocity distribution of their decomposition products

will reveal to us the validity of current unimolecular decay
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-theories; and point out what changes must be made to inprove
them. | |

The behavior of the velocity distribution 6f.H20+ from
O;—H2 collisions is similar to that just described. for DOZ.

When the initial relative energy is low, H 0" has an isotropic

2
distribution of veloéities, symmetric about the center -of -mass
velocity origin. At higher energies, the distribﬁtion of
H20+ is'asymmetric,;ahd indicates that the reaction occurs.
through‘a-short—lived iﬁteraction in which én O+ is stripped

out of the O projectile to form H,0', while the freed O ator

2
receives a relatively small impulse. Thus for this reaction
also a transition'frdm 1ohg—1ived complex to something akin
to spectator stripping occurs as the collision energy is
increased.

+
2 7Hp

about 190° in the center-of-mass system when the initial rela-

. The distribution of OH' from O collisions is symmetric
‘tive energy is low. This certaihly'would be expected if OHT
were being formed by decay of the same long-lived HZO; complex
that produces Hog and HZOf; However, this'symmetry of the OH'
distribution persists even when the relative collision ;nergy
is so high (10.eV) that no long-lived complex could exisﬁ, and
formation of‘Hog and HZO+ clearly occur by impulsive processes.
This persistant symmetry of the OH+ distribution is very
probably a consequeﬁce of the near identity of'the product
vpartﬁers'OH+ and OH. Since thése'mblecules-differ merely by

exchange ¢f an electron, there is no reason to expect that even

at the highest energies the OH' will be scattered preferentially
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_either at angles greatér or less than 90°, as long as the

collision proceeds through an intermediate which has equivalent

oxygen atoms. Thus our observance of s highly symmetric OW+

distribution at all collision energies indicates that the

collision intefmediate Hzog which forms OH' resembles hydr gen
H

peroxide, rather than a linear OOHH or T shaped OOH structre.

As indicated earlier, the isotope effects>in low energy
O;—HD collisions agree qualitatively with the predictions of
unimolecular reaction thebry. More interesting isotope effects
occur when the energy is high enough so that the complex is
short lived. Figure 7 shows the distributions of HO, and DO}
from an OZ-HD collision at 8.6 eV. The Hog is scattered in
fhe small angle region almost exclusively, while the Dog appears
at larger angleé. This is the first such extreme anisotrcpy
in an isotope effect to be observed, although a milder angular
dependence of an isofope effect had been discovered by uszlin
the N;—HD system.

There is probably no single explanation for the extreme
angular dependence'of'the HOS/DO% isotope effect, but there
are at least two simple possibilities which may both contribute.
The first is that the HDO? collision cbmplex willvtend to be
formed With Og and HD roughly parallel to each other, and
perpendicrilar to the direction of flight of the Og. The fact
that the center of.mass of the resuifing HOOD+ is closer to
the D atom thén to the H atom will, on the average, cause the
cbmplex to start ?o rotate with the OH end moving in the flight

¥

direction of the 5; projectile, and the OD end moving oppositely.
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If the ¢omﬁlex.decomposes in less than one rotation, 2s iﬁ

does in this high energy regime, any Hog formed will tend to
be traVel1ing in the forward, or small angle directior, whereas
any DO; will be aimed into the large angle region. Trus the

ekplanation involves the fact that the centers of mass and of

charge of HD are not coincidént, and that therefore ir. general

+—
2

which initially carries -the H end in the direction of the

O,-HD collisions are accompanied by a rotation of the complex

projectile.

The second possible explanétion for the angular dependence

of the isotépe effect involves the problem of stabilizing the

+ + +
2 2 2

H or D atom. At a given laboratory kinetic energy, a projectile

- incipientfHO or DO, molecule to'decomposition to O Aand'an
has a greater energy relative to a deuterium atom than to.a

hydrogen atom. Thus it is possible for O; at a laboratory
energy of‘loo eV to fofm stable Hog from HD by essentially-a
spectatbr’stripping reaction with no necessity of dissipating
the internal energy of HO by recoil off the free deuterium
atom. .On the other hand, DO formed by a spectator stripping
 process at the same projectile laboratory energy has eﬂgugh
internal energy to decay to Og and D. Thus Do; Qill not appegr
in the forward or small angle regionjbecause such "stripped" 

‘ Dog<is unstable. If Do; is formed by collisions in which iﬁ_
rebounds off the free hydrogen atom, the product can be
_stabilized and will appéar at large angles in'the center-of-mass
system. At the present time,‘we feel that this product |
stabilization process is the most likely cauéé’of the anisobropy

in the Hog-nog isotope effect at high energies.
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CONCLUDING REMARKS

Ton beam investigations of collision phenomena are still
in their exploratory, low resolution Stage. Nevertheless, 1t
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 higﬁ resolu-
tion apparatuses now in sight, we can anticipate much more
detailed tests of the theories of vibrational and electironic

excitation, unimolecular decomposition, and bimoleculer reaction.
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Table I. Total Cross Sectiqns for Dissociation

System Erel-(ev) q’(ﬁz
o, = 0" 8.32 10.013
11 0.054

16.5 0.1

16.5 0.23

19.4 0.83

19.4 0.83

27.7 1.5

Not — of 23.6 0.12
Not — nt 17.7 0.054
N,0' — ot 12.5 0.49
NS — Nt 18.7 0.056

N
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Figure 4. An intensity coutour map of DO; formed from O;-Dg

collisions at 2.76 eV relative energy. The nearly

isotropic distribution of intensity about the center

of mass velocity indicates that the formation of DOE

+
proceeds through a long-lived D202 collision complex.
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Figure 3. A contour map of the sbecific intensity of O+ from

’OZ-He collisions at an initial relative energy of 8.3l er
The dashed coﬁtours are»somewhat undertaihvbecause of very
'lpw inﬁensity. The intensity maximum lies at a'velocity
slightly smaller than the velocity of the primary Eeam

particles.
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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. 1 with the parameters given.
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- : _ . n
-Figure 1. 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 ‘ N
is the scattering angle in the center of mass system,
measured with respect td the direction of the initial ion"
beam. The cir;lé labeled Q = O 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.
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Figure 5.

~31- UCRL-20316

An intensity contour map of NéD+ formed from N;—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 mosﬁ probable reactive event,

N; picks up a D atom in a short-lived grazing collision

+
with Dg, and the resulting NéD proceeds in approximately

the same direction as the original projectile motion.
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Figure 6. An intensity contour map of D02 from O
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"D
2772

collisions

at 5.47 eV relative energy. The intenSity distribution

is now asymmetric about the t90°.liné,.which indicates that
the reaction proceeds through a shortélived direct interaction
at this and higher initél relative energies. The small Cross
marks the velocity of products formed by the ideal stripping
mechanism, while the circles marked Q = -2 and -L4.75 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.
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Contour maps of the intensities of products from the

O;—HD reactions at 8.59 eV relative energy. The

upper panel shows the HOZ pfoduct which is apparently
formed by a direct interaction which gives predominately
forward scattered HOE. The small cross locates the velocity
of products formed by the ideal stripping process. The lower
panel shows the velocity vector d..stribution of Do;, again
from O;-HD collisions at 8.59 eV relative energy. The
intensity lies principally in the large'angle region,

with only small amounts of DOZ product at the ideal stripping
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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