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Chemical accelerator studies of isotope effects on collision
dynamics of ion-molecule reactions: Krt+HD

S. Chivalak and P. M. Hierl

Department of Chemistry, University of Kansas, Lawrence, Kansas 66045

(Received 14 May 1976; revised paper received 17 February 1977)

The reaction of Kr* with HD has been studied as a function of relative collision energy over the range
0.08-3.1 eV (c.m.) by measuring integral reaction cross sections and the velocity vector distributions of
product ions formed when a collimated, energy selected beam of Kr* impinges on HD under single
collision conditions. The ratio o(KrH*)/o(KrD") passes through a sharp maximum (=2.5) at about 0.7 eV
relative collision energy and decreases by a factor of 10 at higher energies. The isotopic product velocity
vector distributions show a high but not perfect degree of symmetry about the center of mass at low
energies but are extremely anisotropic at high energies, with the KrH™ being strongly forward scattered

and the KrD* being back scattered.

I. INTRODUCTION

The effect of isotopic substitution upon the mechanisms
and the rates of even the simplest chemical reactions re-
mains a problem of great interest and considerable im-
portance to the chemist.! One aspect of this problem
which has received increased attention in recent years
has been the study of isotope effects upon reactions oc-
curring at hyperthermal energies.? A major portion of
these studies have centered upon ion-molecule reac-
tions, 1*** with the energy dependence of intramolecular
isotope effects having been studied most thoroughly for
the reaction:

(1a)
(1b)

ArH'+D
ArD*+H.

Experimental methods employed have included high-
pressure mass spectrometry, =7 ion cyclotron reso-
nance, ® and chemical accelerator (i.e., tandem mass
spectrometric or molecular beam) techniques. °='* The
results show that Reaction (1) proceeds by a direct
mechanism over the entire energy range studied (0.1-10
eV) and that the kinetic isotope effect (KIE), expressed
as the intensity ratio ArH*/ArD", increases monotonical-
ly with collision energy. Theoretical explanations for
these results have been attempted, using various mech-
anistic models, & %4=17 phage—gpace theory, !*!% and
trajectory calculations, %2

Ar*+H

The corresponding reaction of the next heaviest rare
gas ion,

KrH*+D (2a)
KrD* +H, (2b)

was first studied by Klein and Friedman, ® who used high-
pressure mass spectrometry to measure the KrH'/KrD*
ratio as a function of the repeller voltage (i.e., average
reactant translational energy). They found that the ratio
increased monotonically from a value of 0, 81 at an aver-
age laboratory (LAB) collision energy of 0.4 eV, to a
value of 1,12 at an average collision energy of 8.1 eV
(LAB). Henchman and co-workers, % using an ion beam
technique to measure the KIE as a function of reactant
translational energy up to 20 eV (LAB), made the re-
markable discovery that the ratio KrH*/KrD* reached a
maximum of about 2, 5 at 16 eV (LAB) and decreased at
higher energies. As previously communicated, 12 gtudies

Kr*+HD
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in our laboratory which extended to nearly 100 eV essen-
tially confirmed these earlier results and also demon-
strated the existence of an inverse KIE (KrH*/KrD*<1)
at collision energies greater than about 45 eV (LAB) or
1.5 eV in the center-of-mass (¢. m.) system.

The present paper describes these measurements in
detail and reports velocity vector distributions for the
ionic products of Reaction (2) as a function of initial
translational energy 7 over the range 0.08-3.1 eV
(c.m,).

The reaction of Kr* with H, (or D;) has, in itself, been
the subject of considerable interest in the past several
years. Although the reaction is exothermic by about 0.3
eV for the ground state reactants, a barrier to reaction
of 0.44-1,2 eV was predicted by Kuntz and Roach,? who
employed a semiempirical diatomics-in-molecules tech-
nique to calculate a potential energy surface for the
ground state of collinear KrH;. Measurements of the
differential cross section for scattering of H; on Kr led
Henglein® to estimate an activation energy of 0. 7 eV for
the reaction of Kr* with H,. However, recent measure-
ments?4~%8 of the rate coefficient for the reaction

Kr*(®P; ;) + H,~ KrH* + H (3)

near thermal energies have indicated that the activiation
energy can be no larger than 0, 05 eV, Beam studies?®’
of the reaction Kr*(D,, D)KrD" reveal that the cross sec-
tion is about 10 times smaller than that for the corre-
sponding reaction of Ar* with D,. Product velocity vec-
tor distributions were found to be nearly isotropic about
the center of mass at a relative translational energy of
0. 89 eV but to be forward peaked at nearly the spectator
stripping velocity when the collision energy was in-
creased to 2,70 eV (c.m.). Studies in our laboratory of
the reaction Kr*(H,, H) KrH" yielded similar results, 2

1. EXPERIMENTAL
A. Apparatus

The instrument used in this study is a single beam-
collision chamber type of chemical accelerator with
product velocity and angular analysis. Kr” ions, formed
by impact of 35 eV electrons, are focused into a nearly
monoenergetic beam of variable energy (0.5-100 eV
LAB) by a system of electrostatic lenses. This colli-
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mated beam passes through the collision chamber con-
taining the HD at a pressure of about 10 torr (i.e., un-
der single collision conditions). The ion gun can be ro-
tated about the center of the collision chamber, permit-
ting the fixed detector to measure scattered products at
various angles, Those ions leaving the collision cham-
ber at the selected angle pass through a rectangular de-
tection slit, a parallel plate retarding potential energy
analyzer, and a set of strong focusing quadrupole lenses.
Mass analysis of the ions is performed with the 30 cm,
90 deg deflection magnetic sector analyzer of a Nuclide
mass spectrometer from which the conventional ion
source and accelerating electrodes have been removed.
The individual components of this instrument have been
described in detail elsewhere, %

B. Internal states of the reactants

Because the Kr* is produced by impact of 35 eV elec-
trons, the primary ion beam contains no doubly charged
ions and about 1, 5% of high energy metastable ions, 3°
Nearly all (98, 5%) of the Kr* ions, therefore, are in the
2 p gtate and are presumably distributed statistically in
a 2:1 ratio between the J=3% and the J=3 levels,® which
differ in energy by 0. 66 eV.3?

The neutral target gas is assumed to be in thermal
equilibrium, so that the internal energy of the HD is de-
termined by its temperature (85 °C under the conditions:
of the experiment). Nearly all of the HD molecules,
therefore, are in their ground vibrational state. The
most probable rotational state is J=1, which corresponds
to an energy of about 0,011 eV. Consequently, most of
the energy available to the reaction products is derived
from the heat of reaction plus the initial translational en-
ergy in the center-of-mass (c. m, ) system.

C. Heat of reaction

Intermolecular potentials for KrH* have been derived
from experiments on the elastic scattering of protons on
krypton. Weise efal, 332 obtained a value of 4.45+0. 10
eV for the well depth D,, while Rich efal. 3" reported a
value of 4.6 eV. Assuming that the zero point vibration-
al energy of KrH" is 0. 16 eV, equal to that of the iso-
electronic molecule HBr, ** one obtains for the dissocia-
tion energy Dy(Kr-H") values of 4, 29 and 4. 44 eV from
the two scattering experiments. These values are in
good agreement with the value of 4, 38 eV recently ob-
tained from flowing afterglow studies of the equilibrium
between KrH* and H} in Kr-H, mixtures.®® Using the
latter value for Dy(Kr-H*) and taking Dy(H-H)=4, 51 eV,
Reaction (3) is exothermic by 0.3+ 0.1 eV when the Kr*
is in the ?Py,, ground state.

D. Doppler effects

The data analysis presented here was performed un-
der the customary assumption of monoenergetic ions
colliding with stationary target molecules (i.e., the
spread in projectile velocities and the thermal motion 6f
the target gas molecules have been ignored). In the low-
est collision energy experiment (0. 08 eV ¢, m.), how-
ever, the velocity of the reactant ion is only about twice
the most probable speed of the neutral reactant.
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The most serious consequence of the thermal motion
of the neutral reactant is to cause collisions to occur
with a distribution of relative velocities in a given ex-
periment. As shown in Fig. 1, the resulting spread in
relative collision energies is much greater than that
caused simply by the spread in projectile velocities.
Thus, the energy resolution achieved in the present ex-
periments is limited by the Doppler broadening caused
by the thermal motion of the target molecules rather
than by the energy spread of the reactant beam,

The principal effect of this spread in collision energies
will manifest itself in the measurements of the reaction
cross sections and, more particularly, of the kinetic
isotope effect. The effective cross section o4, mea-
sured experimentally is given by the integral®’

o= (T T o TIAT,, T) T, 4)

where the factor (7/ To)” 2 jg proportional to the effec-
tive path length, ¢(7) is the true cross section at col-
lision energy 7, and f(T,, T) is the distribution function
in relative collision energies [see Eq. (11) of Ref. 37].
T, is the nominal and T the actual c. m, collision energy.
This averaging process will tend to smear out any struc-
ture in the excitation function (cross section as a func-
tion of collision energy) for the reaction under study.
Consequently, the unusual low energy kinetic isotope ef-
fect reported here is actually considerably larger and
much more sharply peaked than is indicated by the pres-
ent data, which have not been corrected for Doppler
broadening.

On the other hand, the kinematic data (product angular
and velocity distributions) are much less strongly af-

100 T T T
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>
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z
T
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('™
0.01 1 —L L
001 0l 1 10 100
To (eV)
FIG. 1. Full-width at half-maximum, FWHM, of the distribu~

tion of relative (i.e., center-of-mass) collision energies vs T,
the nominal ¢, m. collision energy, Curve a represents the
width, calculated from Eq. (A1), resulting from the interac-
tion of a2 monoenergetic Kr* beam with HD which has an iso-
tropic velocity distribution corresponding to a temperature of
358°K, Curve b, calculated from Eq. (A3), represents the
width of the energy distribution that would be caused (in the ab-
sence of target motion) by the spread in energy of the Kr* beam,
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FIG, 2. Full-width at half-maximum, FWHM, of the distribu-
tion of centroids for the Kr*+HD system, vs Ty, the nominal
c.m. collision energy., Curve a, calculated from Eq. (A5), in-
dicates the broadening due solely to thermal motion of the HD
target molecules. Curve b, calculated from Eq. (A8), repre-
sents the broadening resulting from the spread in Kr* velocities.

fected by the target’s thermal motion. Although nonzero
target velocities will change the velocity of the c. m, of
the system from its nominal value, the great disparity
between target and projectile masses minimizes the tar-
get’s contribution to the total momentum of the system.
Consequently, the target’s thermal motion makes a
smaller contribution to the width of the centroid distri-
bution than does the spread in projectile velocities (see
Fig. 2), Since the projectile’s velocity spread is itself
small compared to the width of the product velocity dis-
tribution (see Figs 3-10), the product velocity vector
distributions are relatively unaffected by thermal motion
of the target molecules.

Ke* (HD,DKrH*
T = 0678 eV 90°

180° ~=—

L | 1
200 m/sec -90°
FIG. 3. Velocity vector distribution for KrH* formed in Reac-

tion (2a) at the collision energy T7'=0,678 eV (c,m.). The KrH'
intensities, normalized to 100 at the position of maximum inten-
sity, are shown relative to the Cartesian system, P,(x, 6), Ar-
rows represent scattering angles () with respect to the center
of mass, which is marked by the heavy eross. The dashed oval
represents the 20% contour line for the reactant Kr* ion beam.
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K" (HD,H)KrD*
T = 0.678 eV 90°

200 m/sec

FIG. 4. Velocity vector distribution Pc(u, 8) for KrD* formed
in Reaction (2b) at the collision energy 0.678 eV {c.m,). Note
the similarity of this product distribution to that measured for
KrH* produced at the same collision energy (Fig. 3).

Because this motion makes only a small contribution
to the product angular distributions, and because the re-
action cross sections are obtained in any case by integra-
tion over the entire product angular distribution, target
motion should have no effect upon product collection ef-
ficiency. The observed low energy kinetic isotope effect
is, therefore, real and not an experimental artifact
arising from target motion. On the contrary, the actual
effect of the target motion has been to make this isotope
effect appear smaller and less sharply peaked than it
truly is.

Iil. RESULTS
A. Kinetic isotope effect

Integral reaction cross sections o, are calculated
from the familiar “thin target” approximation

Krt(HD,DYKrH Y
T = L4l eV

Q0°

-90°
e ——
200 m/sec
FIG. 5. Velocity vector distribution Pc(u, 6) for KrH* formed
in Reaction (2a) at the collision energy T'=1.41 eV (c.m,).
Note that the position of maximum KrH’ intensity has shifted
forward of the center of mass (heavy cross).
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Kr* (HD,H)KrD™
1.41 eV

T =
90°

t

_900
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200 m/sec

FIG. 6. Velocity vector distribution Po(y, 8) for KrD* formed

in Reaction (2b) at the collision energy T=1.41 ¢V {c.,m,). The
position of maximum KrD" intensity has shifted forward of the
center of mass (heavy cross), as was found for the KrH* prod-
uet ion at this collision energy (Fig. 5).

/I,
og = —:;T , (5)
where I is the total reactively scattered product ion in-
tensity, 7, is the transmitted primary (Kr*) ion intensity,
ng is the number density of HD molecules in the collision
chamber, and L is the collision path length. As before,*®
the ratio of total ion intensities is given by

L _ I(0°) K,
L, L[(0°)K, KK, (6)

where [,(0°) and 1,(0°) are the observed ion intensities
at the angular maximum, K. and K, correct for differ-

Kr'(HD,D)KrH*
T =207 e

i80° =—

300 m/sec

FIG. 7. Veloeity vector distribution P.{y, 6} for KrH* formed
in Reaction (2a) at the collision energy 7 =2,07 eV (c.m.). At
thia energy, the KrH" is strongly forward peaked, with the posi-
tion of maximum intensity oceurring at nearly the velocity pre-
dicted by the spectator stripping model,
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Kr*(HD,H)KrD*
T = 207 eV.

10
4

v
-90°
300 m/sec
FIG. 8, Velocity vector distribution Pg(u, 6) for KrD' formed
in Reaction (2b) at the collision energy T =2.07 eV (c.m.).
Whereas the KrH* distribution was strongly forward peaked at
this collision energy (Fig, 7), the KrD* product undergoes pre-
dominantly large—-scale scattering, with the position of maximum
intensity occurring behind the center of mass (heavy cross),

ences in collection efficiency caused by differences in
angular distribution, K, corrects for differences in mul-
tiplier gain, and K, corrects for any broadening of the
mass spectral peak of ions formed with a wide distribu-
tion of kinetic energies.

Because the relatively small cross sections for these
reactions resulted in low product ion intensity, the quan-
tities K; and K, could nhot be measured directly and were
consequently assumed to equal unity. This assumption
is consistent with results obtained in previous studies of
other reactions and is not expected to introduce an error
of more than a few percent. The correction factor K./

Kr*+HD —~ KrH'+D
T = 3.06 eV

()

1 ~o
CM. 85
65
45
25
5
200m/s

FIG. 9. Velocity vector distribution Pgfx, 8} for KrH* formed
in Reaction (2a) at the collision energy T.=3.06 eV (c.m.). The
KrH* product is strongly forward peaked, with the position of
maximum intensity occurring almost at the spectator stripping
velocity.
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Kr' +HD — KrD'+H

T = 3.06eV

200m/s

FIG. 10, Velocity vector distribution P(y, 6) for KrD* formed
in Reaction (2b) at the collision energy T=3.06 eV (c.m.), The
KrD* intensity is predominantly located in the backward hem-
isphere,

K, was obtained directly by integration of the measured
laboratory angular distributions at each collision ener-
gy. % The values obtained and the integral reaction
cross sections calculated from Eq. (5) for Reactions
(2a) and (2b) are listed in Table I. The experimental un-
certainty in oy is estimated to be + 50%.

The kinetic isotope effect (KIE), expressed as the ra-
tio of cross sections o(KrH*)/o{KrD"), is displayed as a
function of collision energy in Fig. 11.

B. Kinematic data

Angular (©) distributions in the LAB system are ob-
tained for the ionic species Kr*, KrH*, and KrD* by re-
cording the appropriate ion signal while rotating the ion
gun about the center of the collision chamber. Because
the detector views a decreasing fraction of the collision
path length with increasing scattering angle, the ob-
served ion signal at each LAB angle is divided by the
path length subtended by the detector at that angle,
The resulting angular distributions I;(©, ® =0°), which
are normalized to unity at the angular maximum, repre-
sent the relative ion intensity scattered through a LAB
angle © in the plane ¢ =0° from a reaction path of unit
length.

The stopping potential curves obtained at various an-
gles are first scaled to reflect the total relative intensity
at that angle and are then differentiated to yield the en-
ergy distribution at that angle, I,(E, ©, # =0°). These
energy distributions are next converted to velocity dis-
tributions by multiplying each point by the corresponding

S. Chivalak and P. M. Hierl: Reaction Kr*+ HD

TABLE 1. Integral reaction cross sections for the system Kr*
+HD, 2
Most probable Cross section Cross section Kinetic
relative Pressure for KrH* for KrD* igotope
energy® of HD formation formation effect
T(eV) (0% torr)  ofkeH) ) otkeDt) By SR
o(KrD*")
0.08 1,10 2,55 1,99 1.28
0,24 1.05 3.16 1.97 1.60
0.33 1.10 2.05 1.16 1.77
0,51 1.18 1.62 0.81 2,00
0.52 1,20 1,95 1,00 1,95
0.67 1,08 1.55 0.63 2.45
0.70 1.15 1.68 0,75 2,24
0.86 1.18 2,03 0,92 2,21
1,04 1,09 1.77 0,93 1.90
1,08 1.09 1,62 0.90 1.80
1.26 1.39 0.95 0.60 1.60
1.85 1.20 0,87 8,70 1.25
1,47 1.22 1,22 1.08 1,18
1.75 1,10 0,58 0,67 0,86
2,02 1.30 0,58 1,01 0.58
2,39 1,32 0.26 0,41 0,64
2,72 1,22 0,12 0,44 0.27
3.06 1,59 0.16 0.61 0.27

2The Kr* ions, produced by impact of 35 eV .electrons, are pre-
sumably distributed statistically in a 2:1 ratio between the %P3,
and 2p,,, states.

®The most probable relative energy, T, is calculated from the
peak in the Kr* laboratory energy distribution, Ey,p(Kr'), The
target molecules are agsumed to be stationary.

LAB velocity v in accord with the transformation®®
IL(E,©, ®)dEdS = I (v, 0, ®) dvdS. )

These LAB cross sections, [ (v, ©, ®) are converted to
probabilities in Cartesian velocity space according to the
transformation

Pc(vx, vy’vt)zpc(ux’ Uy, u‘)=1;'2 IL(U,G,Q), (8)

where P, represents the probability of finding product in
a given volume of velocity space and u represents veloc-
ity in the c. m. coordinate system.3® There probabilities
are then scaled, with the highest intensity arbitrarily set
equal to 100, These relative probabilities, displayed as

e
Kt + HD
o(KrHt)
oKD"
1 R i 1 i
o0 1 2 3 4 5

RELATIVE ENERGY (eV)

FIG. 11, Kinetic isotope effect, otKrH*)/c(KrD*), as a function
of the relative collision energy (c, m. system) for the reaction
of Kr* with HD, The solid curve is a best fit to the present data
(solid circles). The dotted line represents the results of Hench-
man and co-workers, 12 The vertical arrows indicate the col-
lision energies at which complete velocity vector distributions
were obtained for both ionic products.
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contours of equal product intensity, are plotted on a ve-
locity vector diagram for which the velocity of the center
of mass of the system serves as the origin of a polar
coordinate system. The distance of any point from the
origin, therefore, represents the c. m. speed () of the
product ion, and the direction represents the c. m. scat-
tering angle (8) with respect to the relative velocity vec-
tor (in this case, simply the original direction of the re-
actant ion beam). The result is a map of relative inten-
sities, P.(%, 6), as seen by a detector located at c. m.
velocity # and angle 6, sensitive to particles in an ele-
ment du, du,du, of velocity space. Such velocity vector
diagrams have been constructed for the formation of
KrH' and KrD* at four different energies of the Kr* ion
beam (Figs 3-10).

The angular information contained in these contour
maps can be extracted by integration of P, over u to ob-
tain the relative polar differential reaction cross section
I(6) siné, where

1(6)=f0mu2Pc(u, 6) du. (9)

Center-of-mass angular distributions, obtained by plot-
ting these differential cross sections vs the ¢. m. scat-

tering angle 6, are shown for KrH' and KrD* at four dif-
ferent energies of the Kr* ion beam in Figs. 12-15.

IV. DISCUSSION
A. Kinetic isotope effect

As shown in Fig. 11, the ratio o(KrH*)/o(KrD*) has a
value near unity at the lowest collision energy, passes
through a maximum of nearly 2.5 at 7= 0,8 eV (c. m. ),
and then decreases to a value of about 0.25 at 7~ 3 eV,
This finding is in excellent agreement with Henchman’s
results'® over the energy range 0.1-1.5 eV, and is con-
sistent with the low energy (7<0, 3 eV) data of Klein and
Friedman, ®

Both the sharp maximum at low energies (7<1.5 eV)
and the inverse isotope effect at high energies (7>1.5
eV) are quite extraordinary and in marked contrast with
the results reported by other workers for the analogous

T =068 ev

®
£
@ 05
)
0.0
6 (deg)
FIG, 12, Center-of-mass angular (8) distributions for KrH*

(crosses) and KrD* (squares) produced in Reaction (2) at 0, 678
eV initial relative energy, Note the similarly of the distribu-
tions for the two isotopic products and the approximate (but not
‘perfect) symmetry about 90°,
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1(6)-sin8

180

8 (deg)

FIG. 13, Center-of-mass angular (6) distributions for KrH*
(crosses) and KrD* (squares) produced in Reaction (2) at 1,41
eV initial relative energy. Again, note the similarity of the
distributions,

reactions of Ar*, N3, CO", and other simple ions with
HD. %1240 1, these cases, the KIE was near unity at the
lowest collision energies and increased (slowly at first
but then more rapidly) with increasing collision energy,
reaching values greater than 2 only at rather high (>4

eV) collision energies. These results have been dis-
cussed in terms of complex formation, ® energy and mo-
mentum conservation, 404! potential energy surfaces,!?:20-43
and various kinematic models, ?-11:14717:42

The reaction of O* with HD, however, reportedly* ex-
hibits an energy-dependent KIE quite similar to that
shown here for the reaction of Kr* with HD.

We have formulated a simple “orientation probability”
model (see Paper II of this series, following article)
which reproduces quite the observed KIE over the energy
range 0,1-1,5 eV (c.m,). This model is based upon the
fact that in the HD molecule the center of mass is dis-
placed from the center of polarizability, thus causing the
intermolecular potential governing the collision of the
reactants to depend upon the orientation of the HD mole-
cule with respect to the approaching Kr* ion. At low col-
lision energies, this angle-dependent term in the inter-

T =207 ev

1{8)-sin8

180

6 (deg)

FIG. 14, Center-of-mass angular (6) distributions for KrH*
(erosses) and KrD* (squares) produced in Reaction (2) at 2,07
eV initial relative energy. The two isotopic products show re-
markably different angular distributions, with KrH* being con-
fined to the forward hemisphere and KrD* being scattered pre-
dominantly through angles larger than 90°,

J. Chem. Phys.,, Vol. 67, No. 10, 16 November 1977
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T=3.06 eV
T
.o+ /'\ .
KrH‘\ KrD*

D +
o
@ 051 B
)

oo \ b 4 4 & 4 & & & &

0 90 180

6 (deg)
FIG. 15, Center-of-mass angular (6) distributions for KrH*
(crosses) and KrD* (squares) produced in Reaction (2) at 3,06
eV initial relative energy. Note the extreme anisotropy of the
two distributions.

molecular potential will enhance the probability that the
Kr* ion collides with the hydrogen end of the HD mole-
cule. At higher collision energies and concomitantly
shorter interaction times, the inertia of the HD mole-
cule prevents it from becoming oriented in the energeti-
cally most favorable position prior to collision; hence,
the KIE would be expected to decrease to unity.

As mentioned above, the inverse isotope effect ob-
served at collision energies greater than about 2 eV
(c. m.)is very similar to the intramolecular isotope effect
observed by Henchman and Johnson?* for the reaction of
O* with HD. Mahan and co-workers* have studied the
dynamics of the O' + H, reaction and its isotopic variants.
They interpreted their results at high energy*®® in terms
of a sequential impulse model in which product formation
is regarded as resulting from two sequential two-body
interactions. This model, while successful in explain-
ing the dynamical features of the reaction, does not pre-
dict the observed inverse isotope effect at moderate col-
lision energies (T<6 eV) or the increase in the KIE at
higher energies. However, their earlier discussion®®*
of general kinematic considerations in collinear colli-
sions appears relevant to the discussion of this inverse
isotope effect and is, therefore, summarized below.

It is generally known that the dynamics of a three atom
collinear collision can be represented simply and cor-
rectly by the motion of a frictionless mass point sliding
on a potential energy surface which has been plotted in
a coordinate system which diagonalizes the kinetic en-
ergy. This diagonalization (carried out to avoid cross
terms) causes the bond distance coordinates to be skewed
through an angle 8, given by

tan®g = mgmyp/ myme, (10)

where m; represents the mass of atom ¢ in the reaction
A +BC—- AB+C, and where m, is the total mass. For
Reaction (2), B =55° for formation of KrD" and 36° for
KrH".

If the relative collision energy is sufficiently high, the
trajectories are influenced only by the repulsive walls of
the potential energy surface. The true surface may then

S. Chivalak and P. M. Hierl: Reaction Kr*+ HD

be approximated by one corresponding to the interaction
of two ideal hard spheres: two infinitely steep repulsive
walls which intersect each other with an interior angle
B. The available experimental evidence indicates that
the actual Kr*/HD surface is quite flat: (1) the reaction
is only slightly exothermic (by 0.3 eV for ground-state
reactants), with no measurable energy barrier in the en-
trance valley®® and no indication of a deep well corre-
sponding to a KrHD* intermediate complex®; (2) the
small reaction cross sections (relative to the Ar'/H,
system, for example) suggest that reactant attraction is
rather weak and thus decreases the range of impact pa-
rameters leading to “close collisions”; (3) the product
velocity vector distributions are nearly isotopic about
the center of mass at low collision energies, suggesting
that reaction occurs in rather centric collisions with
hard sphere scattering of the product ion.?” Thus, it
would appear that a discussion in terms of hard-sphere
scattering may be appropriate in this system at colli-
sion energies as low as 2 or 3 eV,

Representing the collision dynamics by the motion of
a frictionless mass point on the two skewed potential en-
ergy surfaces (and assuming specular reflection at the
repulsive walls), one finds that KrD* is produced by a
sequence of two hard-sphere collisions: Kr* strikes the
D atom, D hits H, H moves away from the newly formed
KrD* (see Fig. 16). KrH' formation, on the other hand,
requires a sequence of four hard-~sphere collisions to
reflect the particles out the product channel. Nearly col-
linear collisions are much more probable than exactly
collinear ones, and a sequence of four hard-sphere col-
This has two consequences: (1) the yield of backscat-
tered KrD* is expected to be much greater than that of
backscattered KrH" because of the simpler sequence of
collisions required for KrD* production in collinear or
nearly collinear encounters; (2) if, for whatever rea-
sons, reaction is most efficient when the atoms are ap-
proximately collinear, there would be a significant in-
verse isotope effect favoring production of KrD* over
KrH* at collision energies sufficiently high for the hard-
sphere approximation to be valid.

B. Reaction dynamics

Additional information on the nature of the reaction of
Kr* with HD can be obtained by a comparison of the ve-

Kr-D~H Kr-H-D
B = 55° B = 36°
r(D-H) r(H-D)
r(Kr*- D} r(Kr*~H)

FIG, 16, Potential energy diagrams for the collinear interac-
tion of ideal hard spheres. The angle 8 at which the bond dis-
tance coordinates are skewed is given by Eq, (10).
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locity vector distributions for the two isotopic products.
Figure 3 shows the distribution for KrH" ions formed in
Reaction (2) at a collision energy of 0.678 eV (c.m.),
near which energy the KIE has its maximum value of
about 2, 5. The KrH' product ionis seentobe distributed
in a nearly isotopic manner about the c. m. The other
product of Reaction (2), KrD*, also displays a nearly
isotropic distribution about the c. m. at this collision
energy (Fig. 4). These two distributions are, within ex-
perimental uncertainty, identical to those previously re-
ported®” 28 for the reaction of Kr* with the homonuclear
molecules D, and H, at approximately the same collision
energy,

Product velocity vector distributions symmetric about
the £ 90° axis in the c. m. system would, of necessity,
be produced if the reaction proceeded via the formation
of a long-lived complex*®; there is, however, no reason
to suppose that the potential energy hypersurface for this
reaction contains a basin of the depth necessary for the
formation of such a complex. Moreover, if the putative
KrHD* complex were indeed formed, it would preferen-
tially decompose to KrD"+H because of the lower zero-
point energy of this ionic product. The observation that
KrH' is the dominant product at this energy is taken as
further evidence that Reaction (2) does not proceed via
complex formation,

It is possible for certain types of direct interactions
to yield product velocity vector distributions which peak
at the ¢, m., and several such cases have already been
described in the literature,?2%® In discussing the
Kr*(D,, D)KrD* reaction, for example, Henglein®’ at-
tributed the symmetry of the product distributions about
the c. m. to hard-sphere scattering and strongly coupled
interactions involving all three atoms. Such symmetric
distributions have also been discussed in terms of the
density of final translational states and the possibility
that this density reaches a maximum at a velocity quite
close to that of the c, m.*®

We conclude, therefore, that Reaction (2) occurs at
this energy by a direct mechanism in which all three
atoms interact strongly enough to transfer appreciable
momentum to the freed atom. There appears, however,
to be little release to repulsive energy as the products
separate, so that the product velocity vector distribution
peaks very close to the c. m.

This conclusion is strengthened by the nature of the
c.m. angular distributions for the two isotopic products
at this energy (Fig. 12). These distributions show that,
although appreciable back scattering of the ionic products
occurs, complete symmetry about the 90° axis is lack-
ing. The angular distributions clearly peak in the for-
ward direction, with the maximum in the polar differen-
tial cross section occurring at approximately 55° for
KrD* and 65° for KrH",

Velocity vector distributions for KrH* and KrD* pro-
duced at 1. 41 eV relative energy (where the KIE = 1) are
shown in Figs. 5 and 6, respectively. The two distribu-
tions resemble each other quite closely, as was the case
at lower energies. The maximum product intensity is
now clearly forward of the c. m. but there remains sig-
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nificant product intensity at large scattering angles.
This is shown clearly in the c¢. m, angular distributions
(Fig. 14), which maximize at about 40° for KrD" and 50°
for KrH*, values somewhat smaller than those found at
0.678 eV relative energy.

The asymmetry of the product distributions about the
c.m, is clear proof that reaction is dominated by a di-
rect mechanism at this energy; the occurrence of large-
angle scattering and the observation that the most prob-
able product velocity is considerably less than that ex-
pected on the basis of the spectator stripping model in-
dicate that a moderately strong interaction still occurs
between all three atoms, with some momentum being
transferred to the freed atom.

The observation that the two isotopic products have
quite similar velocity vector distributions contrasts
sharply with the dynamic isotope effects reported for
several other ion—molecule reactions which proceed by
direct mechanism. In the reactions of Ar*, N;, and O*
with HD, for example, the velocity vector distributions
of the two isotopic products differ significantly, The
reaction of C* with HD, on the other hand, does give very
similar isotopic product velocity vector distributions at
collision energies less than 7 eV.*® The observation that
the isotopic products of Reaction (2) have very similar
distributions supports the idea that, at collision energies
less than about 1.5 eV (¢, m. ), this reaction is dominated
by a mechanism which, while direct, nevertheless in-
volves strong coupling between all three atoms,

The velocity vector distributions for the two isotopic
products become significantly different, however, when
the relative collision energy is increased to 2,07 eV (at
which energy the KIE = 0. 5). The KrH* distribution
(Fig. 7) is confined almost entirely to the small-angle,
glancing collision region, with the most probable prod-
uct velocity being nearly equal to that predicted by the
spectator stripping model. In contrast, the KrD* ions
(Fig. 8) are found predominantly in the large-angle, re-
bound collision region, with the peak in the Cartesian

probability distribution clearly located behind the ¢, m.
The c. m. angular distributions (Fig. 14) dramatically

demonstrate this anisotropy in product velocity vector
distributions. The KrH* angular distribution is relative-
ly narrow and peaks at about 50°. The KrD" distribu-
tion, however, is rather broad and is centered in the
backward hemisphere; the most probable c. m. scatter-
ing angle is about 100° at this energy, whereas it had
been only 40° at 1, 41 eV initial relative energy. It is
thus this abrupt shift of the KrD* product from the for-
ward to the backward hemisphere rather than any change
in the KrH* scattering pattern which produces the ex-
treme anisotropy in the velocity vector distributions of
isotopic products above 2 eV initial relative energy.

This unusual behavior becomes even more pronounced
when the relative collision energy is increased to 3. 06
eV (at which energy the KIE = 0. 3), The KrH* distribu-
tion (Fig. 9) is confined entirely to the forward hemi-
sphere, with the peak occurring almost at the spectator
stripping velocity. The KrD* distribution has continued
its shift to the backward hemisphere, the position of
maximum product probability now appearing well behind
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the c.m. The ¢.m. angular distributions (Fig. 15)
shows the extreme anisotropy occurring at this energy:
the rather narrow KrH' distributions peaks at 40°, while
the slightly broader KrD* distribution peaks at about
115°,

The asymmetry of each product distribution about the
+90° axis indicates that the reaction proceeds by a di-
rect mechanism at this energy. Such reactions, in gen-
eral, exhibit a correlation between impact parameter
and scattering angle, with glancing collisions causing
little angular deflection and nearly head-on collisions
producing large-angle scattering.*’ The extreme anisot-
ropy found at this energy, therefore, clearly implies
that KrH* is produced primarily in large impact param-
eter, noncollinear collisions, whereas KrD* is produced
preferentially in nearly collinear collisions., Because
noncollinear collisions are generally more probable
[P(6) < sind, where 0 is the angle between the HD bond
and the relative velocity vector], one might expect the
increased anisotropy in the velocity vector distributions
at higher collision energies to be accompanied by a
steadily increasing isotope effect. Exactly the opposite
is found experimentally, however, with the KrD* inten-
sity being approximately 3 times the KrH* intensity at
this energy. This remarkable result indicates that, for
this particular system, nearly collinear collisions are
much more likely to lead to atom transfer than are the
generally more probable noncollinear collisions.

The tendency in reactions of this type for the hydro-
gen-containing product to be scattered through smaller
angles than the deuterium-containing product (especial-
ly at the higher collision energies) has been observed
to some extent in the reactions of N3, Oz, and O* with
HD''#3:48 3nd is presumably a characteristic of direct
interaction processes.* Extreme anisotropy of the
kind reported here, although quite unusual, has been
observed by Mahan and co-workers*™® and subse-
quently confirmed by Henglein®! for the system O+ HD
at relative collision energies above 6 eV, Mahan has
discussed® three possible causes of such anisotropy
in the product velocity vector distributions: (1) rota-
tion of a short-lived collision complex, (2) stabiliza-
tion of the nascent products by energy transfer to the
freed atom, and (3) conservation of angular momentum
and the difficulty of doing so when the reduced mass of
the products is much smaller than that of the reactants.

Since the Kr* + HD system displays this extreme anisot-
ropy at 2 eV, a collision energy well below the critical
energy for product stability, this factor is not sufficient
to explain the observed anisotropy. (Mahan reached es-
sentially the same conclusion with regard to the O3 + HD
system. )* Because the products of Reaction {2a) have a
larger reduced mass for relative translational motion
than do the products of Reaction (2b), conservation of
angular momentum would suggest that KrH* formation
can occur at larger impact parameters than can KrD*
formation. As discussed above, however, the higher
probability of large impact parameters should result in
greater production of KrH' than KrD*, whereas the re-
verse is actually observed. Moreover, this proposed
explanation would predict the same extreme anisotropy
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in the reaction of Ar* and N; with HD. Since this effect
is not observed in these reactions, we must conclude
that conservation of angular momentum is not a deter-
mining factor in the dynamics of these hydrogen transfer
reactions and is probably not the principal cause of the
extreme anisotropy observed in the specific reaction
considered here,

This extreme anisotropy is, however, exactly what
one would expect from the general considerations govern-
ing the collinear collision of three atoms on a skewed
potential energy surface appropriate to the interaction
of ideal hard spheres (see preceding section). Thus,
the inverse kinetic isotope effect and the anisotropy in
the velocity vector distributions at collision energies
above 2 eV are both consistent with the conclusions that
the Kr*/HD potential energy surface is quite flat, and
that nearly collinear collisions are much more likely to
lead to reaction than are the generally more probable
noncollinear collisions,

V. SUMMARY

The kinetic isotope effect for the exchange reaction of
Kr* with HD exhibits a very unusual energy dependence.
The ratio o(KrH*)/o(KrD"*) increases rapidly with colli-
sion energy, passes through a maximum of about 2.5 at
0.7eV (c.m,), and then decreases to a value of about
0.3 at energies above 3 eV (c.m, ). This behavior is
significantly different from that reported for the reac-
tions of other simple ions (such as Ar*, N3, and CO")
with HD.

At low collision energies (<1 eV ¢.m, ), the velocity
vector distributions for KrH* and KrD* are very similar,
being nearly isotropic about the center of mass. Reac-
tion is thought to proceed by a direct mechanism in
which all three atoms interact strongly enough to trans-
fer appreciable momentum to the freed atom. At mod-
erate collision energies (1-2 eV ¢, m. ), the distributions
of the two isotopic products are still quite similar to
each other but now peak somewhat forward of the center
of mass, indicating that the reaction mechanism becomes
increasingly impulsive as the collision energy is in-
creased. At higher energies (>2 eV), however, the ve-
locity vector distributions of the isotopic products are
dramatically different from each other: KrH' is strong-
ly forward scattered (implying formation occurs predom-
inantly in large impact parameter collisions), whereas
KrD” is back scattered (small impact parameter colli-
sions). This behavior, and the inverse isotope effect,
appear to be a consequence of the relatively flat poten-
tial energy surface for this system and the requirement
that collisions be collinear (or nearly so) for reaction to

.occur most efficiently.
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APPENDIX

The distribution in relative collision energy caused by
the thermal motion of the target gas molecules has been
derived by Chantry®” for the case of a monoenergetic
particle beam interacting with target molecules having
an isotropic velocity distribution corresponding to tem-
perature T°K, He showed that, provided the nominal
c.m. energy T, exceeds a few k7, the distribution in
relative collision energies has a full-width at half-max-
imum (FWHM) of

FWHM = (11. 1vE T T,)*/?, (A1)

where y=m,/(m,+ mgc), m, and my, being the projec-
tile and target masses, respecitively. A plot of Eq.
(Al) appears as curve e in Fig. 1.

The energy inhomogeneity of the primary ion beam is
known to increase with beam energy in a manner that can
be approximated by the linear relation

AE=0.013E+0.15 eV, (A2)

where AE is the energy spread (FWHM) and E is the pri-~
mary ion beam energy in the laboratory (LAB) system.?®®
The corresponding width of the ¢. m. energy distribu-
tion, ignoring target motion, is given by

FWHM =(1 - ) AE

=0.0137,+0.15(1 —) eV. (A3)

A plot of Eq, (A3) appears as curve b in Fig. 1. Com-~
parison of the two curves shows that thermal motion of
the target causes a much greater spread in collision en-
ergies than does the energy inhomogeneity of the prima-
ry ion beam,

The velocity of the center of mass of the system,
Ve.m., 1S given by

Veom, = Y Va+ {1 =7) Vg, (A4)

where v, and vy are the LAB velocities of the projec-
tile and target, respectively. For a monoenergetic pro-
jectile beam interacting with a nonstationary target gas,
the x component of the velocity of the center of mass
(i.e., the component parallel to v,) will be distributed
symmetrically about the nominal value yv,, and with a
full-width at half-maximum given by

FWHM =2(1 - ¥) vgc, 1 /2, (A5)

where vye 4,2 i8 the velocity of BC for which its one-di-
mensional distribution function has decreased to one-
half its maximum value. For a gas with a Maxwellian
velocity distribution, it is readily shown that

Vsc,1/2=0. 824(2R T/ myc ) /2, (A6)

Substitution of Eq, (A6) into (A5) gives the width in the
distribution of c. m. velocities arising solely from the
thermal motion of the target gas molecules. The result
is presented as curve «a in Fig. 2.

The width Av, of the projectile velocity distribution
corresponding to a width AE in the LAB energy distribu-
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tion is given by

Av, =(2/m,EY "% AE. (A7)
Neglecting target motion, this inhomogeneity in projec-
tile velocities would produce a distribution of ¢. m. ve-
locities having a full-width at half-maximum given by
FWHM = vAv,, (A8)

Substitution of Eqs. (A2) (after appropriate conversion
from eV to ergs) and (A7) into Eq. (AB) permits calcu~
lation of the width of the distribution of ¢. m. velocities
produced solely by the spread in projectile velocities,
The result, shown as curve & in Fig. 2, indicates that
this spread in projectile velocities produces a greater
spread in ¢. m. velocities than does the thermal motion
of the target molecules.
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