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Spin-orbit state-selected reactions of Xe+ (2] ), /= 3/2 and 1/2, with isotopic molecular
hydrogen (H2, D2 and HD) to form XeH+ and XeD + are studied using guided ion beam
mass spectrometry. Reaction cross sections are determined as a function of reactant kinetic
energy from near thermal energy to 15 eV c.m. Although the reaction of Xe+ (2P 1/2) + H2to
form ground state products XeH+ + H is exothermic, no reaction is observed at low energies
and the reaction cross section is zero or small at higher energies. The Xe+ (2/38/2) + H2
reaction has an apparent threshold near its endothermicity, but the cross section rises slowly
above this threshold. The reaction energetics and isotope effects indicate two separate
mechanisms for X e+ (2/33/2). The dominant mechanism is a direct, impulsive process with an
apparent activation barrier. The second mechanism allows reaction near the thermochemical
threshold and involves more interaction among all three atoms. These results are interpreted in

relation to the spin-orbit coupled potential energy surfaces of XeH2 system.

I. INTRODUCTION

In a series of experimental investigations,1-3 we have
studied the hydrogen atom transfer reactions of the rare gas
ions with molecular hydrogen,

Rg+ + H2-RgH + + H, (1)

where Rg represents He, Ne, Ar, or Kr. This paper com-
pletes the series of stable rare gas ions with an examination of
the xenon system.

While the hydrogen abstraction process (1) represents
a seemingly simple triatomic reaction system, the reactions
actually involve multiple potential energy surfaces and ex-
hibit rather complex behavior. Although the reactions with
helium and neon34are strongly exothermic, they do not pro-
ceed at thermal energies and have extremely large activation
barriers of 8 and 10 eV, respectively. In contrast, reaction
(1) with Rg = Ar was long considered5to be a classic exam-
ple of an exothermic reaction which proceeds at the Lange-
vin-Gioumousis-Stevenson collision rate. However, more
precise measurementsl4 indicate that the thermal reaction
actually occurs with an efficiency of only two-thirds. Kryp-
ton ions also react24 exothermically, although the efficiency
is less.

These features can be explained qualitatively by diabatic
electronic state correlations between reactants and products,
as originally discussed by Mahan.6 Since RgH+ (Rg = He,
Ne, Ar, Kr) dissociates into Rg + H+, ground state prod-
ucts correlate with the asymptotic Rg-H2 charge state of
reactants rather than with Rg+-H 2. The Rg+ + H2 reac-
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tants lead diabatically to excited states of the products. This
qualitatively explains the high activation barriers in the heli-
um and neon systems, where the Rg+-H 2 surface lies far
above the Rg-H 2 surface. In the case ofargon and krypton,
on the other hand, the two charge states lie close together in
energy and these two surfaces intersect near the H2equilibri-
um bond length. This crossing is adiabatically avoided as the
reactants approach, such that Rg+ + H2reactants can lead
to ground state products. The efficiency of the reaction is
determined to first order by the coupling between the charge
state surfaces.12

Orientational effects also influence the reaction effi-
ciency. The rare gas ion Rg+ [s2p5] can approach hydrogen
with three different orientations ofthep orbital with the lone
electron: Pz, where it is parallel to the axis of approach; Px,
in the plane defined by the three atoms but perpendicular to
the axis of approach; and Py, perpendicular to the plane.78
These orientations correspond to three separate adiabatic
surfaces in the entrance channel of the reaction. Molecular
orbital considerations indicate that the least repulsive ap-
proach of the reactants is a near-collinear Pz orientation.26
It is also the Pz orientation (2A ' surface in Cs symmetry)
that adiabatically correlates with the ground state products
in the argon and krypton systems,1268 so Pz is the most
reactive orientation. The Px orientation also forms a 2A " sur-
face and the Py orientation corresponds to a 2A ** surface,
both of which lead to excited states of the products. These
surfaces can couple to the lower reactive surface via nonadia-
batic transitions, which are considerably more efficient for
the 2A " surface than for the2A " surface. The observed reac-
tion efficiencies indicate that this nonadiabatic behavior is
more probable in argon, where the two charge states are
nearly resonant, than in krypton, where the energy separa-
tion is greater.1278

The rare gas ions have two spin-orbit states, the
Rg+ (2>3/2) ground state and the Rg+ (2 1/2) excited state.
Spin-orbit interactions produce mixing of the Px,Py, and Pz
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“states” described above, and thereby can directly influence
the reactivity in these systems. Investigation of spin-orbit
effects in chemical reactions is an area of burgeoning inter-
est, recently reviewed by Dagdigian and Campbell.9 The se-
lection ofa particular spin-orbit level ofthe reactant atom or
ion allows one to probe a Specific adiabatic potential energy
surface of the reaction system. Even in systems with small
fine-structure splittings, substantial spin-orbit effects are of-
ten found.9 In systems with large spin-orbit splittings, it
might be expected that the higher-energy state would be
more reactive, but in fact inverse spin-orbit effects are not
uncommon. For example, a strong inverse spin-orbit effect
was found in our study of the Kr+(2i,/) + H2 reaction.2
Furthermore, the detailed interpretation of the spin-orbit
effects in the krypton system suggested different reactivities
not only for the individual states of total angular momentum
J in the atomic multiplet, but also a dependence on the rrij
component of the angular momentum relative to the line of
approach of the reactants.

In this paper, we report the reactions of xenon ions with
hydrogen10-12:

Xe+(P3/2) + H2-*XeH+ + H ,

AH0 = + 0.84 + 0.09 eV, (2a)
Xe+ (P ,/2) + H2-XeH + + H,
AHI = - 0.46 + 0.09 eV. (2b)

The xenon system differs from the other Rg+ + H2systems
in several important respects. First, because the ionization
potentiall2ofxenon, IP (Xe) = 12.130eV, is lower than that
of hydrogen, IP(H) = 13.598 eV, the XeH + product disso-
ciates adiabatically to Xe+ + H rather thanto Rg + H+ as
when Rg = He, Ne, Ar, or Kr. As a consequence, the
Xe+ + H2reactants correlate with ground state XeH+ + H
and no crossing to the Xe + H2 charge-state surface in the
entrance channel is required to reach products. Moreover,
charge transfer with H2 is endoergic2 by 3.3 eV for
Xe+ (2P3/2) and 2.0 eV for Xe+ (213/2), so the Xe + HZ
surface plays no role at low energies. Second, the spin-orbit
splitting in Xe+ is so large (1.31 eV) that little interaction
betweenthe Xe+ (23/2) + H2andXe+ (2P 1/2) + H 2poten-
tial energy surfaces is expected. Finally, the ground state
reaction (2a) isuniqueamongthe Rg+ + H2systems inthat
it is endothermic. The reaction with Xe+ (2P 1/2) is exother-
mic, but does not occur at thermal energies,1314 k< 10~12
cm3s-1, indicating that there is an activation barrier for
reaction (2b). Guided ion beam methods are used here to
excite the reactions via translational energy of the reactants.
Spin-orbit state-specific reactions1314 are employed to pro-
duce ion beams of a particular state, as in our study of the
analogous reactions of Kr+ (2P j)? We also investigate the
reactions with isotopic hydrogen:

Xe+ (Pj) + D2-*XeD+ + D, 3)
Xe+ (2Pj) + HD->XeH+ + D (4a)
->XeD+ + H. (4b)

Kinetic isotope effects have proven useful in elucidating the
dynamics of hydrogen atom abstraction reactions.1l

II. EXPERIMENTAL METHODS

The integral cross sections of reactions (2)—4) are
measured from thermal energies up to ion energies of several
hundred electron volts using guided ion beam methods. The
guided beam apparatus and data analysis procedures have
been described in detail elsewhere.1,15 An outline of the ex-
perimental technique is presented here together with a de-
scription of the method used to produce spin-orbit state-
selected beams of Xe+ (2P j) ions.

A. Guided beam cross section measurements

Reactant ions are produced in a drift cell source as de-
scribed below. The ions are extracted from the ion source,
focused into a beam, and mass analyzed in a magnetic sector
to select the desired species. The ions are then refocused and
injected at the desired ion Kinetic energy into a radio-fre-
quency octopole ion beam guide. The octopole creates a radi-
al potential well along the axis of the ion beam which traps
ions in radial directions but does not affect their axial veloc-
ities. The beam guide passes through a static gas collision cell
containing H2, D2 or HD. The octopole trapping field serves
to collect scattered product ions efficiently. This greatly im-
proves the sensitivity compared to conventional beam/gas
cell instruments and minimizes artifacts due to different col-
lection efficiencies for product ions scattered in different di-
rections.

Neutral reactant densities are kept low enough that
multiple ion collisions are improbable. Product ions and un-
reacted primary ions drift to the end of the octopole, are
extracted from it, mass analyzed with a quadrupole mass
filter, and detected by secondary electron scintillation and
pulse counting electronics. The reaction cross sections are
derived directly from the reactant and product ion intensi-
ties, the gas cell pressure, and the estimated reaction path
length.116 For these experiments, the accuracy of the mea-
sured cross sections is limited by the transmission efficiency
and mass resolving power of the quadrupole mass analyzer.
In particular, a compromise had to be made between trans-
mission efficiency and mass separation for reactions (2) and
(4), necessitating rather large Xe+ background subtrac-
tions for the XeH + products. We estimate that the absolute
cross sections are within a factor of 2 of the true value and
that relative cross section values have an uncertainty of
+ 10% in addition to statistical uncertainties.

The absolute kinetic energy ofthe ion beam is measured
to within + 0.1 eV lab by utilizing the octopole itself as a
retarding field energy analyzer.1Because the energy analysis
region and the reaction zone are physically the same, ambi-
guities in the energy analysis resulting from contact poten-
tials, space charge effects, and focusing aberrations are mini-
mized. Laboratory ion energies are converted to

center-of-mass (c.m.) frame energies using the usual sta-
tionary target assumption.12

The initial magnetic mass spectrometerl has limited
mass resolution and transmits small amounts of xenon iso-
topes other than the desired one. To avoid problems with
isotopic overlap with hydride and deuteride products, the
highest-mass xenon isotope, 136Xe (9% natural abundance),
isused inall ofthe experiments reported here. Commercially
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supplied H2and D2, 99.99%, is used. HD gas has been syn-
thesized by standard methods.17 According to mass spectro-
metric and Raman spectroscopic analyses, the HD is at least
98% pure, with approximately equal amounts of H2and D2
impurities.

B. Xe+(2Pj) ion preparation

Xenon ions are prepared using a drift cell ion source
which has been described in detail previously.216 X e+ is ini-
tially produced by electron impact ionization. The electron
energy is variable and can be kept below the 23.4 eV thresh-
old18 for formation of metastable excited states above
Xe+ (Pj). Under similar conditions, Adams et al.u found
the spin-orbit composition of the ions was near statistical,
ie, (J= 3/2):(J= 1/2) —2:1, and we also obtained a sta-
tistical mixture inthe case ofkrypton.2 These ions are inject-
ed into a static gas drift cell, which may be filled with a
“filter” gas at a pressure up to 300 mTorr or may remain
empty to retain the beam with a mixed spin-orbit state popu-
lation.

To produce Xe + (2P3/2) ions, the drift cell is filled with
methane, typically to a pressure of 20-30 mTorr. The
Xe+ (2P3/2) + CH4-*CH4 -I- Xe charge transfer is endo-
thermic and therefore does not occur under the near-thermal
conditions of the drift cell, but Xe+ (2P 1/2) reactsl4at a rate
0f9.0X10~locm3s* * as follows:

50%

Xe+(2>/2) + CH4- CH+ + Xe

50%

-* Xe+(2/38/2) + CHA4.

Thus, the Xe+ (2JP,/2) state reacts away and the Xe+ (2P3/2)
state is enhanced. The actual spin-orbit composition of the
ion beam is determined by examining the charge transfer
reaction with methanel9 using the usual beam guide tech-
niques (i.e., methane is used both in the drift cell of the ion
source to prepare the ions and in the octopole beam guide
collision cell to diagnose their spin-orbit populations). Fig-
ure 1 shows the methane charge transfer reaction of
Xe+(2Pj) prepared with and without methane in the drift
cell. With no filter gas, there is a strong charge transfer cross
section at low energies, indicating that some Xe+ (2P 1/2) is
present. With methane in the drift cell, the low-energy ap-
parent cross section drops by over two orders of magnitude
and a distinct threshold appears. Considering experimental
energy broadening, the observed threshold energy corre-
sponds to the 0.47 eV endothermicity for charge transfer
with X e+ (2P3/2)- The lack of reaction below the threshold is
aclear indication that only Xe+ (2/:8/2) is present. Compari-
son of the charge transfer cross sections for beams made
without methane filtering to the rate constant data of Adams
et al. M verifies our expectation that the composition is near
statistical, 29% + 5% Xe+ (2/\/2), for electron energies of
20-23 eV in the initial ionization process.

To measure cross sections with a Xe + (2 ]) state-select-
ed ion beam, the low-energy reaction of the beam with meth-
ane is first monitored while adjusting the drift cell pressure
and other source conditions to obtain the desired spin-orbit
state composition. The hydrogen reactions are then mea-
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FIG. 1 Charge transfer reactions of xenon ions with methane. Cross sec-
tionsare plotted as a function of the kinetic energy of reactants in the center-
of-mass frame (lower X axis) and in the laboratory frame (upper x axis).
Crosses show charge transfer for a near-statistical mixture of Xe+(2Pj)
spin-orbit state, prepared by low-energy electron impact. Circles show data
for the X e+ (2P3/2) ground state, prepared using methane as a filter gas in
the driftcell ion source, P (CH4) = 24 mTorr. The cross sections have been
corrected for secondary reaction of the charge transfer products.

sured without further changes in ion source conditions, fol-
lowed by a double check of the spin-orbit state composition
using the methane reaction.

We did not find source conditions suitable for making
pure Xe + (2P, /2) ion beams of sufficient intensity for reliable
cross section measurements. Candidate filter gases which
have larger rate constantsl4 with J = 3/2 than with
J = 12, such as COS, also depleted the desired 7=1/2
state too much, either by reaction or by quenching. Instead,
the cross sections for Xe+ (2P U2) are determined by extra-
polation from the measurements with Xe+ (2i:8/2) and with
statistical mixtures. This procedure is limited in quantitative
accuracy because of the uncertainty of the composition of
our “statistical” beam and run-to-run deviations in the mea-
sured cross sections. To minimize the latter problem, the
reactions with pure Xe+ (2*3/2) and with a statistical mix-
ture were performed consecutively with minimal changes in
instrumental conditions. Despite large uncertainties in the
extrapolated cross section (especially when itissmall, as will
be found to be the case), the qualitative trends in the reac-
tivity can be determined.

IIl. RESULTS
A. Xe+(*/»)+H2

The cross section for reaction of a near-statistical mix-
ture of Xe+ (2P j) ions with hydrogen is presented in Fig. 2.
The cross section has an apparent threshold near 1eV. The
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FIG. 2. Cross section for reaction (2) with a near-statistical mixture of
Xe+ (2P ]) spin-orbit states. The results are plotted as a function of the ion
kinetic energy in the laboratory frame (upper scale) and the center-of-mass
frame (lower scale). Each point represents an average ofseveral determina-
tions. The inset shows the cross section expanded by a factor of 10 and offset
from zero. The arrow indicates the 0.84 eV threshold for reaction of
Xe+ (2P3/2).

lack of reaction below this threshold confirms observa-
tions1314that Xe + (21 3/2) does not react at thermal energies,
even though reaction (2b) is exothermic.

The ~ 1 eV apparent threshold corresponds to the en-
dothermicity12for reaction (2a), 0.84 + 0.09 eV, suggesting
that Xe+ (2P3/2) is responsible for the observed cross sec-
tion. The cross section rises very slowly from the apparent
threshold until the reaction finally “turns on” at 2.5-3 eV.
The slow onset precludes a reliable analysis of the cross sec-
tion threshold to obtain an independent value ofthe reaction
endothermicity. The cross section peaks in the vicinity of 7.5
eV.

B. Xe+(V,)+D2

Figure 3 shows the experimental reaction cross sections
for reaction (3),bothwitha statistical mixture of Xe + (2P j)
spin-orbit states and with pure Xe+ (2P3/2). The cross sec-
tion behavior is very similar to reaction (2). When viewed
on an expanded scale, the threshold behavior for the statisti-
cal mixture is essentially identical to that shown in Fig. 2 for
reaction (2). The cross section peaks at 8 eV, then declines
monotonically at higher energies.

The Xe+(2P3/2) + D2 reaction cross section exhibits
the same overall behavior as the statistical mixture, but is
larger. An extrapolation from the two experimental spin-
orbit state populations to pure X e+ (2P 1/2) is also presented
in Fig. 3. The scatter in the extrapolated cross section gives
an indication ofthe rather large uncertainty ofthe extrapola-
tion procedure. The apparently negative cross sections,
which are impossible, can be explained by small errors in the
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FIG. 3. Cross sections for reaction (3) with xenon ions prepared with dif-
ferent spin-orbit populations, plotted vs relative kinetic energy (lower
scale) and laboratory ion energy (upper scale). Experimental resultsfrom a
single representative set of measurements are given by circles for ground
state Xe+ (23/2) and by crosses for a near-statistical mixture of Xe+ (2P j).
The line gives an extrapolation (assuming a 2:1 mixture of 2782:2/5/2
states) of these results to a pure population of the upper spin-orbit state

Xe+ (P 1/).

estimated Xe+ (2Pj) populations in the near-statistical
beam or by small relative errors in the cross section magni-
tudes. Despite these uncertainties, we can make the follow-
ing conclusions about the spin-orbit state dependence of the
reaction. Within experimental error, all of the reactivity of
the statistical mixture is accounted for by Xe+ (2°3/2). The
experiments do not exclude the possibility of some reaction
with Xe+ (2 ’')2), but its cross section for reaction is sub-
stantially smaller than that for Xe+ (2P3/2).

C.Xe+(2Pj))+HD

The intramolecular isotope dependence for reaction
with HD is shown in Fig. 4. The cross sections for reactions
(4a) and (4b) are shown for both a statistical mixture of
Xe+ (2P )) and for pure Xe + (2P3/2). The signal-to-noise lev-
el in the Xe+ (2P3/2) data is poor because of low beam inten-
sity for the state-selected ions and, for the XeH + channel,
because ofthe subtraction ofbackground signal from incom-
pletely mass-resolved X e +. Because of the scatter, we do not
attempt a direct extrapolation to the Xe+ (2P 1/2) state for
these reactions. A heavily smoothed version of the
Xe+ (23/2) data is provided in Fig. 4 to emphasize the ob-
served structure.

The XeD+ channel, reaction (4b), has an apparent
threshold of about 1 eV (same as the reactions with H2 and
D?2), begins a rapid rise at 1.5 eV (compared to 2.5-3 eV for
H2and D2), and peaks at 5eV (7-8 eV for H2and D2). The
XeH+ cross section exhibits two features. First, there is a
small feature with the same 1 eV apparent threshold as the
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FIG. 4. Cross sections for reactions (4a) and (4b) withXe+ (2Pi/2), upper
plot, and with a near-statistical mixture of Xe+ (2Pj), lower plot. A single
set of measurements is shown as a function of the reactant kinetic energy in
the lab frame (upper axis) and in the center-of-mass frame (lower axis).
Small circles indicate the cross sections for formation of XeD + and crosses
indicate the XeH+ product channel. The lines for Xe+ (2P3I2) are heavily
smoothed versions of the data, intended to highlight the feature near the
threshold for XeH+.

XeD + channel which peaks at 2-3 eV and then falls off. A
second feature rises from approximately 4 eV and extends to
higher energies than XeD + with a broad maximum at 10-12
eV. This unusual behavior is reproducible under different
conditions for the statistical mixture of spin-orbit states. It
cannot be due to partial mass overlap of the XeH+ and
XeD + products since the minimum in the XeH + cross sec-
tion is close to the maximum ofthe XeD + cross section.

The XeH+ and XeD+ cross section magnitudes for
Xe+ (2P3/2) are ~ 1.5 times that for the statistical mixture of
Xe+ (2P j). Within experimental error, this is in agreement
with a statistical ratio predicted by assuming that the
Xe+ (2P 1/2) state is nonreactive. Thus, as with reaction (3),
the Xe+ (2P3/2) ground spin-orbit state is predominantly
responsible for the observed reactivity. In particular, the two
XeH+ features persist for pure Xe+(2/33/2) and hence are
not related to different spin-orbit states.

IV. DISCUSSION

There are four prominent features of the XeH2+ reac-
tion system which we wish to understand: (1) Xe+ (2i>/2)
does not react with hydrogen at all at low energies, despite
the reaction exothermicity, and its cross section is zero or
small at higher energies. (2) The Xe+(2P3/2) + H2 and
Xe+(2P3/2) + D2 reaction cross sections rise very slowly
from their thermochemical thresholds. (3) In the
Xe+ (23/2) + HD reaction, the XeH+ channel has a cur-
ious double maximum with a small feature near threshold
and a larger feature at higher energies. (4) The HD reaction
exhibits an extremely strong intramolecular isotope effect in
which the XeD+ channel dominates at lower energies and
rises more rapidly from the thermochemical threshold than
in the case of H2or D2
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FIG. 5. Schematic asymptotic potential energy curves (Ref. 20) for the XeH2 system. The curves on the left represent the potentials as a function of r (H -

H) with r (Xe-H) = 00; the curves on the right represent the potentials as a function of r (Xe-H) withr (H-H) = o0o.The solid lines indicate the potential
curves for the diatoms which are a part ofreaction (2), H2and XeH +, while the dashed lines indicate the other charge states, H2 and XeH. The notation for

designation ofthe XeH + states follows Ref. 23.
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A. Asymptotic potential energy surfaces

In order to explain these results, we need to examine the
potential energy surfaces ofthe XeH2 system. No theoreti-
cal information is available about the XeH2 intermediate,
but correlations between the asymptotic [Xe + H2]+ and
[XeH + H]+ states provide a starting point in explaining
the reaction dynamics. Figure 5 shows the asymptotic poten-
tial energy curves.20-23 In our work on the other rare gas
ions, we treated spin-orbit coupling as a perturbation on the
asymptotic potentials, but for X e + and XeH + the spin-orbit
splitting is large and must be considered directly. Therefore,
the Xe+ (2P3/2) + H2and Xe+ (2P 1/2) + H2asymptotes are
separated in Fig. 5. The valence bond calculations by Gal-
lup,23 which include spin-orbit coupling empirically, are
used for excited XeH+ curves since they dissociate to the
correct [Xe + H ]+ spin-orbit levels.

Figure 5 shows, as noted in the introduction, that
ground state Xe+ + H2diabatically correlates with ground
state XeH+ + H products, i.e., they dissociate to the same
atomic asymptote. This contrasts with the other Rg+ + H2
systems, for which the Rg + H2 charge state of reactants
correlate with ground state RgH+ + H products. For xe-
non, the Xe + H2 curve lies much higher in energy and
correlates with repulsive XeH and XeH + states. Thus, inter-
action with the charge-transfer surface plays no role in the
hydrogen atom transfer reactions of Xe+, at least at low
energies.

The spin-orbit coupled potential energy curves indicate
that only the Xe+ (2i33/2) + H2 reactant surface leads to
ground state products, while Xe+ (2P1/2) + H2 correlates
with a weakly bound excited state of XeH +.23 Furthermore,
the two sets of curves corresponding to the Xe+ (2P 3/2) and
Xe+ (2P 1/2) atomic asymptotes are well separated except for
a high-energy crossing of Xe+ (2P 1/2) + H2(,2 ¢ ) with the
repulsive Xe+ (2P3/2) + HJ(32,,+) surface. These features
readily explain the non-reactivity of Xe+ (215/2) with hy-
drogen: Xe+ (2P U2) + H2leads only to highly excited prod-
ucts, with an endoergicity ofabout 4 eV. Because ofthe large
energy separation of the two spin-orbit states, there is little
probability of nonadiabatic transitions to the lower surface.

B. Reaction energetics and mechanisms

The observation of reaction near the thermochemical
threshold, even though the cross sections are small, indicates
that there is no potential barrier along the reaction path for
the Xe+(23/2) + H2 surface. Despite this, the reaction
mechanism is decidedly nonstatistical as shown by compari-
son ofthe experimental cross section with that calculated by
using phase space theory.2425 This statistical model predicts
a much sharper rise from the thermochemical threshold, a
larger magnitude for the cross sections [by a factor of 10 at
~ 4 eV for reactions (2) and (3) ], and no dramatic intramo-
lecular isotope effect for reaction (4). We therefore con-
clude that reactions (2)—4) are dynamically constrained.

Although the H2 and D2 reactions exhibit some reacti-
vity near the thermochemical threshold, they do not begin to
have substantial magnitude until twice that energy. Also, the
cross section does not peak until 7-8 eV, much higher than

the 4.5 eV thermodynamic onset for the dissociation process
Xe+ + H2->Xe+ + H + H. Generally, processes where the
available energy is distributed among all partners in the reac-
tion are observed to peak at this thermodynamic energy.1l
The delayed onsets and peaks observed in this system are not
without precedent, however. Similar behavior has been ob-
served for other systems2 where the interaction between
reactants is repulsive or the reaction is otherwise con-
strained. Such systems include the rare gas reactions of heli-
um and neon ions with hydrogen3and a high-energy feature
of the Kr+(2i:8/2) + H2reaction.2 The most striking simi-
larity ofall these systems is in the HD intramolecular isotope
effect: The deuteride product channel is shifted to a lower
energy and the hydride channel is shifted to a higher energy
compared to the H2 and D2 reactions. Overlooking the
threshold feature of reaction (4a) for the moment, this gen-
eral behavior is also observed for Xe+ (2P3/2) + HD, Fig. 4.

The reaction energetics and isotope effects observed
here are characteristic ofa direct, impulsive reaction mecha-
nism in which the ion interacts primarily with only one atom
in the hydrogen molecule.26 In this pairwise interaction
model, the available energy is not given by the total center-
of-mass (c.m.) energy of the ion and the diatom, but rather
by the relative energy of the ion and the atom transferred in
the reaction. The result in the heavy ion limit26,27 is that the
pairwise interaction energy Ep is one-halfthe c.m. energy for
reactions (2) and (3), one-third for reaction (4a), and two-
thirds for reaction (4b). The data for near-statistical
Xe+ (2P ) inreactions (2)—4) are plotted on this pairwise
energy scale in Fig. 6. Now, the peaks of all the isotopic
channels are in the vicinity of 3.5-4.0 eV and the strong
onsets are all in the range 0.9-1.4 eV. In particular, the two
channels for reactions with HD have similar behavior on the
pairwise energy scale, again overlooking the threshold fea-
ture in reaction (4a), in contrast to their very different ener-
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FIG. 6. Cross sections for reactions (2), (3), (4a), and (4b) with near-
statistical Xe+ (2P j) on the pairwise energy scale, discussed in the text.
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getics on the c.m. energy scale, Fig. 4. While the pairwise
interaction model is not in detailed quantitative agreement
with the isotopic behavior, it does account for the gross fea-
tures of the dominant reaction mechanism and energetics.

The pairwise energy concept is implicit in the “spectator
stripping” kinematic model.2829 In spectator stripping, it is
further assumed that there is no momentum transfer to the
third atom, while the more general pairwise interaction
model allows a distribution of product energies. Spectator
stripping makes a specific prediction for the translational
and internal energies of the products: Namely, above the
critical pairwise collision energy Ep= AHI

+ D°0(RgH+), the diatomic product is internally excited
beyond its dissociation energy. Therefore, the atom transfer
cross sections would cut off sharply above 4.5 eV for
theXe+ (2/38/2) reactions. It isnot surprising that the experi-
mental results, Fig. 6, do not support this prediction since it
is unrealistic to restrict the distribution of product energies
to the spectator stripping extreme. More realistic models of
direct reactions30 (such as those involving sequential hard
sphere collisions) do result in a distribution of product ener-
gies. However, they do not reproduce the strong energetic
shifts at lower energies, since they give essentially hard
sphere cross sections in that regime.

A further observation illustrated by Fig. 6 is that the
cross section for reaction (4b) is larger than that of reaction
(4a). There are two possible (nonexclusive) explanations
for this. The first is simply that the threshold for the XeH +
channel occurs at higher c.m. energies than that for the
XeD + channel. Thus, the energetic requirements for the for-
mer reaction are more severe resulting in a smaller overall
cross section magnitude, independent ofthe isotopic branch-
ing ratio controlled by the pairwise collision kinematics. The
second explanation invokes a collinear hard sphere collision
model, as described by Mahan and co-workers3l and dis-
cussed by Chivalak and Hierl3 in relation to Kr+ + HD
reaction. In an ideal collinear hard sphere collision, deuter-
ide product formation in the HD reaction requires two se-
quential binary collisions among the three atoms while hy-
dride product formation requires four collisions, thus
making product formation less likely for the latter. While
exactly collinear trajectories are improbable, the molecular
orbital arguments mentioned in the introduction do favor
near-collinear processes for the Rg+ + H2systems.

We shall now consider the threshold feature in reaction
(4a). As noted above, the two features of reaction (4a) can-
not be attributed to reactions of different spin-orbit states.
Instead, we conjecture that the low-energy feature isdue to a
second reaction mechanism which actually occurs in each of
the isotopic reactions. This second mechanism would ac-
count for the reactivity near the thermochemical thresholds
ofreactions (2), (3),and (4b), i.e., below the pairwise ener-
gy thresholds. Unfortunately, ifa feature with similar behav-
ior and magnitude to that for process (4a) appeared in any
ofthe other reactions, it would be obscured by the dominant
feature in the cross section (the pairwise impulsive mecha-
nism). Thus, an obvious low energy feature is observed only
forreaction (4a) because there the dominant process is shift-
ed to higher energies according to the pairwise interaction

model described above.

The low-energy mechanism must be one in which all
three atoms are involved in a intimate collision, although the
mechanism need not involve a long-lived intermediate. For
such a process, the ¢c.m. energy is available to promote the
reaction. Thus, reaction at the thermodynamic threshold is
possible and the XeH + and XeD + products of reaction (4)
should have similar energy dependences. If this is the case,
then differentiation of the two mechanisms could be
achieved by experiments capable of examining the kinetic
energy or angular distributions of the products.

C. Reaction pathways

A closer examination of the ground state potential ener-
gy surface can provide some insight into the origins of the
two reaction mechanisms. Figure 7 shows the adiabatic elec-
tronic state correlation diagram which connects the
He+ (2P j) + H2reactant states with XeH+ + H products.
The correlations merely indicate which states are connected
according to symmetry for (Cs geometries), without any
assumptions about the actual nature of the surface along the
reaction path. As already determined from the asymptotic
potential energy curves, the Xe + (2Pt/2) + H2surface corre-
lates with highly excited products and is therefore unreac-
tive, in agreement with experiment. The Xe+ (2 3/2) + H2
has two components: a 2A"' surface arises from
Xe+ (2382, mj = + 1/2) + H2 and a 2A " surface arises
from Xe+ (2P3/2, = + 3/2). Only the?A ' surface adia-
batically correlates with ground state products.

The low-energy reaction mechanism which begins near
the thermodynamic threshold must proceed along the 2A *
potential energy surface. Consequently, there must be little
or no barrier to reaction along this surface, and yet the reac-
tion is quite inefficient in the threshold region. This can be
understood by using the molecular orbital considerations611
discussed in the introduction. These indicate that the least
repulsive approach of Xe+ (2P) to H2is collinear with thep
orbital with the unpaired electron directed along the H-H

24

Xe* (PPipmy=£1/2)+Hy('5,")

24m

XeH*(0*) + H(’S,,)

Xe* (Pypmy=+312) +Hy(',")

Xe* (CPypmy=x1/2)+Hy('g,")

FIG. 7. Partial adiabatic electronic state correlation diagram for reaction

2.
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bond. This Pz “state” is the major component211l of the
Xe+(2P3/2, n\j = +1/2) state, which corresponds to the
ground 2A ' surface, Fig. 7. Note, however, that as the
Xe+-H-H intermediate deviates from a collinear orienta-
tion, the nonbonding doubly occupiedp orbitals on Xe+ can
begin to interact with the trailing H atom. This interaction is
strongly repulsive such that bent geometries are disfavored.
The constraint for collinear geometries accounts for the
small reaction cross section observed at the thermodynamic
threshold. Similar arguments have been advanced to explain
comparable behavior in other systems.11,26

The dominant reaction mechanism appears to involve a
pairwise impulsive interaction. This indicates that reaction
occurs along a repulsive potential energy surface. We can
imagine two processes which could contribute. The first is
simply due to noncollinear orientations along the ground
state 2A ' reaction surface. The second is analogous to our
interpretation for the high-energy feature in the
Kt+(2P3/2) + H2reaction, which exhibits strikingly similar
magnitudes and energetics to those observed here for
Xe+ (2P3/2) + H2 We suggested that this K r+ feature was
due to nonadiabatic transitions from the 2A " to the 2A"
surface. The 2A " surface arises from Rg+(2/33/2, ntj
= * 3/2) + H2 has no Pz character,2 and therefore is ex-
pected to be repulsive. Transitions between A ""and A ' sur-
faces are normally forbidden for triatomic systems, but can
be induced by electronic-rotational (Coriolis) coupling.33
Coriolis coupling occurs when high rotational velocities of
the collision plane of the reactants—possible at high colli-
sion energies and small impact parameters— cause the elec-
trons to “lag” out of the plane. A detailed theoretical exami-
nation of these systems would help resolve the relative
contributions of reaction along the2A "and2A *'surfaces and
the origins of the two reaction mechanisms.

V. SUMMARY

Spin-orbit state-selected cross sections have been mea-
sured for the hydrogen atom transfer reactions of Xe+ (2P j)
with H2, D2, and HD. Selection of particular spin-orbit
states of the reactant ions provides probes of different adia-
batic reaction surfaces. Kinetic isotope effects are examined
to elucidate the reaction dynamics.

Xe+ (2Pi/2) does not react with hydrogen, even though
formation of ground state XeH+ + H is exothermic, be-
cause the 2A"' surface which correlates with
Xe+ (Pili) + H2 leads to excited product states.
Xe+(2Ps3/2) reacts via two separate mechanisms. The
weaker process is allowed near the thermochemical thresh-
old for the reaction and probably involves intimate interac-
tions among all three atoms ofthe XeH 2+ system. This must
occur along the 2A ' surface which adiabatically connects
Xe+ (Ps3/2, rrij — + 1/2) + H2 reactants with ground
state products. The dominant mechanism is a direct, impul-
sive process with an apparent activation barrier in the c.m.
energy frame. This mechanism could arise from noncollin-
ear collisions on the ground state 2A * surface or from nona-
diabatic transitions from the 2A ' surface which emanates
from Xe+ (P3/2, rrij = + 3/2) + H2to the lower2A 'sur-

face. These nonadiabatic transitions may be induced by elec-
tronic-rotational (Coriolis) coupling.
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