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Detailed studies of the reactions of electronically excited IBr[ E (O’)] with
Xe, translationally excited Xe(’P,) with I,, Br, and ICI, and KI-(~P,)with
Br, are reported.
Vibrationally excited levels in the E(O+) ion-pair state of IBr were
pumped using tunable synchrotron radiation and the ‘vibrational’ excitation
function for XeBr(B) formation determined for energies a 6 6 kJ mol-’ above
threshold. Branching ratios for XeBr( B ) us. XeI( B ) formation, together
with data for the alternative excitation-transfer channel have also been
determined over the same energy range.
Fully dispersed chemiluminescence spectra and their polarizations have
been measured under superthermal atomic beam [Xe(’P,), Kr(3P2)]Maxwellian gas (I2, Br2, ICl) conditions at average collision energies E,, <
120 kJ mol-*. These have revealed distinctive patterns of behaviour for the
collisional energy dependence of branching into alternative atom- and excitation-transfer channels and of vibrational energy and rotational angular
momentum disposals.
A simple global model is presented to reconcile the varying patterns of
behaviour found in the rare-gas-halogen systems under both ‘collisional’
and ‘complexed’ conditions, and in particular the dependence on the initial
reagent state preparation.

A central topic in the last Faraday Discussion held in Birmingham in 1979’ was the
dynamics of electronically excited rare-gas atomic reactions; this heralded the noble,
post-alkali-metal age largely based on ‘rich man’s caesium’; Xe(3P2).2 Setser’s group
had established patterns of vibrational energy disposal among rare-gas halides generated
through atom transfer from a range of halogens and halide donors, and in some cases
patterns of branching into alternative channels:
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Another group had exploited the reborn rotor accelerated molecular beam technique
(first described by Bull and Moon at the Discussion, Birmingham 19544) to explore the
collisional energy dependence of the integral reactive cross-sections for reactions such
as ( 1 ) and (2).’ Novel measurements of chemiluminescence polarization revealed
rotational alignments of the fluorescent product^^,^ and provided a new, vectorial insight:
the division of angular momenta between their orbital and internal rotation.’
Since those pioneering days, much new dynamical information has accrued and with
it, a gradual revelation of the subtleties of the complex dynamics associated with reactions
( 1 ) and (2);8-10the distinctive trends in product branching ratios, energy distribution
and angular momentum disposals, which are associated with changes in the halogen
molecule from C12 to Br, to I2 have been particularly challenging since they reflect a
complex interplay of sequential surface crossings or recrossings and a sensitivity to the
initial state preparation of the colliding reagents. Four alternative experimental strategies
have been developed to complement the early spectroscopic data obtained under thermal
discharge flow conditions:”’
(i) Measurement of laser-induced fluorescence emission and excitation spectra of
transient’ ‘collision pairs’ or jet-cooled van der Waals complexes;’2 this restricts the
‘collisions’ to a narrow spread of initial geometries and/or impact parameters. Frequency
tuning allows direct excitation into prepared configurations on the reactive potentialenergy surface:

(ii) Measurement of the fluorescence emission and excitation spectra of rare-gashalogen mixtures excited by tunable radiation in the far ultraviolet;’3 this explores the
initial vibrational and/ or electronic quantum-state dependence of the lower entrance
channel involving halogen molecular ion-pair states, e.g.
XeX*( B, C ) + Y

(4a 1

XeY*( B, C ) + X.

(46)

Xe+ XY*( D / E ) ,

(iii) Measurement of the steric dependence of integral reactive cross-sections through
laser alignment of the target molecule (e.g. IBr) prior to atomic beam impact [Xe( ’P2)];’b
this examines the sensitivity to ‘broadside’ vs. ‘end-on’ collision, at least for low-impactparameter collisions.
(iv) Measurement of fully dispersed chemiluminescence spectra and their polarizations under variable-energy superthermal beam- Maxwellian gas conditions; these
reveal the collisional energy dependence of branching into alternative atom- and excitation-transfer channels and of vibrational energy and rotational angular momentum
disposals under guaranteed single-collision conditions. They can also be used to generate
very rare i n f ~ r m a t i o n , ’viz.
~ the vibrational state dependence of the average product
rotational alignment over a range of collision energies. Until the advent of this strategy
the molecular beam experiments were, quite literally ‘looking through a glass darkly’.
Much more can be revealed by looking at the reflections from a diffraction grating.
Following a survey of new measurements in the systems lBr[ E(O’)]/Xe using strategy
(ii) and Xe(’P,) or Kr(’P,)/Br2, I, or IC1 using strategy (iv) we present and discuss a
simple but global dynamical model. It reconciles for the first time many of the different
patterns of behaviour found in reactions (1)-(4),in particular the dependence on the
initial reagent state preparation; it also clarifies the somewhat fuzzy concept of ‘bondstretching’.’” In many ways the rare-gas-halogen systems off er a much richer chemistry
than the (partially) analogous alkali-metal-halogen systems, and a (tantalizingly complicated) spectroscopic insight into their chemiluminescent reaction dynamics.
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We believe that these have now been sufficiently unravelled at an experimental level to
encourage the theoretical interest which they surely merit.

Experimental
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Synchrotron Experiments
All experiments involving electronically excited IBr were carried out using the tunable
synchrotron radiation source (SRS) at the Daresbury Laboratory. Radiation from the
SRS was dispersed using a 0.5 m Seya monochromator (manufactured by Bird and Tole)
employing a 1200 groove mm-' concave grating, blazed for 150 nm (1.5 nm mm-'
dispersion). Vacuum ultraviolet absorption and fluorescence excitation spectra of IBr
were recorded using the procedures described in ref. (15).
The sample chamber was fitted with lithium fluoride windows and three mutually
perpendicular axes were used for excitation and observation. The entrance and exit
windows were separated by 100 mm and the observation axes intersected the synchrotron
beam axis ca. 20mrn from the entrance window. Fluorescence was dispersed with a
0.25 m Spex (Minimate) monochromator, employing a 2400 groove mm-' aberrationcorrected concave holographic grating (linear dispersion 2 nm mm-' in first order).
The dispersed fluorescence was monitored using an EM119883 QKA photomultiplier.
Fluorescence was also monitored using the same photomultiplier in combination with
various filters: XeBr( B - X ) and XeI( B - X ) emissions were monitored using narrow
bandpass interference filters centred on 280 f 5 and 255 4 nm, respectively. The
total fluorescence was monitored using BG1 (282-478 nrn) and UG3 (325-448 nrn) filters.
All data were corrected for the decay of the synchrotron beam current (intensity)
with time and for the intensity variation with wavelength of the dispersed synchrotron
radiation. Dispersed fluorescence spectra were also corrected for the combined
wavelength response of the Spex monochromator and photomultiplier.
A small (twofold) excess of Br2 was added to all samples of IBr, in order to suppress
I2 which exists in equilibrium with IBr: both I2 and IBr ion-pair states can be excited
in the region of interest, whereas the analogous states of Br, are only excited below
165 nm.

*

Molecular Beam Measurements
Fully dispersed chemiluminescence spectra excited by collisions of superthermal (or
effusive) atomic beams of Xe('P2) or Kr('P2) with a variety of target gases, Br2, I2 or
ICl, were recorded at Nottingham University using a novel, gated data acquisition
system. The atomic beams were propelled at selected velocities in the range (0.41.6 km s-' via rotor acceleration, first through a continuous or synchronously pulsed
electron bombarder and then into the target gas cell, which was held at constant pressure,
typically ca. 1.O Pa. The chemiluminescence spectra were repetitively scanned over the
wavelength range 190-400 nm, using a 0.6 m grating monochromator operating under
computer control and recorded via a gated multi-scalar system, also under computer
control. The final data were corrected for spectral response. With the monochromator
band-pass set at 2.7 nm and a grating blazed for maximum reflection at 300 nm, transmitted intensities typically allowed the accumulation of (10 000-15 000) counts per scan
into 1024 channels over the range 225-400 nm in a period of 45 min. Great care was
taken to ensure the maintenance of constant experimental conditions over this time.
The final, digitized spectra associated with the bound-free fluorescence of XeX ( B - X )
were inverted, using procedures described elsewhere'ob7"to obtain their steady-state
vibrational population distributions at each reagent collision energy.
Fluorescence polarization ratios, referenced to the atomic beam axis, were measured
by inserting a fixed polarizer and rotatable Soleil-Babinet compensator at the entrance
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Fig. 1. Vacuum

U.V.

absorption ( a ) and fluorescence excitation ( b ) spectra for IBr. ( PIBr
= 6.0 N
m-*, PBr2
= 12.0 N m-*, resolution = 0.2 nm).

slit of the monochromator. The compensator was adjusted to give half-wave retardation
at any selected wavelengths, so that rotation through 45" sampled the fluorescence
intensities parallel and perpendicular to the beam axis, eliminating the polarization
dependence of the monochromator. Selection of the fluorescence wavelength as well
as the rotor speed, allows individual state-resolved (or at least state-averaged) product
alignments to be determined as a function of the collision energy. Although attention
in the present work has been focussed on the rare-gas-halogen systems, where state
resolution is clouded by the bound-to-free nature of the product chemiluminescence,
the introduction of narrowed spectral resolution will surely be of great value in the
study of chemiluminescent reaction dynamics in general. The measured polarization
ratios, R = (III
- IL)/(
Ill+ 21L), were converted to product rotational alignments
(P,(J' k ) ) through the relationship

R

- Z))= -i(P2(j'

= --;(j'

L))(P2(L*2))

(5)
k^ and 9 are unit vectors directed along th: relative velocity
discussed
and beam velocity axes, respectively. The 'blurring factors' ( P2(k Z ) ) , introduced by
the choice of beam-gas conditions were calculated using Monte-Carlo averaging technique~.'~

-

Results
Chemiluminescence Excited via Synchrotron Radiation
The vacuum ultraviolet absorption and fluorescence excitation spectra of IBr are illustrated in fig. 1.
Fluorescence excited in the region 176-200 nm originates from the E(0') ion-pair
state of IBr: this fluorescence is composed of two oscillatory continuum systems which
lie at longer wavelengths.'31 The strong Rydberg system which dominates the absorption
spectrum in the region 186-197 nm is strongly predissociated and is thus not observed
in the fluorescence excitation spectrum." Addition of Xe leads to efficient quenching
of IBr[E(O+)] and below the threshold for reaction (198.5 nm) physical quenching to
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Fig. 2. Chemiluminescence from XeBr( B ) at 282 nm, as a function of excitation wavelength.
( P,Br= 84.0 N m-’, PBr2
= 168 N m-2, Px,= 1.2 kN m-2, resolution = 0.4 nm).

the D’(’I3,) state is o b ~ e r v e d . ” ~For excitation wavelengths below 198 nm chemiluminescence from XeBr(B) is 0 b ~ e r v e d . l ~The
~ yeild of XeBr(B) rises rapidly with
increasing energy (fig. 2), but falls suddenly at 177 nm, the point where the fluorescence
excitation spectrum also falls rapidly (see fig. 1).
This sudden drop in fluorescence at 177nm is due to the opening of a rapid
non-radiative channel, caused by coupling through Rydberg states to continuum states
( i e . the Rydberg state acts as a ‘doorway’ state). The sharp resonance structure observed
in the fluorescence excitation spectrum between 165 and 175 nm is also seen in the
excitation function for XeBr( B ) formation (fig. 2).
It is interesting to note that the sharp resonances (dips) observed in the fluorescence
excitation spectrum between 176 and 187 nm are greatly reduced in the XeBr(B)
excitation spectrum. We will show elsewhere’’ that these resonances are also due to
interactions between Rydberg and ion-pair states and that radiative lifetimes at points
corresponding to the minima are very much shorter than for wavelengths corresponding
to the maxima.’’ However, as the pressure of Xe is raised, and the time between
collisions becomes shorter, even the short-lived states have time to react. Thus as the
pressure of Xe is increased the resonances in the XeBr(B) excitation function are
observed to decrease and finally disappear.
In order to monitor as many excited-state species as possible, dispersed fluorescence
was recorded at a number of excitation wavelengths’. A three-dimensional plot of these
spectra is shown in fig. 3.
A rapid increase in yield of XeBr( B ) , above threshold ( A = 198.5 nm), is clearly seen.
Formation of XeI(B) is observed below 184 nm. The spectra shown in fig. 3 have been
fully corrected for the variation in throughput of the monochromators and detector
systems used. In order to examine the variation of the reaction cross-section for XeBr( B )
formation, with excitation energy, the data shown in fig. 3 must be corrected for the
variation in absorption by IBr. We therefore ratio the yield of XeBr(B) against the
fluorescence excitation spectrum to obtain the ‘vibrational’ excitation function shown
in fig. 4 ( a ) . The signal-to-noise ratio in the threshold region is low owing to the low
absorption cross-section for IBr at these wavelengths. Above threshold the signal-to-
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Fig. 3. Dispersed fluorescence from IBr/Xe mixtures following excitation in the region 178201 nm. The thresholds for XeBr(B) and XeI(B) formation are seen at 198 and 184 nm, respectively. Fluorescence from unquenced IBr( E 0') and from XeBr( C ) is also observed in the region
300-400 nm. (PI*,.= 84.0 N m-2, PBr2
= 168 N m-*, Px,= 1.2 kN m-2; resolution of excitation
monochromator = 0.4 nm; resolution of fluorescence monochromator = 1.5 nm).

noise improves rapidly and clear structure is observed in the excitation function. The
apparent onset of reaction above threshold in fig. 4(a) is due in part to the bandpass
of the excitation monochromator (0.4nm f.w.h.m.) and to the thermal energies of the
reactants; however, the low signal strength in this region makes it difficult to deduce
precise threshold data from fig. 4 ( a ) . A more accurate value for the reaction threshold
can be obtained by direct examination of the XeBr( B ) excitation function.'3f
The branching ratio for XeI(B) us. XeBr(B) formation can be deduced from fig. 3
and is plotted over a more extensive energy range in fig. 4(b). It is clear that XeBr(B)
remains the dominant product even for energies well above threshold for XeI( B )
formation.
The excitation transfer channel,
IBr[ E (O')]

+ Xe

---+

IBr( D' 31J2)+ Xe

(6)

was also monitored as a function of excitation energy. The IBr(D'-+ A') emission is
partly overlapped by IBr( E -+X ) emission and it is difficult to obtain precise quantitative
data; however, it is clear from our spectra that the excitation-transfer channel accounts
for ca. 30% of the removal of IBr[E(O+)]. The importance of the excitation transfer
channel declines with increasing excitation energy and has fallen to just less than half
of its original value by 5500 cm-' (66 kJ mol-I) above the threshold for XeBr(B)
formation.

Chemiluminescence Spectra excited under Superthermal Molecular-beam Conditions

Product Branching Ratios
Fig. 5( a ) - ( d ) show a selection of representative corrected chemiluminescence spectra,
excited by collision of Xe('P,) or Kr(3P2)with Br2, I2 or ICl. The overlapping continua
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Fig. 4. ( a ) Corrected excitation function (see text) for XeBr( B ) formation. ( P,Br= 84.0 N m-2,
PBrz
= 168 N m-2, Px,= 5.1 kN m-‘). (b) Branching ratio for XeI(B)/XeBr(B), as a function of
excitation wavelength [conditions as for ( a ) ] .

have been assigned, as far as is possible, on the basis of the known bound-to-free
electronic transitions in the fluorescent products, respectively, the rare-gas halides and
halogen ion-pair states.loc A first, qualitative inspection of the spectra for each system
reveals a variety of distinctive patterns of behaviour.
Xe(2P2)/Br2. At low collision energies, contributions from XeBr(B, C, D) and
Br2(0’)can be identified. When the collision energy is raised above 30 kJ mol-’,
however, there is an abrupt disappearance of the excitation-transfer channel leading to
Br2(D’), signalled by the sudden drop in intensity at 290 nm, Br2(D’-A’) and 350-360 nm,
Br2[D’-’A(2u)]. Indeed there is a general lowering of intensity at all wavelengths to
the red of the XeBr(B-X) peak at 280 nm, which is attributed to the disappearance of
other unresolved features which overlap the XeBr( B - A ) and ( C - A ) systems. These are
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Fig. 5. Collisional energy dependence of chemiluminescence emission spectra ( a ) Xe(3P2)Br2,
( b ) Kr(3P2)/Br2, ( c ) Xe(3P2)/12, ( d ) Xe(3P2)/IC1. Numbers indicate E,,/kJ mol-'.

associated with the closely spaced group of halogen ion-pair states which lie in the same
low-lying cluster as Br2(D').''
Kr(3P2)/
Br, . The excitation-transfer channels are more readily identifiable in this system
since the spectral overlap with KrBr" features is less severe; they are also more competitive and they populate a number of more highly excited ion-pair states associated with
features lying at wavelengths below the D'-A' system at 290nm, due no doubt to the
greater electronic energy in Kr(3P2).As with the Xe(3P2)/Br, system, their contributions
decrease with increasing collision energy, although not to extinction. The contributions
from Br2(D') decrease more rapidly than those from the higher ion-pair states and the
rate qualitatively parallels that reported earlier by de Vries and Martin'" in a cruder
experiment using a broad-band filter centred at 290 nm.
Xe(3P2)/12. Resolution of the multitude of overlapping continua is not an easy task,loc
but the excitation-transfer channels are again prominent, populating many halogen
ion-pair states in both the lowest and the more highly excited clusters [correlating with
I+(3P2)and (3P1,0),
respectively]. Unlike the two previous systems, however, the overall
spectral contour remains remarkably insensitive to increasing collision energy. Even at
energies approaching the reaction exothermicity, I?,, = 135 kJ mol- ' cJ AEo =
176 kJ mol-', the branching ratios into the excitation transfer channels show no perceptible change.
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Fig. 5. Continued.

Xe(’P,)/ ICl. Here the competition is between the two alternative atom-transfer channels; excitation transfer does not appear to make any contribution. At thermal collision
energies, generation of XeCl is favoured over XeI by a factor of ca. 2.3,’~’’~apparently
reflecting the preferred dissociation pathways in ICI- (2Z or 211). At higher collision
energies, the reaction becomes more selective, with a sharp decline in the less-favoured
channel, (see fig. 5 and 6 ) .

Vibrational Population Distributions
At the highest collision energies the total exoergicities of the atom-transfer channels
R~(’P,)+ X2
RgX(B, C )+ N2P3,,)
(la>
are increased by between 50 and 75%, but none of this additional energy finds its way
into the vibrational excitation of the newly formed rare-gas halide. Spectral inversion
of the XeBr( B - X ) continuum actually reveals a small but unmistakable shift of population towards the lower vibrational levels in the Xe/Br, system: this change is shown in
the population histograms in fig. 7. Inversion of the XeI(B-X) continuum, though
subject to greater error, also gives no indication of any increased excitation in the Xe/I,
system. If anything, the histograms again indicate some reinforcement of population
in the lowest vibrational levels. The other two systems have not yet been analysed
quantitatively, but visual comparisons also suggest similar trends. For example, the
-+
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Fig. 6. Collisional energy dependence of product branching ratios in the Xe(’PP,)/IC1system.

weakening contribution from the short-wavelength tail in the XeC1( B - X ) continuum
(Xe/ICl) parallels the behaviour in the Xe/Br, system.

Product Rotational Alignments
Fig. 8 shows new measurements of the collisional-energy-dependentproduct rotational
alignments of XeCl(B) generated from ICl monitored at the peak of the ( B - X ) continuum, at 308 1.3 nm; XeBr( B ) , generated from Br2 and monitored at the B - X peak
at 280k 1.3 nm; and previously unpublished data for I,(D’), generated from I2 and
monitored in the long-wavelength tail of the ( D ‘ - A ‘ )peak at >340 nm. Earlier data for
the Xe/Cl,, Br, and I, systems,loc which used cruder, broad-band filters to isolate the
XeCl or XeI ( B - X ) features, are also shown for comparison.
Although the nature of bound-to-free spectral continua precludes direct vibrational
state selection via wavelength tuning, the relative contributions from the populations
in different vibrational levels will change with the selected wavelength, particularly in
the short-wavelength tail. If the overall population distribution has been obtained
through spectral inversion, the average vibrational energy of the emitting states in any
given narrow wavelength (frequency) band can be computed. Thus, measurements of
changes in the rotational alignment monitored across the continuum at any given collision
energy will reflect any vibrational-state dependence. The first preliminary data for the
Xe/Br, system at &,, = 96.4 kJ mol-’ have showed no such dependence. Using spectral
(mean vibrational state) selections at five separate wavelengths wityn t,he limits 250 to
280 nm the average alignments remain obstinately constant at ( P2(J’ k ) ) = 0.30 0.02.
This insensitivity to wavelength selection is also reflected by the close agreement between
the new measurements using narrow-band (monochromator) filtering and earlier
measurements using broad-band (glass) filters.

*

*
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respective average reagent collisional and product vibrational energies E,, and ( E , ) / kJ mol-'.

Discussion
The main emphasis in our discussion will be placed on the potential-energy surfaces
which control the reaction dynamics in the halogen-rare-gas systems. However, a few
comments on the changes in electronic structure which occur during collisions between
electronically excited halogen molecules and ground-state rare-gas atoms are first
required. These comments will be directed mainly towards the IBr[ E(O')]/Xe system,
but can be readily extended to the other excited halogen-rare-gas systems that have
been ~ t u d i e d . ' ~
Electronic Structure Changes in the Reaction of IBr[E(O+)] with Xe
The dominant molecular-orbital configuration for the E(O+)t ion-pair state of IBr is
. . . c r ' ~ ' ~ * ' c r * ' . During collisions between IBr( E 0') and Xe an electron can be transferred into the low-lying vacancy in the cr orbital. This vacancy greatly increases the
electron affinity of the halogen molecule by an amount equivalent to the excitation
energy. The outer electron of the negative ion, formed by this electron transfer, is thus

t The

E ( O + ) state of IBr is equivalent to the D(0:) state of I,.
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Fig. 8. Collisional energy dependence of product rotational alignments ( a ) XeCl( B ) and ( b )
XeCl(B) (@), XeBr(B) (A), XeI(B) (0)
and 12(D') (A)generated through reaction of Xe(3P2)
with ( a ) ICI and ( b ) C12, Br, or 12. Also shown are calculations of the alignments predicted on
sin2 p values are shown for each curve.
the basis of a purely 'kinematic'

in a cr* antibonding orbital, which is mainly located on the I atom.*' However, as the
bond stretches, the electron density moves towards the Br atom, owing to the fact that
the lowest assymptotic dissociation limit for the negative molecular ion yields Br- and
I. The sequence leading to XeBr(B) formation can thus be represented by?
IBr[E(O+), 14411 + Xe

+I

IBr-(*X+, 2441) + Xe'

1

I.. .Br-. . .Xef

(7)

1

I + XeBr( B).
Bond stretching is clearly important in the above scheme and, as we shall see below, it
plays an important general role in our discussion of the potential-energy surfaces.
Reaction via the excited halogen channel is particularly interesting in this respect owing
to the much greater bond length in ion-pair states compared with that of the ground
state (typically 3-4 A compared with ca. 2 A for the ground state). Furthermore, the
attractive limb of the ion-pair potential is much softer ( R - ' ) than that for the ground
state ( K 6and
) this leads to large bond extensions at the outer vibrational turning point
for higher levels in the vibrational manifold (due to the large increase in bond length
in the excited state, Franck-Condon factors strongly favour excitation of high vibrational
7 The halogen orbital occupancy, ( T ' T ' T * ~ ( Tis
* ' given as ( o k l ) .
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levels). Thus, the bond in an ion-pair state will already be. well extended when electron
transfer takes place. The lower branching ration for Xef( B ) formation observed here
for reaction of IBr[E(O+)] with Xe, compared with that for Xe(’P2) with IBr, can be
readily understood in terms of the greatly extended bond in the ion-pair state (favouring
the migration of charge to the bromine atom).
An important advantage to be gained from studies of the reactions of ion-pair states
is the large range of rovibronic states that can be accessed using optical excitation
techniques. In many cases it is possible to explore the effect of rovibronic excitation
over a range of ca. 240 kJ mol- . The effect of increasing rovibronic energy on the
reaction cross-section for IBr[E(O’)] and Xe can be seen in fig. 4(a). One might have
expected a smooth rise in cross-section with excitation energy, corresponding to the
smooth increase in bond length and reduction in binding energy, with excitation energy.
However, fig. 4( a ) shows clear evidence for structure in the XeBr( B ) excitation function.
This structure must arise from perturbations induced by the other close-lying states.
Perturbations by Rydberg states are clearly evident in the fluorescence excitation spectrum and under the influence of the colliding Xe/Xe+, further state-mixing can be
expected. Studies at high resolution may reveal more detailed information on the
influence of electronic structure on reactivity in this system. The general increase in
reaction cross-section with vibrational excitation contrasts sharply with the decrease
observed for increasing translational energy.’“ This decrease results from angular
momentum constraints which are avoided when energy is provided as vibrational
excitation of a reagent.

.

Potential-energy Surfaces for the Xe(’PJ)/X2 and Xe/X,*(E/D, D’, ..)Collision Systems
In order to focus subsequent discussion, qualitative but properly skewed potential-energy
diagrams are presented in fig. 9(a)-9(c) for each of the systems Xe(3P2)/C12,Br,, I?.
The ionic surfaces, V[Xe’(3/2)-X2-(’C,)],
leading to XeX( B ) + X(3/2) have been
drawn by combining the asymptotic diatomic potentials for XeX(B) and X2-(*CU),as
determined by Setser and co-workers8’ and by Dixon and co-workers.22 The excited
molecular halogen surfaces V(Xe-X2( D ’ ) ]have been taken from spectroscopic or ‘ab
initio’ data for ref. (23)-(25). Zero energy (eV) corresponds to the zero-point levels in
XeX( B ) and the short-range Xe---X,( D’) repulsions have been approximated by those
of the corresponding ground-state rare-gas halides XeX( X ) . Very similar figures can
also be presented for the excited ionic potentials V [Xe+(3/2)-X2-( ‘rIn,)], without the
potential minima, but for simplicity these are left as an exercise for the reader. Also
for simplicity, the initial covalent-ionic potential seam corresponding to the ‘harpoon’
process is restricted only to the zone corresponding to harpooning near the equilibrium
bond length, re(X-X)x,.
The much more significant surface intersection, which corresponds to the seam
between the ionic potentials and the excited molecular halogen potentials
V[Xe---X2(D’)] is seen to be very sensitive both to the identity of the halogen and to
the variation in the X-X ‘bond stretching’ coordinate. We shall see that a qualitative
analysis of the experimental data based on the surfaces represented in fig. 9 provides a
coherent rationale for understanding the dependences on initial reagent-state preparation
found both in the past and in the present work, and (hopefully) to be found in the
future. The analysis also helps to bring the concept of ‘bond-stretching’ into a clearer
focus.

Competitive Channels, Vibrational Population Distributions and Product Rotational Alignments in the Rg(”P,)/X, Systems
A long-standing conundrum in understanding the dynamics of the Xe(’P2)/C12, Br,, I2
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Fig. 9. Approximate potential-energy surfaces for the ‘harpoon’ reactions of Xe(3P,) with ( a ) C1,
( b ) Br, and ( c ) I*. Energy contours in eV. 0 ,initial harpooning zone; bold curves, ‘ex(c)it’ seams.

systems is their sensitivity to the identity of the halogen. Summarising past and present
work we note: (i) that branching into the excitation-transfer channels increases from
ca. 2% (C12, to 10-15% (BrJ to ca. 40% (I,) at thermal collision energies; (ii) that the
excitation-transfer channels are suppressed by increasing collision energy in the Xe (and
Kr)/Br, systems, but not in Xe/I,; (iii) that the mean vibrational energy disposals (fu)
in the atom-transfer channels decrease from 70% (Cl,) to 46% (Br2) to 40% (I,) at
thermal collision energies and that their surprisals are linear, with no hint of branching
into RgX( B) + X( 1/2) rather than RgX( B) + X(3/2); 10c710d(iv) that increasing collision
energy tends to increase the population of the lower-lying vibrational levels in the
atom-transfer products XeBr( B ) and XeI( B ) ; (v) that the atom-transfer product rotational alignments at pea; thermal collision energies9d are very much lower than the
kinematic limit (P,(J’ k ) )= -i, increase at higher collision energies, but that the
alignment of XeI( B ) in particular lies well below that of XeBr( B ) or XeCl( B ) .
Consider first the branching into the excitation-transfer channels. The most obvious
trend in the potential surfaces shown in fig. 9 is the increasing accessibility of the
‘excitation-transfer seam’ in the sequence C1, << Br, < 12. Trajectories beginning near the
harpooning zone in Xe(’P,)/CI, would be most unlikely to be reflected back far enough
after turning the corner for them to encounter the seam leading to the excitation-transfer
channel Xe + C12(D’), hereafter termed the ‘ex(c)it’ seam. Virtually all the trajectories
would generate highly vibrating XeCl( B, C), consistent with ‘attractive release’ as
obse rved .
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Fig. 10. Typical (schematic) reactive trajectories starting from ( a ) Xe(’P2)/X, collisions, ( b )
[Xe(’P2)...X2]* complexes or collision pairs and ( c ) X,*/Xe collisions. 1, Thermal energies; 2,
superthermal energies.

In the Xe(’P2)/Br2 system there is a much stronger encroachment of the ‘ex(c)it’
seam into the ionic potential. Two types of trajectories can be distinguished: those
which are reflected back at a sharp enough angle from the inner wall of the ionic
potential to access the ‘ex(c)it’ seam and thus the excitation-transfer channel; and those
which are not. The first type will tend to ‘bleed away’ the reactive trajectories which
would otherwise have generated vibrationally excited XeBr( B ) , hence the reduction in
(yo).As the initial collisional energy is increased, a greater proportion of trajectories
would tend to circle around the inner rim of the ionic potential (see fig. lo), reducing
the chance of reflection into the ‘ex(c)it’ seam and eventually eliminating it altogether.
At the same time, such trajectories would tend to channel the collision energy into
translation rather than vibration, again consistent with observation.
In Xe(3P2)/12,the ‘ex(c)it’ intersection seam completely straddles the ionic potential
valley and all trajectories which pass down that valley may be intercepted. Those with
the greatest chance of being diverted will be those that are the most highly oscillatory,
since they will undergo repeated excursions through the seam near the oscillatory turning
points on both sides of the valley [see fig. 10(a)]. Conversely, those that pass rapidly
down the valley are less likely to be diverted. As with Xe(’P,)/Br, but ‘ a fortiori’,
branching into the excitation-transfer channel will be complemented by reduced vibrational energy disposal in the alternative products. Unlike Xe( ‘P2)/Br,, however, diversion into the excitation-transfer channel cannot readily be avoided by increasing the
collision energy, though once again circulation around the inner rim of the ionic surface
would tend to direct the increased energy into translation when the trajectory leads to
atom transfer.
Now consider the product rotational alignments. First, the degree to which these
values might simply reflect kinematic rather than dynamical constraints can be revealed
by following the advice of Elsum and Gordon26and calculating the average alignments
that would be predicted for beam-gas collisions on a purely flat potential. Reactive
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trajectories are initiated by a Franck-Condon switch at the harpoon radius and are
otherwise constrained only by the conservation laws. The results are shown in fig. 8.
The alignments are far greater than those determined experimentally and they increase
in the sequence XeCl<XeBr<XeI (reflecting the dependence on the skew angle p,
where sin2 p = Mm,/rn,,,m,,).
Neither the calculated sequence order, which is the
opposite of the experimental trend, nor the absolute values are sensitive to the imposition
of a preferred collision geometry or wide variations in the choice of harpoon radius.
Comparisons with the experimental data, therefore, establish a strong dynamical
influence on the rotational alignments. Since this also follows the trends in (fc),
low-alignment runs parallel with high translational energy disposal and evidently with
high exit orbital angular momentum.
A striking feature of the resolved halogen excimer peaks is their close similarity with
those recorded by tesla discharge excitation of the halogens near atmospheric pressure,
where strong vibrational relaxation might be anticipated.*’ If the halogen excimers
generated through excitation transfer are indeed vibrationally unexcited, they must
separate from the recoiling Xe atom with most of the available energy in translation.
The rotational alignments in the 12(D’) and Br,(D’)28 generated from Xe(’P2) and
Kr(2P,) are both found to be very low. Once again we conclude that the collision
partners separate with high orbital angular momentum. This argument also matches
expectation if the excitation transfer channels are accessed via transverse oscillatory
trajectories, which tend to cross the ‘ex(c)it’ seams parallel to the Rg-X, axis (see fig. 10).
Product Branching and Rotational Alignment in the Xe(3P2)/ICI System
The most striking feature of this system is the rapid decline in the XeI product channel
at elevated collision energies. Statistical arguments would have predicted the reverse
change in view of the closer spacing of levels in XeI compared to XeC1,29although at
thermal collision energies the ratio XeCl :XeI =r 2.3 lies quite near to the statistical
estimate of Kwei and Herschbach of ca. 1.3, for the analogous Cs/ICl system.2’ Clearly
there are strong dynamical factors at work when the collision energy is increased, if not
at thermal energies. A dynamical factor proposed by Kwei and Herschbach involved
the ‘blocking’ of low-impact-parameter trajectories approaching from the I-atom side.”
Harpooning of the I atom would normally be followed by charge migration to the
C1 as the bond weakens, and formation of the chloride, but the latter step is blocked
by the bulky I (or I-). Accepting this model, one may conjecture that at high collision
energies, the impact of Xe(3P2) on the equally massive I atom would exert a strong
rotational torque (except at zero impact parameter) which would bring the C1 atoms
into view ‘over the horizon’ of the otherwise blocking I( I-). T R transfer would thus
tend to expand the cone of acceptance for generation of XeC1.
The rotational alignment of the XeCl remains relatively low, even at high collision
energies; at least partially this is a reflection of the unfavourable kinematic factor
(sin2 p = 0.62), but an initial T
R transfer would reduce the alignment still further.
The very low alignment at thermal collision energies, where this mechanism would not
operate, is harder to explain but it might reflect the influence of a weak potential well.
--+

--+

The X2*/Rg System
For the reaction
X,*+Rg

RgX*+X

(4)
transfer from the erstwhile excitation transfer channels into the atom-transfer valley will
again proceed via the ‘ex(c)it’ seam, but in the reverse direction. Transfer will be most
facilitated by vibrational excitation of the reagent molecular halogen X2*, since once
-+
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again oscillatory trajectories encountering this ‘ex(c)it’ seam near their turning points
will have the greatest chance of continuing into the exit valley. Two typical trajectories
are shown in fig. lO(c). They would both tend to focus the exoergicity into product
translation, possibly with a bimodal distribution.
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Van der Waals or Collision-pair Systems
Laser excitation of jet-cooled van der Waals complexes, Rg-X,’, or transient collision
pairs’’ provides a third variety of initial state preparation. In both instances, because
of the restricted geometries photon absorption excites the systems directly onto the ionic
potential, leading to RgX( B, C) + X. Once again, much of the observed behaviour can
be understood in the light of the potential surfaces shown in fig. 9 and lO(6). Excitation
of the Xe- - C 1 2 complex generates XeCl( B ) , but with a low vibrational energy disposal
(f”);emission from Cl,(D’) is not observed.12Q Since the preferred Xe-C12 and
XeC1-Cl distances lie close to the equilibrium bond lengths in XeCl(B, C) and Clz,
the starting configurations lie centrally on the repulsive wall of the V [Xe’( 3/2)- - .X,]
ionic potential. The subsequent motion will tend to carry the system along the floor of
the exit valley and will avoid the ‘ex(c)it’ seam, leading to C1,*.
Similar arguments apply in the Xe. .Br, system, although the greater encroachment
of the seam leading to Brf might encourage some branching into the excitation-transfer
channel. The observed luminescence corresponds to XeBr( B, C ) in low vibrational
levels together with a small contribution from Br2(D’-A’).’*’
At first sight, these arguments would appear to fail in the Xe-.-12system because no
luminescence is observed;12’ however, the efficient quenching has been attributed to
strong coupling with steeply repulsive intravalence states, which intersect the ionic
potentials at short 1-1 range and lead to atomization:’2‘
(Xe...12*)

-,

(Xe...I,*)

-, X e + I + I .

(7)

Concluding Remarks
The principle factor determining the balance between excitation transfer and atom
transfer, vibrational and translational energy disposal, orbital and angular momentum
disposal, and the vibrational excitation function for the reaction of halogen ion-pair
states is essentially the energy of the halogen ion-pair channel relative to that of the
rare-gas halide channel. This determines the accessibility, or otherwise, of their seam
of intersection, the ‘ex(c)it’ seam and, together with the nature of the initial-state
preparation, the overall dynamical behaviour. There are, of course, many excitationtransfer channels and (at least two) initial ionic potentials, but whilst these may alter
the detailed description they will not change the general picture.
Previous publications have highlighted the likely contribution made by the excited
ionic potential V[Xe’( 3/2). .X2-(211g)], particularly in allowing access into the excitati on -t ran sfer ch ann e1s ; “J Setser has employed similar arguments to account for
analogous trends in the Hg(’P,), C12, Br,, I2 systems, particularly the decreasing fractional energy disposals, (f,).” However, we now believe that competition from the
excitation transfer channels is probably the most important influence both in the Xe/X,
systems, where the competing channels lead to luminescent ion-pair states, and in the
Hg/X2 systems where the competing channels are predominantly repulsive, non-luminescent intra-valence states.
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