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Dynamics of the O+~H2 Reaction. I: Reactive

- Scattering of ,o+(4ss/2) at Relative Energies Below 15eV.

Keith T. Gillen, Bruce H. Mahan and JohnFS. Winn
Department of Chemistry; and Inorganic Materials
ReSearch Division of the Lawrence Berkeley

Laboratory, University of California, Berkeley, California.

ABSTRACT |
| Product velocity vector distributions show that
the reaction 01 (Hz,H)OH' and its isotopic Variations proceed
from groupd state reactants to predomlnantly electronic
-ground state products via a direct interaction. Spectator
stripping is a prominent feature at the lower relative3
energies of collision, but the stripping peak is lost at
energies where the internal excitation of OH'(3Y") makes
it unstable to dissociation. Production of forward
scattered electronically excited OH+,'probably in the A
state, is observable when the initial relative energy 1is-
high enough that OHT (3} ") formed by spectator stripping
~is unstable with respect to dissociation. At these relative
energles, OH from HD is predominantly scattered 1nto
barycentrlc angles less than 90°, while the opt appears
at approximately 90° and‘larger angles. The propensity
for'formaticn of OD+ at large angles can be undcrst?od

in terms of general kinematic considerations which apply

to collinear collisions.



The reaction of the‘grdund state oxygen ion,

O+(4ss/2),fwith the hydrogen molecule hasvréceived very

little”attention from kineticists. For the process

o+(4ss/2) + Hez
Fehsenfeld et al' found a rate constant of 2 x 10 %cc/sec
at 300°K,iwhich is slightly larger than the ion-induced
dipole capture rate constant of 1.6 x lO;écc/sec. Apparently,
no other measurements of‘the rate constant of this reaction
have been made. | > 

The system O+-H2 has several féatures which

make it an attractive subject for studyvb& ion beam
scattering techniques. Because the masses of the feactants
are not -too disparate, the kinematic factors which determine
fesolution in the barycentric system are favorable, |
particularly for the O+-D2 combination. As a triatomic
‘system, it offers at least the possibility of'?elativelyv’
simple interpretatioh of measured product ehergy and
angulaf_distfibutions. Moreover, the mass speétrum of
H20 has been well studied, and the appearanée potentials
of the various fragment ions measured. Theée data, |
together with the photoelectron spectrum ofiHao,provide.
- some information about the collision intermediate for
conformation;clpse to the equilibrium geometry of H=0.
In particular, it is known from these daté that the

electronic ground state of HaO+ lies 6.12eV below the

> 0H+(5§:f) + H AH = -0.43 (1) 




reactants,® and 5.69eV below the products of reaction (1).
This raiseg the intriguing question of whether this deep
potential weil is in fact accessible to the reactahts,
and influences the reaction dynamics.

' 'Useful information concerning'this'question,and
the generél nature of the potential energy surfaces of
the O+-Hé Sysﬁem can be gleaned from molecular orbital
and electronic state correlation diagrams. Several
applications of molecular orbital correlation diagrams
to the understanding of ion-molecule reactions have been
given by.Mahan.3 Application of the techniques of that |
paper indicatesthat_o+(4ss/2) inserted.into,Ha gives
H20+ in a highlyrexcited electronic configuration, rather
than thovconfiguration of the ground state.‘ On the other
hand, O+ aﬁd Ha brought together in a collinear conformation
do evoive into the'eiectronic'configuration anticipated
’for ground state OHH+, which would not bevexpectedlto be
appreciably lower in energy than either reactants or
produots.o Thus, molecular orbital correlatiohs indioate
~that ot does not insert to form a bound H20+, but rather .
abstracts H froﬁ Hz by an approximately collinear direct
interaction. |

While molecular orbital correlétioné can be very

useful, they oan becomé ambiguous whenever orbital energies

{
are not well separated, and the electronic states which .



arise from different electronic configurations approachv;
one another and‘cross as the nuclear conformation is |
changed. It is therefsre more reliable torcérrelate ﬁhe
electronic states of reastants and products, and examine
the conseQuences of state crossings, should they occur.
Figure 1 is'a partial sorrelatidn diagram'fdr the lower
| e1ectronic states_of'the prbducts and reacténts of the
d+-H2 system. ‘A somewhat similar,diagrémshas been |
presentsd'earlier by Fiquet-Fayard ahd Guyon.* On the
left side of the diagram, an approach of the of {or,O)‘
along the perﬂendicular bisector of the Hz(or H-") bond
is assumed, and consequently the states are labeled in |
terms of'the symmetry species of the sz point group.
The correlétions‘to the products are indicated for passage
through both iinear anq non-linear HOH+. Qh the far right
- of the'diagram, the O+ is assumed to approéch Ho cbllinearly;
and‘the intermediate separates to products: in the same
manner.

| .Considering first the perpendicular apbroach 6f”:
o' on Ha, we see that %Az is the only state of H20+_that
correlates to the ground state reactants_0+(4su).and Ha(lﬁ:;).
Unf‘ortuna‘lﬁely,| the location of this state on thé'energy:'
" scale is not known for any small O-H distances. However,
the *Az> state is derived from the configuration. |

(1s)2(2a )®(1p_)*(3a )3(1b_)*(4a_ )%, in which one O-H.




-bondingelbé electron has been excited fo‘the O-H antibonding
4a1* orbital The A% state ehould therefore lie well

above the known 2B state of Hao which is derived from

the conflguratlon (1s)2 (2a1) (1b2) (3al) (lbl)z.b A rough
estimate of the energy of H20+(4A2) can{be‘obtained by

adding the experimental °Bi <— *Ai(4a ~ <— 1b )
excitation energy of'neutfal5 H=20 to the energy of the
2B2 sﬁate'of H20+, and this estimate was ueed in positioning
the *Az state in Fig. 1. |

_ The correlations from the states of the C2v Hgd+
intermediate® to the various states of the products are
'given, bufrin'this intermediate region the positions of
the stapes have at‘best only qualitative_significance.
For the products, the energy of ou in the 3.7 and 3r

7 and the position

states 1s well known experimentally,
of,OH+(1A) was established by using the calculations
of Cade® and Liu and Verhaegen.® |

. If we trace the evolution of.the system ﬁhen
-d+(4ss/2) approaches along or close to the perpendicular
bisector ef the Hz bond, we see that ground state OH+ and
H can be reached from ground state-reactents.-_However,
to do so the system must pass over an energy barrier which
may be a few electron volts in height. Collisions with
this approximate geometry will not lead to insertion of .
+

O" into Hz to form a strongly bound intermediate Hz0"



However, since the “Az surface does cross the 2B2, 2A,:,-
and 2B1_surfaces, one should cohsider the pdssibility that
some coupling mechanism exists which would allow the

system mo?ing initially on the *Az surface to tranéfer

to the strongly bound 2A:, 2B, or °B:z States._ Examination
of the transformation propertiés of the spin-orbit |
coupling operator*® in fact shows that its x,y, and z
components, respectively, can couple %A> to ®B1, 2Ba,

and 2A1.1'Thus in principle, the lower bound states of

HzO+ are accessible to the reactants, but.with a probabiiity
which depehds on the magnitude bf-the spiﬁ-orbit couplihg,
the relative velocity of collision, and the angle of |
intersection between the relevant potential curves,
according to the Landau-Zener'?! formula. vAn-approximatQ
evaluation of this probability using the éxperimental'
spin-o#bit splitting of the oxygen atom, typical veloéities,
and gross estimates of the angles at which the curves
intersect, leads to Fhe conclusionvthatfthevsystem will .
remain on the %Az surface in approximately 99% of all
collisions. Nevertheless, the Very apprbximate hatufe

of the calculation requires that we at least entertain

the possibility. of noticeable trénsfér to the ioWer;w'
strongly bQund states, with the consequent occurrence

of a long-lived collision complex at the lower collision

energies, or formation of electronically excited products.




On the far right side of Fig. 1, the correlations
betWeen“reactants and_products are made under the assumption
of a linear oHH" geometry. In this instance} O+(4SS/2) and
Ha(lz:gf) correlate to the ground state products
0H+(3§:f)_and H(2s;/2) through a *Y." surface that doesA
not cross the excited state surfaces. In llnear OHHT
‘bes1des the two non-bondlng pT electrons on the oxygen
atom, 'there occurs the usual three center-three electron
o orbitel5System in mhich two electrons occupy a fully
"bondlng three center orbital, and one electron is in an
orbital which is antibonding between the end atoms and
non—bonding‘between the end and center atoms. There is
no reason to expect.a deep potential energy well in this
situation,iand in fact in neutral systems the three center-
three electron situation frequently leads to an activation
energy:barrier. There can be no appreciable barrier
'(<0.02eV) in the linear O+-szsystem, since the measored
reaction‘rdte constant is slightly larger than the-ion?
induced dipole capture rate. Consequently, collinear or
nearly collinear collisions will not involve long-lived
complexes, partlcularly if the relative energy 1is approximately
leV or greater.

‘ The‘tentative conclusions drawn from the correlation
diagram are that the O+(H2,H)OH+ reaction will proceed by a |

direct interaction mechanism involving approximately

|



collinear geometfy at the lower colliSidﬁ energiés_(mleV).
At higher energies, reaction méy occur through more nearly
”perpendiculaf collision geometries, again with a prédominantly
directiinteraction méchanism., The probability thaf insertion
of ground stateyo+ into Hz to form the ground state or one
of the lower excited states of H20" occurs is finite but
probably small, and little if any evidence of a long-lived
collision complex is expected.‘ Also, the f?action of products
“in exéitéd electronic statés-will probably be small. It is
of intereét to see whether or not these expectations are
consistent with the éxperimental velocity vector distributions
of products and scattered reactants. |
EXPERIMENTAL

The instrument used in this work has been
described in detail previously.® It consists of a.
magnetic'mass spectrometer for preparation of a collimated
beam of primary ions of known énergy, a scaﬁtering cell to
contain the target gas, énd ah ion detection train made up
of an electrostaﬁic energy»analyier, a quadrupole mass
spectrometer, and an ion counter. The detector compOnenfs
and the exit aperture of the scattering cell are mounted
on a rotatable 1id, which permits the intensity of scattered
“ions to be measured at various angles and energies.
| Primary‘ions were extracted from a microwave

discharge through oxygen gas. The intensity of the ot




- beam was less than, but comparable to, the'intensities of
02+'beams that have been extracted from these discharges.
This suggests that mdst of fhe O+ comes from iOnizétioh
of oxygenfatoms which are formed first by'a variety of
dischafge processes. The direét dissociati?e ionization
~of 0z to O+{réquires 18,9ev, and in a miéfowave discharge
with an effective electron témperature of 5eV, there are
relatively_few electrons which have energies in excess
- of 1OeVib’ProductionJof 02" (4Wﬁ), which requires 16eV,
has béen shown to be negligible in thése'discharges.la
Ionization of the oxygen atom by electrons which have
relatirélyvlittle energy in excess of the lowest ionization
energy of lS.GeV should produce predominétely ground state
o+(4sa/2),‘ and little if any metastable 07 (2D) (excitation
energy, 3.3eV). In faét, ion beam attenuation experimehts
| of_theytype described by Turner, et al,** and Hughes and
Tiernan®failed to.show'ahy evidence of metastable 0 in
our momentum analyzed beams. Moréover, prdduct intensity
scans obtained bybusing an 0" beam derived from a microwave
discharge through CO2 had the same appearanée as those .
obtained»fme discharged 0=. The fraction of excited_0+_
formed by electron impact on CO2 hasvbeen shown to be
very small.S It seems quite cerfain that the O+ in our_'
experiments was overwhelmingly in the ground state.

Our experimental results are presented in the
form qf contour maps of the specific intensity f(e,u)?

the intensity of ions per unit velocity space volume



| normalized to unit beam stréngth,'scattering gas density,
and collision volume. A polar coordinate systém is used,
"with the radial coordinate u'representing the speed of the
ion reiafive to the center-of-mass of the target-projectile
system, énd the angular coordinate 6 measured with respect
to the original direction of thé projectile ion beam. The

specific intensity is normalized such that

o = ZTF/ | sinedef u®I(6,u)du
o o

is always'proportional to the true totalvéross séction_o.
Each cohtour map is generaﬁed from 10-20 scans of the
laboratory énergy and angular diétributions, in each of
which lO-2O intensity measurements'are made.
| RESULTS AND DISCUSSION |

More than twenty complete contour maps of the
reactively scattered hydroxyl ion were obtained in the
relative'énergy range of 3 to 50eV. We show here
~representative results which illustrate the_most significant
features of the product distributions. Figure 2 shows the
velocity vector distribution of OH' from the O+(Hé,H)OH+
reaction at an initial rélative energy of 4.5eV. The‘
distribution is markgdly peaked in the original direction
of the primary ot beém, forward of fhe center-of-mass
velocity, and is clearly asymmetric about the +90° axis.

Another experiment carried out at 3.leV relative energy

_lo-




showed téry similar features, with forward peaking even
more pronounced.

;_ If the reaction were ptoceeding.through a
"Jong-lived" collision complex which existed several
rdtétional periodé (only approximately 107 '°® sec at these
energies); a product distribution which was symmetric nith
respect to:the +90° axis wonld be obtained. The:asymmetry
evident'in the experimental product distributions,lindicates
that the'reaction proceeds predominantly by é direct, or
short-lived interaction. This conclusion is'strengthened .
by the results of Harris and Leventhal,l® who found that
the OD+ intensity profiles along the 0°-180° axis in the
barycentrié system were asymmetric about the centroid
velocity even when the 1nitial relative energy was as low
as O.76éV. Potential energy'surfaces which contain wells
Which are deep compared to the initial relative energy of
cnllisionVnave been found®21771® o lead to the symmetric
.product_velocity distribution which is associated with
lnng-lived collision complexes. The abéence of any such
obvious symmetric components in the product'distribution
for 0 (He,H)OH™ indicates that most collision events do
not invoive transfer from the *Az surface to the strongly
bound 2Bz, 2A;, or ZB; states. Instead, the reaction
normally proceeds by a direct interaction on the

- {8 ]
*Y -*A  -*A: surface.
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The.propensity of the'0+-Ha system to remain on
the %*A2-*)_" surface in the collision procéss is related
to certain.effects observed* in the maés spectrum of Hz0.
From energetic considerations alone, the.appearancé potential
of 07(%s) + Hz from H20 should be 18«7eV.‘.However, very
little O+ signal can be detected until the»electron energy
rqaches'26.4ev, the energy necessary to produce'O+(2D)‘and
two hydfogen atoms or a highly vibrationaliy excited hydrogen_
molecule. Thé O+ produced by impact of GOéV electrons on
water has in fact been shown'S to consist*of 95% metastable_.
excited iohs, most probably 01(2D). The failure of O+(4S)‘
" to appear at its expected energy can be éasily understood
in terms of the correlation»diagram, Fig.l. Removal of an
electron from one of the three most weakly bound orbitals
of Hz20 produces the ®B;, %A, and 2B2 stateé of Hz20T, none
of which correlates to 0T(*S). Evidently, the mixing of
these states with *Az by the spin-orbit interaction is not
sufficient to permit a strdng predissociation to O+(4S)‘and'
Hz. This is consistent with our cénclusion that 0% (%s)
reacts with H» pfedomihantly on the 4A2-4§:- surface. HoWever,
the fact that ionization of Hz20 does produce~a small amddnt
of 07(*S) does indicate that one of the lower states of Hz0"
(probably ®B>) is slightly predissociated by.the “A> state.
Other consequences of this mixing of doublet and quartet
states will become evident in results to be presented later

in the paper.

_12_




Several other features of‘the product distribution
shown in Fig.2 are of interest. The intensity peak at 0°
occurs very close to the velocity expected from the ideal
or spectator stripping medel; in which no momentum is
imparted to the free H atom product as a result of the
reactionf At larger angles, the crater rim or ridge of .
maximum intensity seems to be on or close to the speed,
relative te the center-of-mass, of an OH+}f6rmed by spectator
stripping. That is, the most probable vaiue of Q, the
difference between final and initiel relative energies
seems to be approximately independent of angle. This
contrastquuite markedly with the results found for the
N+(H2,H)NH+ reaction at nearly the same energy.2° In that
case, thelNH+ scattered through large angles was much less
internally excited than was the forward scattered product.

In an appgoximate sense, the O+(Hé,H)OH+ reaction at low
relative energies seems to correspond fairly clesely to
.the:results predicted by the elastic spectetor model, 2t

in whicn'it is imagined that the incipient OH" is formed
without momentum transfer to, and then is scattered

elastically from, the product H. However,_any firm conclusions
concerning the details of the internal energy distributions

are preVented by the effects of low energy and angular
iresolutiOn combined with target gas motion.

'While the product distributions for O'(Hz,H)oH"

are peaked in the forward direction at low relative collision

_13..



energies, this peaking is not as sharp as that which occurs
in the N'2+(H2.,H)N2.H+ and Ar*(Dz,D)ArD’ reactions®®’22722 g
similaf relative energiés. Ih‘this particular respect, thev
O+(H2,H)OH+ and N+(H2,H)NH+ reactions are quite similar. It
is not yet clear what specific features of ‘a potential energy
surface are responsible for marked forward‘peaking of a-

- product angular distributioh, but such distributions seem |
to‘occur.for those reactions which are exoergic and in which
there are relafivély strong, long range attractive forces
between reactants. 1In this respect it is of interest to
note that fhe reactions of Na+ and Art with Hz are rather
more ex?ergic (AH ® -1.6eV for both) than are the reactions
0% (Hz,H)oH' and N+(H2,‘H)NH+, (-0.43 and X OeV, respectively)
for which the product distributions are less strongly
forward peaked.

Figure 3 shows the OH+ product‘distribution for
the reaction éarried out at 8.3eV initial relative energy,
and Fig. 4 shows the OD+‘distribution from O+-D2 collisions
at nearly the same relative energy. The_two distributions
are very similar, and clearly differ from the results obtained
at lower relative energies. While the intensity distributions

from the 8eV experiments are asymmetric about the + 90° axis

with most of the product forward of the center-of-mass velocity,

the forward peak observed at lower energies has been replaced

by a broad undulating ridge.

-14_




The'reasdn for this change in the natﬁfe of the
distributibn becomes apparent, when oné~considers the'limitations
imposéd by energy consérv;tioh and product stabilfty. The
quantity Q may be expressed as the differénce between the

. _ o
exoergicity of the reaction -AEO and. the product internal

1
excitation U . That is,
1
Q= Ere1 7 Erea T
. . O '
=;-AEo v

For prdducts in their ground electronic states, U' must lie
between zero and the dissociation energy of OH' to 0(3P) and
H+, 4.95eV. Thus Q is bounded according to
-0E] - U & 0 - AEg

4.5 Q¢ P.43ev
The lowef iimit for Q of -4.5eVVariSes from the necessity
that OH'(3Y.") must be stable with respect‘to dissociation
to O(sP) and H in order to be observable. The locus of
this product stability limit is shown as the circle labeled
Q = 4.5eV in Figs. 3 and 4.

~As has been noted, the peak in the product
distribution observed at low relative energies corfespbnds
closely to produét formation'by the spectator stfipping
process. According to this model, the internal energy of
the product”is equal to the sum of the exoergicity of reaction

-AEg, and Ea’ the kinetic energy of the projectile ion

_15_



relative to the atom it abstracts, Thus

1 3 A fo)

USS = ,EO + Ea

- _ _ AB 2 B
st - Ea - v

N

E

where A and B are the masses of the ion prdjectile and
the abstracted atom, respectively, 0, is the initial
relative speed, and EL is the initial energy of the projectile
in the laboratory system.
| According to the spectator stripping model, the
Q value of.the intensityipeak becomes more negative as
the projectile energy EL increases. Evéptually, the internal
enérgy of OH' formed by spectator stripping reaches the

dissociation energy of the 3y state, and Q reaches its

apparent lower limit of -4.5eV. At and above the corresponding

relative energy, OH' in the Y. state formed by épectator
stripping is no longer stable, and the forward peak must
either disappear or move to velociﬁies thét are higher
(and thus_OH+ internal energies that are lower) than those
that correspond to the spectator stripping velocity. 1In
Figs. 3 and 4 we see that the small cross which gives the
velocity of product forméd‘by spectator stripping lies very
close to the limiting Q = -4.5eV circle. Thus the substantial
decrease of the magnitude of the forward peak in the product
distribution at these energies is a resuit of the instability
of the product o' or oD' formed in the é2:;_state by
ispectator stripping. | |

_16_
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;u5~1~ This conclusion is re-enforced by the results'
shown in Figs. 5_an? 6. In Fig. 5, théVOH+nformed by
sﬁectafbrvstripping lies ét Q = -5.3eV, a value at which
onf(szj_') 'is unstable with respect to dissociation. The
peak at the stripping velocity has in fact disappeared, and
- the regions of maximum intenéity lie at approximately +60°.
The further evoluti?n of the distributioh ié shown in Fig. 6,
obtained at a relative energy of 15eV. The intensity in the
small angle region has fallen to a very émall value, and
broad intensity'maxima again occur at +60°.
It will be noted in Fig. 5 that while there is

no:intensity peakvat the!spectator'stripping velocity,
there is in fact a ridgeiof apéfeciable infensity at 0°
and . a Q value of f5.5eV. The presence of substantial -
intensity at values Pf Q less than -4.5eV seems at first
to be disturbing, sihce o' in this region must possess
ihternal énergy in excess of the amount needed to dissociate
'tolo(sP)‘and ut. There is, however, a saﬁisfactory
explanation. |

“We attribute the intensity ridge in the region
6.5 < @ < -4.5eV to formation of OH" in its first excited
electronic state, TA. vThe location of the A state is not
known experimentally; but its minimum energy has been

cal(:ulatede’9 to lie approximately 2.1leV above the 32:-

ground state. The A state must dissociate to atomic

_17_



products-which have a combined orihﬂkﬂ{ahgglar momenfum
of 2f. The 1oﬁe§t lying such combinatioﬁ'is 0o('D) and
u, whieh are placed 1.96eV above O(sP)'ahd.H+. The
calculatiohs of Liu and Verhaegen® do in fact indicate
that OH'(*A) dissociates to H' and 0('D). Thus the limits
on Q for formation of OH*(lA) are expected to be |
-6.5 £ Q { -1.7ev
‘The broad intensity ridge at 0° in Fig. S does lie quite
close to‘Q = =5.3eV, which suggests that this feature'
represents OH' (A). | |
Other‘product iptensity maps tend'tO'confirm'this
interpretation. Two experiments at 10eV relative energy'
with Dzias the target_were performed, and’in both cases a
small subsidiary intensity maximum af O°'and Q@ = -6.7+0.5eV
was found. Further indicatiohs of the importance of product
oD" with @ < -4.5eV will be evident in Fig. 8.
_ Even though we.find evidence for fbrmation of the
iA state only when the relative collision energy is_BeV _-

or greater, it can not be concluded that the *A state is

formed only in collisions in this range of relative energies.

The allowed rangesvef Q for the 32:i and 1A‘states overlap,
and any product which appears between Q = -1.7 and 44.5eV:
could bevin either state. Only fof Q values outside this
range vcanl an assignment of the electronic state of the

produet be made with any substantial degree of certainty.

-18_




For -1.7 £ Q £ 0.43eV, the A state is inaCcessible,'and
the- product must be in the °%~ state. For -6.5 ¢ @ { -4.5,
only stateé which dissociate to 0(*D) and H' or more highly
gxcitéd atomic products are stable. For projectile energies
;elativevto the abstracted atom of greater than 4.5eV, |
stable forhation-of the 32:— state by stripping is not
possible. Thefefore in this energy range (above 8eV relative
energy)'the small angle regiqn is cleared of interference,
and- this allows the 1A product lying between Q = -6.5 and
-4.5eV to be recognized. The A state may be formed in
¢ollisions at the lower initial relétive energies, butvcan
not be distinguished from the 3.7 state.

'Inspection of Fig. 1, the statevCOrrelation
diagram, suggests a mechanism by which OHT(*A) can be
formed.. buring collisions in which the H2 or Dz has its
1nterhuclear axls oblique or nearly pefpendicular to the
direction of the ingoming O+, the systém can pass through
or near the triangular conformations where the *Aa surface,
which correlates with reactants 0" (%S) and Hz(*Y"), crosses
‘the 232 surface, which correlates with the products ort(2a)
and H(?S). The mixing of these two surfaces caused by
spin-ofbit interaction ié evidently sufficient to allow
a fraction of the reactants to transfervtovthe ®B> surface
and continue to oH' (*A) and H. This samé spin-orbit

interaction is responsible for the small but finite

-19-



production of 01(%S) that occurs®S when Hz0 is ionized

to the 2By, 2Ay, and 2Bz states of'H20+.v Note that the
transfer from the *Y.” surface of linear OHH' to the A
surfaée is ﬁnlikely, since for linear geometry, nd crossings
of these states occur. Moreover, there are no non-iero
spin_—ofbit ma.trix elemer_)ts betwéeh Z ahd A states of a

linear molecule.® Thus, formation of OH'(!A) is definitely

to'be aSSdciated with collisions which substantially depart

from collinearity.

‘A particularly dramatic demonstration of the effect
of the'prdduct stability requirement can'be obtained from
the study of the reaction ofv,O+ with'HDL  Figures 7 and 8
show, respectively, maps'of the OH' and'OD+ intensities
obtained from ot -HD collisions at 6.3eV relative (40eV
laboratory) energy. The OH' distribution is sharply
forward"peaked, with a maximum at the speétator stripping
Avelocity,fvery much like the ot from the Q+-H2 reaction
- at the same laboratory energy (Fig. 2). Figure 8 shows,.
however, ﬁhat the OD+-from O+-HD collisions at the séme
laboratory energy has inténsity maxima at + 45°, and oﬁly
a somewhat lower ridge of intensity at 0°. In large
measure, Fig. 8 resembles Fig. 4, the opt distribution from
O+-D2 collisions, also obtained at 40eV labdratory'energy;‘

In Fig. 8, there is conéiderable product inténSity

at small angles in the region where Q <-é4.5eV. We feel
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that’this 15 a further manifestation of the presence of
on*(*a). | |

' The difference in the OH' and oD' distributions
oﬁfained_from 0t-HD collisions at the same 1aboratoryA
~and relative energy is principally a,conseQuence'of
produc£ sfabiiity requirements. For 40ev ot ions, ont
formed;by spectator stripping has a Q value of -2.3eV,
or an internal excitation energy of 2.7eV, which lies
~well within the limit imposed by product'stability. In
contrast, OD' formed by spectator stripping from HD at
this projectile energy has Q = -4.45eV,vor‘an internal
excitation of 4.9eV, almost exactly equal to the dissociation
energy. when allowance is made for the spread of initial
ﬁenergies erising from the beam distribution and target gas
motion,_it is not surprising that there is a smaller
production of OD+ at small angles for this projectile
energy.i The striking difference between the velocity vector
distfibﬁtions*of oH" and OD+ from HD is a very convincing
demonstraﬁion-of the basic validity of the spectatorﬁmodel

for small angle reactive scattering in this system.

The géneral evolution of the product_distributions
from Hz;nDz, and HD from forward peaked.at low energies
to larger angle scattering at higher'collision energies
is consistent ﬁith the limitations imposed on the dynamics
by the product.stability requirement. The grazing collisions
that prdduce forwerd scattering must involve a rather weak
interaction of the newly formed productvOH'+ or OD+vwith the‘

free atom. Such collisions therefore tend to leave a major



| fraction of the total available energy as‘internal excitation
of the product»moleculé ion, and:may fail to produce stable
produét molecules when the initial'relativéfenergy of ‘ :
collision is high. Product scattered into the larger angle

regions comes from collisions in which the impact parameter

is small,'and the interaction between alljatoms is relatively :

strong. In such collisions there is at least the opportunity
 for stabilization of the préduct molecule. The intensity
maxima at approximately +60° in Figs. 3, 4; 5, 6, and 8-
evidently represent the most favorable compromise between
large impact parameter collisions whiéh are more probable
but tendwto produce unstable product, and small impact”
parametef collisions which are less probable, but tend to
produce étable product. | .f |
It should be noted that the O'(Hz,H)OH' reaction
énd its isotopic variants constitute the first example in
‘which the4forward peak has disappeared Whén the internal

energy of the products fdrmed by spectator.Stripping

12,22,23

exceeded-the dissociation energy. The reactions

of Nz*, cot

, and Art with Hz and D2 all'éhow avproduct
‘HX+ peak at or near the spectator stripping velocity fdr
fairly low relative energies. For the higher relative
energies at which product formed by spectator stripping
would be unstable, the forward scattered product peak

is not lost, but instead moves (with diminished intensity)
to higher velocities where the product molecule is stable.

Thus these systems apparently possess a feature in their

potential_energy surfaces which is absent in the O+-H2
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system: the feature which makes,possible é forward recoil.
of the departing molecular ion, and which'sfabilizes a
noticeable fraction of the}product at small angles against
dissociation. |

It is informative to compare the ratio of the
maximum intensities of OH scattered at 0° ahd 180° fof
ot -m éollisions (Fig. 7)'with the same ratio for 0" -Hz
cbllision at the same relative velocity; or laboratory

projectile energy (Fig. 2). It is seen that, relative to

- the forwafdfpeak intensity, less OH+ is backscattered from

HD thén from Hz. A similar comparision of Figs. 4 and 8
shows that relative ﬁo the forward intensity maxima at
45°-70°,_there is more OD' backscattered from HD than
from Dz. That is, relat%ve.to_the scattering from the
homogenéous.isotopic molecules Hz and Dz, reactive back-

scattering (~180°) from HD shows an excess of op” and a

_deficiency of OH'.

o _This isotope effect for backsdattering}becomes'
even more obvious upon examination of Figs, 9 and 10, the
OH+ and 0D distributions from O+-HD colliéions»at 11.9eV
relative energy. In Fig. 9, the spectator stripping peak
for OH+ is missing for stability reasons, and the forward
intensity maxima 1ie at +45°. The OH' intensity at angles
greater than 90° is very small. The deficiency of OH+ at

large angles is even more striking when one compares'!'Fig. 9

; -23-



~ with Fig. 3, the distribution of OHT from_O+-Hz collisiohs
at thg same relative velocity. o »  “ o

'In Fig. 10, the distribution of OD' from 0'-HD
' coliisions at a laboratory energyvof.75eV,‘the "forward"
scattered intensity peaks lie at‘iﬁod,'and the intensity
at angles near 1805'is the same as the intensity of the
small angle peaks. This is in clear contrast to the
distribﬁtidn in Fig. 6; which comes from O'-Dz collisions
at the same relative velocity. In Fig. é,-thé OD+ intensity
at 180° is clearlyvless than at the peaksllocated at +45°.
Thus again, relative to the small angle scattering, op’
from HD shows an excess intensity at 180° when compared
with o™ from Dz.

An‘explanation of these isotopeAeffeCts in terms
of a simple.kinematic model would be valuable. One particularly
simple model that.has been proposed in an éttempt to explain
_hyperthermal reactions is.the ideal knOCKQut‘process.zf’as
In this picture, the projéctile ion collides impulsively'
and elastically with one of the atoms of thé diatomic‘target,
and then, with its velocity corréspondingly diminiéhed, the
projectile picks up the remaining atom to form the produét.
For this ideal process, the product is scéﬁtered through
180° in'the barycentric system, and it isveasy to show that

the internal excitation energy of the product is

' ap° . B [A-c)E. ”
U = AEo + A+B (A+C) Eq, (3)
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where EL is the laboratory energy of the ion projectile,

A is théiprojectile mass, B is-the mass ofithe atom in
the product,'and C is the‘mass of the target atom first
struck byﬁthe projectile.

Application of Eq. (3) shows tnat the ideal
knockout model .is quite inconsistent with our experimental
findings.i For 75eV ot colliding with HD, Eq. (3) indicates
that OH+5fOrmed by the knqckout process and’appearing at
180° in ﬁée barycentric s&stem should‘be stable, but oDt
should not:be. Therefore, according to the knockout model,
ou" shoul& be the predominant backscattered ion at this

energy. 'This is contrary to the experimental facts.

|
Equation (3) also indicates that 0D from 0t-D2 collisions
| v

‘should be more stable that OD" from O'-HD collisions at

the same projectile energy. It thereby suggests that in
the high energy regime, backscattered OD+‘Shouldvbe relatively
more prominent from Dz than from HD. Again, this is contrary

to the experimental findings. Finally, the indication that

it is easier to form stable backscattered OH+ from HD than

from Hz is inconsistent with our observation that backscattered
oH' is relatively more important from Hz than from HD. Thus

the simple knockout model fails to provide explanations for

- the most obvious qualitative features of our experimental

results. A similar failure of the model was noted®2 in

connection with the Na2t-Ha system and its isotopic variants.



. The failure of the ideal knockout model to
explain the reactive backscattering is not tod surprising,
considering the constrainté that must be satisfied in order
for such a process to take place. If the atom struék.
initially by the projectile is to be ejected without
encountefihg the second target atom, the target diatomic
molecule must be 6riented nearly perpendicularly to the
velocity vector of the projectile, and the impact parameter
must be restricted to a small range of values. Also, the
initially struék atom must move away from the collision
region without experiencin% any bonding or long range
forces.from either the projectile or its partner in the
target atom. 1In view of the nearly symmetric configuration

»implied by approach of the projectile perpehdicular to the
axis of the target, the extreme differenge_in the forces.
on the two atoms of the target which is iﬁplicit in the
ideal knockout model seems very unlikely. Failure of this
simple "perpendiculér coilision" model and recognition of
the fact that the lowest energy regions of the quartet
surface for O+-H2 are those in which the.atbms,are collinear,
both suggest that to understand the behavior in the intermediate
range of~cdllision energies, consideration of a collinear
collision model would be profitable.

As is well known, the dynamics of a collision
process can be discussed most simply in terms of coordinates

which lead to an expression for the kinetic energy containing
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no cross.terms. For the reaction A(BC,C)AB restricted to

collinear geometry, we can choose y,_the BC internuclear
. . . ] ’
separation, and x, the distance between A and the center of

mass of BC as our coordinates, and the kinetic'energy

becomes

A(B+C) x2 4+ BC

_1 e
T=2"x BiC Y

|
where M is the total mass of the system. However, a further
-simplification is introduced if we further transform to
X ; X y = aYy |
and;choose the constant a so that the coefficients of X2
and i2_in'the[kinetic energy expression will be the same.

This gives

7 - L ABC) (g2, g2y
where | |
X = rpp + ES_—C Tpe
Y = TBc/a
.2 _ AlBic)®
BCM |
and raps Tpo are respectively ﬁhe AB and BC interpuclear

distances. The coordinates X, Y were introduced by Eyring

and Polanyi®® in connection with molecular collision dynamics.
When they are used, a frictionless mass point sliding on a

potential energy surface will'correctly representlthe actual

dynamics of a three atom collinear collision. The X, Y
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coordinates are very closely reléted to those used by SmithZ®”

in his‘discussion of product excitation in exoergic reactions,
and are éne.of a class bf éoofdinaﬁes recently discuséed by
HirschfelderZBIin connection with-isotope‘effecté in chemical
reactions. |

 :When plotted in terms of the X, Y coordinates the
potential energy surface for the collinearvA(BC,C)AB reaction
‘assumes a "skewed" form. .That is, the éhgle-albetween the
equipotential contours in the asymptotic exit‘valley

(rAB = const) and those in the entrance valley (r,. = const)

BC
-is less than 90°, and is given by

tan®p = % |
Thus the reaction coordinate turns through the angle m-B
as the System passes from{reactants to products.' In order
for‘reaction‘to occur, the potential energy‘surface mustbbe_
shaped so that the forces exerted on the representative
mdss poinf allows it to turn fhe corner ffom_the reactant'
valley to the product valley.

It is clear that for a reaction such as 0 with
HD, the angle B will be small (37.6°) when Of_éttécks thé
H atom (oT-uD), and larger (57.0°) when the D atom.is beihg
attacked (0T-DH). For reaction of 0% with Hz or Dz, B will

have the intermediate values of 46.7° andv48}2°,respective1y.

Figure 11 shows this effect schematically for a hypothetical
surface of the type that might apply to the collinear O+-H2'

system. | i
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. For collisions of enefgy less thah levV, the
trajectories will be strongly influenced by the details
of the shape of the poten%ial energy surface near the
minimum‘energy path, and-the effects of varying B will
be difficult to discern. However, for boliisions of higher
relative energy, the trajectories will be increasingly
influencéd,by the nature of the shape of the repulsive
walls of the potential energy surface. At these higher
energies, thé true surfacé}incréasingly reéembles in its
region of émall internuclear separations, a surface which
represehts the interaction of ideal hard spheres. In this
case, the two repulsive walls are.infinitely steep, and
intersect each other with the interior angle B. Thus,
while we do not propose that in the range of 3-12eV the
true potential energy surface for O+'H2 can be accurately
represented by the ideal hard sphere surface at small |
internuclear separations, it seems clear that the approximation
may be close enough at the higher energies so thét én analysis
of.the hard sphere'case will reveal some of the experimentally
observed isotope effects.

‘For ideal collinear hard sphére co‘ll:i.sionse8 with_
B = 60° (approximately the ot-pH case), the projegtile A‘
hits the first target atom B, B hits C, thén AB mgves away
 as product with zero internal energy. For B = 45° (nearly

the O+-H2vand,0+-D2 cases), a sequence of three hard sphere



collisions (A,B; B,C; A,B)'feflect the particles back out
the reactant channel. For B = 36° (the ot -up case) the
product‘channel is again reached, but only”efter four Pard'_ ’
Sphere collisions. This_analysis would suggest substahtial
reaction probability for o*-DH and D'-HD, but not for.o+fH2
and 0*-Da. However, there are three difficulties with this
conclusion. |

First, nearly collinear collisions are much more
likely tpan exectly collinear ones, and'in“the non-collinear
case, a‘sequence of four hard sphere collisions is very
unlikely, " The failure ofvthe complete sequence of four

collisions to occur would significantly lower the expected

yield of backscattered ot from ot-HD reletive to the oD'

yield from ot -DH. Second, if one approaches the real potential

by softening the hard sphere forces, the repulsive walls at
the endvofbthe reactant valley become curved,.and any
equipotentiel contour has a range of slopes_with respect

to the reactant channel axis. Iﬁ generalffhis leads to 3
effective values of B which are greater than those computed
from the mass factors alone, end this alteration might suggest
an increased reaction probability for the O+?H2 and O+-Dé.
cases. Finally, it should be recognized'thet in a collision
in which the conditions for the impulse epproximation ere |
nearly satisfied, it is the energy of the‘projectile

relative to the atom it strikes; rather than the energy

-30-
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‘relative to the whole molecule which is of greatest

significance.®® This means that for a particular
’ S A ’
projeétile'laboratory energy, the hard sphere analysis

may be a better approximation for O+-DH than for O+-HD.

In the lattér case, the more nearly vibrationally adiabatic
- motion canébe expected to lower the reaction probability.
Thus, the hard sphere analysis combined with the qualifi-
cations necessarily imposed by real potential energy
surfaces seems to lead to qualitative conclusions which
are.%dnsiSHent with the observed isotope effects.

Similar isotope effects have been observed
I | :

experimentally in the N2¥-HD system*Z

at moderate energies
(< 8eV) andgin the Oz+-HD system at collision energies high
enough so that the reaction proceeds by direct interaction.30
Also, in‘a’;ecent study of the 18F+HD reaction by classical
tfajectories on a semi-empirical potential surface,
Muckerman®! observed an isotope effect in the total cross
section favoring DF by approximately 50% in the 1-6eV 7
.range of félative energy. Moreover, the prdpensity for
formation of DF over HF was greatest in the large angle
region for collisions of 1leV and'SeV relative énergy.

The similarity of the large angle isotope effects
in systems of such different chemical nafure suggesté that

they have their origin in the mass combinations, and are

influenced to a secondary degree by the details of the
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potential energy surfaces. If'the surfaeevis such that -
as A appreaches, a strong repulsion between'B_and C builds
up, then the system will tend to pass easily into the
product’valley. - Thus in these circumstaﬁees, ﬁhe differential
reaction cross section for backscattering will be large; and
the isotope effect favoring abstraction of D from HD will
tend to be small. 1In contrast, if the poﬁential energy
surface is of a type where A can interaet:repulsively with.|
B beforeany appreciable BC repulsion occﬁrs, fhen the
slopes of the equipotential contours that are encountered
by the representative mass point as it reaches the end of
the reactahtvvalley are nearly equal to the angle B.
Depending on the value of B, the representative point may
pass into the product channel (B & 60°) or be reflected back
into the reactant channel (B 2:45°). Thus such a surface
could lead to small reactive cross sections,vand a large
isotope effect favoring abstraction of D fiom HD. The
magnitudes of thevexperimentally obsefved isotope effects
suggest.that N2+-HD has a surface close to the firstvdescribed,
while Oz+;HD and 0t -HD are of the more impulsive typee In |
fact, in a subsequent paper we will show‘that*an'impulse
- model which allows for other than collinear collisions.
provides a very satisfactory description of the O+‘H2

reaction and its isotopic variants at higher energy .
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SUMMARY
‘ ‘We have examined the product véloéity véctor
diétriﬁution for the reaétion ot (Ha,H)OH' and itsvisotopic
variatiéns for a range of initial relative kinetic energies.
The reaction proceeds from ground state reactants to products
predominately in the electronic ground state»via a direct

interaction in which spectator stripping is a'prominent

feature. At the higher energies (> 8eV), the spectator
l | i

stripping peak is lost when the vibrational and rOtatibnal
energy of OH+(3§:—) makes it unstable with respect to
dissociation to O(®P) and H'. However, in this energy
range theré is evidence for production of OH+ in electronic
states such as A that can only dissociate to excited atomic
fragments, and consequently are of greater stability than
the grouhd electronic state. Prodﬁctidn of OHT(%a) is
consiStent with coupling by spin-orbit ihteraction of the
initial “A> surface and the 2Bz surface appropriate for
O+;H2 cdllisions in near sz geometry. It is particularly‘
evident at the higher energies that OH" from HD is
predominately sc&ttered into the small angle (< 90?) regibn,
while the opt appears at large angles (> 90°). The propensity
for formation of OD+ at large angles can be understéod in
terms qf the general appearance of the pbtential energy
plotted in a coordinate system which diagonalizes the kinetic

energy.
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Figure Captions

Fig. 1. A partial correlation diagram for’the'eiectronié
states ofvthe Hz_O+ syétem. Starting from_the left of

the diagram, 0% (or 0) approaches Hz (or H2+)‘along the
perpendicular bisector of the H-H éxis, and'the-system
passes to'pfoducts through an HOH+ intérmediate. Starting
from the_right side, reactants pass to products through
collinear conformations. The heavy lines indicate states

whose energies are known to +0.leV or better.

Fig. 2. A contour map of the specific intensity T of OH'
from O+-H2 collisions at an initial relative energy of
4.5eV. The radial coordinate is the speed of OH' relative
to the cehter of mass of the system, andbthe angular
coordinate is the barycentric.scaﬁtering angle measured
from the direction of the O+ projectile. The small cross
loéatés the velocity of OB formed by specfator stripping.
The mapFShows the intensity of out strongly.peaked in thév

forward or small angle region.

Fig. 3. A contour map of the specific intensity of out
formed from 0% and Hz after collisions of S.SeV relativé :
energy. The circle labeled @ = =4.5eV is the locus of
'OH+ formed with an internal excitation eqﬁél to the

dissociation energy of the 3). ground electronic state.
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Note the broad (in angle) ridge of intensity in the
forward hemisphere (161 < 90°), which_cdntrasts with

the‘sharp:forward peak of Fig. 2.

Fig. 4. A contour map of the specifié intensity of opt
from O+*D2 éollisions at 8.0eV relative.energy. Note
the general reéemblanceito Fig. 3, énd also that the
peak at’b° extends intoithe region where Q < -4.5eV.
This'éuggeSts formation of electronically excited states

of opt that dissociate to excited atomic fragments.

(see text) |

.Fig} ?. 'A contour map of the specific intensity of ont
formed ffom 0Y-Ho collisions with an initial relative
energy of l0.0éV; Note that the spectator stripping
velocity_(marked by a cross) lies betWeeﬁ Q = -4.5eV,

the stability limit for oH'(°L ), and @ = -6.5eV, the
"stability,limit for OH+(1A5. The intensity maxima at

+60° lie in the region where.OH+(3§:-) is stable, but at
small angles there is considerable intensity in the region
between Q = -4.5eV and Q = -6.5eV, where OH*(lA) is stable,

but the 3y, state is not.

Fig. 6. A contour map of the specific intensity of OD+
formed from O+-D2 collisions with an initial relative

energy of 15.0eV. Note the virtually complete absence
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of intensity at 0°. Both OD'(®YL ") and 0D"(a) would be
unstable with respect to dissociation if they were formed

by spectator stripping at these energies. .

Fig. 7. A contour map of the specific intensity of on*
formed‘frdm O+—HD colliSibns with an initiél‘relative'
energy of 6.32eV. Note that the intensity maximum
coincides with the Spectator stripping velocity. Note also

the rather small intensity in the large angle (~180°)

reglion.

Fig. 8. ‘A contour map of the specific intéhsity of op'
from O+—HD col1isions with a relative energy of 6.3eV.
Note that in contrast with Fig. 7, there is no intensity
peak at the spéctator stripping velocity. Also, there is
considerable intensity inside the Q = -4.5eV circle, where

oD" (*4) but not oD (3Y") is stable.

Fig. 9.JJA contour map of the specific inténsity of OH+"

from O+-HD collisions with an initial relative energy'of_
'11.9eV. Note the very low intensity at angles larger

than 90°,vthe complete absence of a spectatér stripping angular
peak, and the noticeable intensity in the Q < -4.5eV

region at small angles.
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Fig. id. A contour map of the specific iﬁtensity of opt
from Q+4HD-collisions at 11.9eV. Compare this with Fig. 9.
Note,the low intensity in the small angle regidn, and the
nearly uniform ridge of intensity in the large angle
region.

Fig. 11. A demonstration of how a hypothetical potential
energy-surface of the LEPS type changés wheﬁ it is plotted
for vafious isotopic combiﬁations in terms of the coordinates
X,Y which reduce the 3-particle collinear collision problem
to a one pérticle problem. The energies are given in
electron volts relative to the separated atoms, and the
contou{s in each panel correspond to those ih the upper
‘left-hand panel. ‘Note that the low energy contours in

the region of the corner Qave no simple or clear relation
to tﬁe~angle B at which the bond distance cqordinates are
skewed. However, in the repulsive region,'the cohtourS’
.tend to approximate two lines which intersect at the angle 

B as the energy of the contour is increased.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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