
State resolved translational energy distributions of Cl and HCl
in the ultraviolet photodissociation of chloroethylenes

Yibo Huang, Yung-An Yang,a) Guoxin He, Satoshi Hashimoto,b) and Robert J. Gordon
Department of Chemistry (m/c 111), University of Illinois at Chicago, Chicago, Illinois 60607-
7061

~Received 17 March 1995; accepted 27 June 1995!

Velocity-aligned Doppler spectroscopy was used to measure the speed distribution functions of
HCl(v950–2,J9) produced in the 193 nm photodissociation of vinyl chloride. Amechanism which
is consistent with our present data as well with our earlier work is three center elimination of HCl
followed by concerted but nonsynchronous isomerization of the vinylidene fragment, with some of
the isomerization energy converted to kinetic energy of the recoiling fragments. In order to explain
the vibrational dependence of the translational and rotational energy distributions, the mechanism is
assumed to be vibrationally adiabatic. In addition, magic angle Doppler spectroscopy was used to
measure the speed distribution functions of Cl atoms produced in the photodissociation of vinyl
chloride and the three dichloroethylene isomers. Bimodal energy distributions were observed for
both spin–orbit states, with the Cl~2P1/2! fragment having more kinetic energy than Cl~2P3/2!. The
data are consistent with competitive reaction on two potential energy surfaces. Adiabatic correlation,
with some scrambling in the asymptotic region, provide a qualitative explanation of the spin–orbit
branching ratios. ©1995 American Institute of Physics.
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I. INTRODUCTION

A fundamental question in chemistry is how a molecu
behaves when multiple reaction pathways are available.
photodissociation reactions of chloroethylene molecules
an ideal case for studying this problem. While simple enou
for accurate structural and dynamical calculations, the
bichromophoric molecules have multiple transition states
several potential energy surfaces and display a comp
photochemistry.1 This paper is part of an ongoing study i
which the yields and state distributions of the fragments
used to deduce the microscopic reaction mechanism.

Considerable progress has been made in recent yea
relating product state distributions of photo-initiated rea
tions to detailed features of the potential energy surfa
~PES!.2 If a molecule reacts directly on the initially excite
PES, the rotational and vibrational populations of the fra
ments are related to the shape of the Franck–Condon re
of the surface~e.g., via the rotational and vibrational reflec
tion principles of Refs. 2 and 3!. If instead of reacting di-
rectly the molecule is trapped in a long-lived resonance st
of the same PES, the product state distribution reflects
properties of the transition state.4 But if the molecule first
undergoes a radiationless transition, the product distribut
provides information about the PES on which the reacti
finally occurs. For example, a barrier in the exit channel c
impart internal and translational energy to the fragmen5

Only when there is no exit barrier and the transition state
close to the product geometry is a statistical state distribut
expected.6 While these general considerations were orig
nally developed for molecules having a single reaction ch

a!Permanent address: DOTY Scientific, Inc., 700 Clemson Rd., Colum
South Carolina 29223.
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nel, they should apply just as well to more complex system
having multiple reaction paths.

To date there have been relatively few dynamical studi
of molecules having multiple transition states. One molecu
which has been studied in detail is ethylene.7 Excitation of
the double bond is followed by internal conversion to th
ground state, where H and H2 products are formed. Very
different mechanisms are involved for the two fragment
Hydrogen atoms are produced by a simple bond fissio
while H2 can be formed by three-center elimination, four
center elimination, and H atom migration followed by mo
lecular elimination. Because of a large exit channel barrie
the peak translational energy of the H2 fragment is much
greater than zero.

Replacing one or more hydrogen atoms with haloge
considerably increases the complexity of the system.8 All of
the chloroethylenes have a strong UV absorption ba
around 190 nm, which is assigned to transitions fromp~CC!
to p* ~CC!, s* ~CCl!, and 4s Rydberg orbitals, as well as to
ann→s* transition on the Cl atoms. Upon excitation, thes
molecules may undergocis–trans isomerization, atomic de-
tachment, molecular elimination, and H or Cl migration
These reactions may occur on the initially excited PES, on
different excited PES following an adiabatic transition, or o
the ground PES following internal conversion.

The focus of this paper is mainly on vinyl chloride
~VCl!. The primary photochemistry of VCl has been studie
extensively for several decades. The earliest work9 estab-
lished that the major channels are C–Cl bond rupture,

CH2vCHCl→CH2vCH•1Cl,

DH298
0 58962 kcal/mol ~1!

and HCl elimination. The latter may proceed by eithera,a
elimination to produce vinylidene,

CH2vCHCl→CH2vC:1HCl,

ia,

ty,
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5477Huang et al.: Photodissociation of chloroethylenes
DH298
0 56762 kcal/mol ~2!

or by a,b elimination to produce acetylene,

CH2vCHCl→CHwCH1HCl,

DH298
0 523.760.4 kcal/mol. ~3!

These experiments were performed in the gas phase at
tively high pressure, using flash photolysis or photosen
tized photolysis. Later bulk experiments employed a varie
of techniques including excitation in a chemical laser1 and in
a cryogenic matrix,10 and IR multiphoton dissociation.11 Re-
cent studies were performed under collisionless~or low col-
lision! conditions, using IR emission,12 time-resolved
FTIR,13 time-of-flight mass spectroscopy,14 and multiphoton
ionization15,16,17detection. Despite all of these previous stu
ies, the reaction mechanism is still uncertain, owing to t
multiple pathways available for each product.

It is generally agreed that photoelimination of HCl oc
curs on the ground~S0! PES. The early chemical laser stud
by Berry1 indicated that the primary mechanism for produ
ing HCl is four-centera,b elimination. He observed a non
statistical vibrational distribution which he attributed to a
impulsive mechanism. Berry introduced the idea of a loc
ized available energy, which he defined as the difference
tween the potential energy at the crest of the eliminati
barrier and that of the separated products. In Berry’s mec
nism, the localized energy is partitioned between inter
energy of HCl and relative translational energy of the fra
ments. Later, Umemotoet al.14 measured the translationa
energy distributionp(Et) of HCl at 193 nm. They found that
p(Et) has a most probable value forEt.0. They concluded
that HCl elimination is nonstatistical, and that only part
the energy is available to the HCl fragment, in agreem
with Berry.

Different conclusions were reached in other experimen
Using IR multiphoton dissociation~also on the ground PES!,
Reiseret al.11 revealed a preference fora,a elimination of
HCl, and explained their data with a statistical, RRKM
model. Using high resolution FTIR spectroscopy, Donalds
and Leone13 concluded that all of the available energy
partitioned statistically into the product modes of the tran
tion state. Since HCl in the transition complex has a low
vibrational frequency that nascent HCl, the state distribut
appears to be nonstatistical in the asymptotic region.

The velocity of the Cl fragment has been measur
by time-of-flight mass spectrometry,14 by Doppler
spectroscopy,18,19 and by photofragment imaging.20 These
studies revealed an asymmetric, bimodal velocity distrib
tion function, which is indicative of simultaneous reaction o
two PES’s. Most likely there is competition between rea
tions on then,s* and the ground PES. A nonstatistical pop
lation of spin–orbit states Cl~2Pj ! was also observed. In con
trast, H atoms have an isotropic, Maxwellian veloci
distribution, which is indicative of a statistical reaction o
the ground PES.

Recently, Morokuma and co-workers performed exte
sive calculations of the ground PES for all reaction chann
of VCl and dichloroethylene~DCE!.21,22They systematically
examined all three-center, four-center, and migration mec
J. Chem. Phys., Vol. 103,Downloaded¬21¬Mar¬2005¬to¬131.193.195.198.¬Redistribution¬subjec
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nisms for molecular elimination. For VCl they calculated
that the barriers fora,a anda,b elimination of HCl are 69.1
kcal/mol and 77.4 kcal/mol, respectively, as shown in Fig.
~peaks A2 and A1, respectively!. They also discovered a
‘‘knockout’’ mechanism in whichH migration precedes four-
center elimination of HCl, with a barrier of 87.7 kcal/mo
~D1 in Fig. 1!. Except fora,a elimination, the dissociation
pathways have substantial exit barriers. Their study predic
thata,a elimination is the dominant channel for HCl produc
tion.

Studies in our laboratory16 were performed using 193
nm to excite VCl and the three DCE isomers in a pulse
molecular beam, and resonance-enhanced multiphoton i
ization ~211 REMPI! to measure the state distributions o
the fragments. For the HCl channel we found that the rot
tional state distribution for the ground vibrational state
v950, is qualitatively different from those forv951 and 2.
For VCl, for example, we found that HCl~v950! has a biex-
ponential state distribution, with a lowJ component having a
rotational ‘‘temperature’’Trot near 300 K~not caused by col-
lisional relaxation! and a high J component having
Trot'20 000 K. In contrast, the rotational state distribution

FIG. 1. Reaction paths on the ground PES of vinyl chloride, taken from Fi
4 of Ref. 21. The potential energies~in kcal/mol! were calculated at the
MP2/6-31G~d,p! level, using optimized geometries for HCl and H2 elimi-
nation. Bold lines are for processes initiated by HCl elimination, solid line
are for those initiated by H2 elimination, and dotted lines for those initiated
by H or Cl migration. The numbers denote the following species:~1! VCl,
~2! HCCH, ~3! HCl, ~4! HCCCl, ~5! H2, ~6! HCCH–HCl p-complex,~8!
vinylidene, :CCH2 ~9! chlorovinylidene, :CCHCl,~10! CH3CCl, and ~11!
CH2ClCH. Letters refer to transition states calculated in Ref. 21.
No. 13, 1 October 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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5478 Huang et al.: Photodissociation of chloroethylenes
for v9.0 are Boltzmann-type, withTrot'2,000 K. Neither
distribution is statistical.

A plausible explanation of this dichotomy is tha
HCl~v950! is produced by three-center,a,a elimination,
while v9.0 is produced by four-center,a,b elimination. To
test this hypothesis we measured the state distributions
a-deuterated VCl~CH2CDCl, d-VCl!.

17 We discovered that
the HCl yield fromd-VCl is only 25% of that from normal
VCl, showing that the mechanism is primarilya,a elimina-
tion. This is in contrast to the behavior in solution, whe
HCl elimination occurs exclusively across the double bon
Surprisingly, we found that the rotational state distributio
for HCl produced from the deuterated and normal co
pounds are indistinguishable, showing that some scramb
of rotational population must occur, either before or after t
transition state is reached. In another experiment we fou
that the HCl rotational state distributions for all three isome
of DCE are qualitatively similar to those of VCl.23 Both ex-
periments show that the different behavior forv950 and
v9.0 is not due simply to a branching betweena,a anda,b
elimination.

The nature of the scrambling process is still an op
question. One possibility is that H migrates back and fo
between the two carbon atoms before HCl is eliminated
we assume that elimination occurs through a single~e.g.,
a,a! transition state, the HCl state distributions originatin
from VCl andd-VCl will be identical, with the relative quan-
tum yields determined by the rate of H migration. Th
mechanism is consistent with the finding of Riehl and Mor
kuma ~RM! ~Ref. 21! that the barrier fora-H migration is
lower than that of any of the HCl elimination paths~see Fig.
1!.

A second possibility is that a H atom shift ~forming
CHCH2Cl! and HCl elimination are concerted, producin
acetylene as the nascent product. The probabilities of fo
ing a HCl bond between Cl anda-H or b-H determine the
relative quantum yields.

Still a third possibility is that scrambling of the rota
tional population occurs in the exit channel after HCl h
been eliminated. Subpicosecond isomerization of vinylide
to form acetylene24 while the fragments separate may era
the memory of the initial transition state to give identic
rotational state distributions fora,a anda,b elimination. A
variant of this mechanism is the formation of a short-liveds
or p complex11 in the exit channel.

In an attempt to identify the microscopic mechanism, w
used the method of velocity-aligned Doppler spectrosco
~VADS! ~Ref. 25! to measure the speed distribution functio
of individual rovibrational states of HCl. Since the exit ba
rier for three-center elimination is very small~2.5 kcal/mol!
compared with that for the four-center channel~52.5
kcal/mol!,21 substantially different kinetic energy distribu
tions should result from these two mechanisms. In princip
the three-center process is more likely to produce a statist
distribution, while the large barrier in the four-center mech
nism should channel an excess of energy into translation
rotation. A concerted elimination mechanism could produ
a hybrid of the two limiting cases. State-specific speed d
tribution functions, coupled with our knowledge of the rot
J. Chem. Phys., Vol. 103,Downloaded¬21¬Mar¬2005¬to¬131.193.195.198.¬Redistribution¬subjec
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tional populations and relative quantum yields, should hel
characterize the nature of the transition states.

State-resolved speed distribution functions can also b
used to clarify the mechanism of Cl elimination. We have
used the technique of magic angle Doppler spectroscop
~MADS! ~Refs. 19 and 26! to determine the speed distribu-
tions of Cl~2P3/2! and Cl~2P1/2! produced from VCl and the
three DCE isomers.

II. EXPERIMENTAL METHOD

The pump-and-probe apparatus used in this experime
has been described previously.16 All of the experiments were
performed in a pulsed molecular beam machine equippe
with a time-of-flight mass spectrometer~TOF-MS!. A 193
nm ArF excimer laser~Lambda Physik EMG150, 10 mJ/
pulse, 10 Hz! was used as the photolysis source. The beam
diameter was reduced to;2 mm by passing it through an iris
and a 500 mm lens. An excimer-pumped, frequency-double
dye laser~Lambda Physik LPX200/FL3002,;1 mJ/pulse!
was used to probe the nascent products by 211 REMPI. The
probe beam was focused with a 150 mm lens to a spot size
;0.1 mm. HCl was detected using theF 1D state as the
resonant intermediate level.27 Cl~2P3/2! and Cl~2P1/2! were
detected at 474.464 and 475.616 nm, respectively.28 An int-
racavity étalon narrowed the bandwidth of the fundamenta
to 0.04 cm21. Pressure tuning of the e´talon was used in the
VADS measurements and angle tuning in the MADS studies

The photolysis laser was linearly polarized by a stack o
ten quartz plates, which could be rotated to select the pola
ization direction. In conventional and velocity-aligned Dop-
pler measurements, the pump and probe lasers were count
propagated perpendicular to the direction of the ga
expansion. In the MADS experiments, the lasers wer
aligned at a 135° angle, with the probe laser perpendicular
the molecular beam.

VCl was obtained from Fluka with a specified purity
.99.5%. Before use, the sample gas was subjected to
freeze–pump–thaw cycle. The dichloroethylenes were ob
tained from Aldrich with specified purities of 99% fortrans-
DCE, 97% forcis-DCE, and 98% for 1,1-DCE. They were
stored in reservoirs and used without further purification. Al
sample gases were introduced into the vacuum chamber w
a pulsed valve~Newport BV-100! at a stagnation pressure of
;200 Torr.

III. DOPPLER PROFILE ANALYSIS

The use of MADS and VADS to extract the speed dis-
tribution function has been described in a preliminary report
We review here only the essential results.

A. MADS

The Doppler shift of a particle having a velocityv and a
speedw along the line-of-sight is given by

n5n0~12w/c!, ~4!
No. 13, 1 October 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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5479Huang et al.: Photodissociation of chloroethylenes
wheren0 is the frequency at the center of the line andc is the
speed of light. If the particle has a speed distributionf (v)v2

and anisotropy parameterb, its conventional Doppler spec
trum is given by29

D~w!5E
uwu

` 1

2v
@11bP2~cosup!P2~w/v !# f ~v !v2dv,

~5!

whereup is the angle between the polarization vector of t
pump laser and the propagation vector of the probe laser
special interest is the magic angleup554.74°. In this case
P2~cosup!50, and the Doppler profile depends only onf (v).
DifferentiatingD(w) with respect tow gives,26

f ~v !52
2

v
]D~w!

]w U
uwu5v

. ~6!

This method works for all values ofb but requires a high
signal to noise ratio to recoverf (v) accurately.

B. VADS

With this technique a delay is introduced between
pump and probe laser pulses. It is required that the lasers
aligned coaxially~up5p/2!. At sufficiently long delay a par-
ticle with a velocity component perpendicular to the prop
gation direction of the probe beam will fly out of the dete
tion region. This discrimination effect greatly enhances
velocity resolution of the experiment.

The VADS spectrum can be derived from the conve
tional Doppler profile by subtracting out the undetected p
ticles. The fraction of particles detected after a delayt is
given by a delay function,F(v,w,t). If both laser beams
have Gaussian profiles, the delay function is given by30

F~v,w,t !5
r2

r21a2t2
e2@~v22w2!t2/r21a2t2#, ~7!

wherer25r 1
21r 2

2, r 1 and r 2 are the Gaussian widths of th
pump and probe laser profiles, anda is the most probable
thermal speed of the parent molecule normal to the opt
axis. With this correction factor the VADS profile is given b

D~w,t !5E
uwu

` 1

2v F12
1

2
bP2~w/v !G

3F~v,w,t ! f ~v !v2dv. ~8!

If b is zero, the product speed distributionf (v) can be ex-
tracted from a VADS profile by differentiatingD(w,t) with
respect tow; i.e.,

f ~v !52
2

w

r21a2t2

r2
dD~w,t !

dw U
uwu5v

1
4t2

r2
D~w,t !U

uwu5v

. ~9!

While in principle r anda could be measured, in practic
they are treated as free parameters that were adjusted to
the samef (v) for different values oft.
J. Chem. Phys., Vol. 103Downloaded¬21¬Mar¬2005¬to¬131.193.195.198.¬Redistribution¬subje
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C. Deconvolution

It is necessary to correct the observed profiles for th
nonzero bandwidth of the probe laser and thermal motion o
the parent molecules along the line-of-sight. This is espe
cially important for heavy fragments such as Cl and HCl
The deconvolution procedure has been discusse
elsewhere.31–33Briefly, D(w,t) is expanded in a set of even
harmonic oscillator functions, i.e.,

D~w,t !5 (
j50

n21

aif2i~w,l!, ~10!

whereF2i(w,l) is the (2i )th harmonic oscillator eigenfunc-
tion with width parameterl. The expansion coefficientsai
are given by the integral of the product ofF2i(w,l) and the
experimental Doppler profile. Both forward and inverse con
volution of F2i with a Gaussian transfer function can be
performed analytically,33 where the transfer function is a
convolution of the one dimensional Maxwell–Boltzmann
speed distribution and a Gaussian e´talon transmission func-
tion. For our data, we found that 10 basis functions were
sufficient to obtain a satisfactory fit ofD(w,t). The param-
eterl was optimized by minimizingx2. The fitted function
was then deconvoluted term by term, andf (v) was obtained
by analytical differentiation.

IV. RESULTS

A. HCl fragments

The angular distribution of the HCl fragments was mea
sured by Umemotoet al.14 using a TOF-MS and rotating the
polarization direction of the photolysis laser. Their work
showed a nearly isotropic distribution~b50.08860.015! for
HCl averaged over all rovibrational states. Since one of ou
present objectives is to understand the reason for the diffe
ence between the rotational state distributions for HCl~v950!
and HCl~v9.0!, it is necessary to determine whetherb de-
pends onv9 and J9. To do so, we measured conventional
~zero delay! Doppler profiles of the HCl(v9,J9) fragments
with the polarization vector of the pump laser both paralle
and perpendicular to the propagation direction of the prob
laser. The parallel and perpendicular profiles,D i and D' ,
were recorded for theR~1!, P~13!, andQ~11! lines of the
0←0 band, theR~1! andP~9! lines of the 1←1 band, and the
R~3! line of the 1←2 band of theF←X transition. An ex-
ample is shown in Fig. 2 for HCl~v950, J9511!. In every
caseD i andD' were indistinguishable, indicating thatb is
close to zero. In addition, conventional Doppler profiles for
the Q~11! and P~13! and delayed Doppler profiles for the
Q~11! andR~11! lines of the 0←0 band were nearly identi-
cal, indicating thatv–J correlation is negligible.

Since HCl recoils isotropically, it is possible to use
VADS to measure the speed distribution function. We ac
cordingly measured the VADS profiles for a number of rovi-
brational lines using both short~t5600 ns! and long ~t
51400 ns! delay times under otherwise identical conditions.
The following profiles were recorded:R~1!, R~4!, R~8–12!,
P~3–5!, P~13!, andQ~11–14! lines of the 0←0 band,R~5!
andR~12! of the 0←1 band,R~1!, R~7!, P~8!, andP~9! of
, No. 13, 1 October 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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5480 Huang et al.: Photodissociation of chloroethylenes
the 1←1 band, andR~3! andP~10! of the 1←2 band. Typical
examples are plotted in Figs. 3 and 4 for both short and lo

FIG. 2. Doppler profiles for theQ~11! line of the F 1D,v8
50←X 1S1,v950 transition of HCl. Upper panel is for the propagatio
vector of the probe laser perpendicular to the polarization vector of
photolysis laser; lower panel is for the vectors parallel to each other.
curve in the upper panel is a least squares fit of a linear combination
harmonic oscillator functions. The curve in the lower panel is a duplicate
the upper panel curve.

FIG. 3. Velocity-aligned Doppler spectra~VADS! for HCl~v950!, with
short and long delays.~a! and~b! are for low rotation~J953!, while ~c! and
~d! are for high rotation~J9513!. Curves are least squares fits, as describ
in the text.
J. Chem. Phys., Vol. 103,Downloaded¬21¬Mar¬2005¬to¬131.193.195.198.¬Redistribution¬subjec
ng

delays. Figure 3 shows the VADS profiles for theP~3! and
P~13! lines of the 0←0 band, while Fig. 4 showsR~1! and
P~9! of the 1←1 band. These examples display a qualitativ
difference between the profiles for low and highJ9 and for
v950 and v951. For v950, J953, increasing the delay
broadened the profile somewhat but did not introduce a
additional structure, while forv950, J9513 the profile splits
into two peaks at long delay. Forv951, on the other hand,
both low and highJ9 show a single maximum at long delay.

The speed distribution functions were extracted from th
VADS profiles, using the procedure described in the previo
section. Values ofr'1.0 mm anda'150 K were obtained
by simultaneously minimizingx2 for t5600 and 1400 ns.
Ther value is in good agreement with an experimental es
mate. The distribution functions recovered from all th
VADS profiles are shown in Fig. 5. It should be noted tha
f (v) plotted without the v2 volume factor is a one-
dimensional distribution function. The uniqueness of th
high J9, v950 distributions is apparent; the splitting of the
VADS profiles at longt is clearly caused by a distribution
function peaked atv.0, so that at long delay the recoiling
fragments split into two populations, one moving toward
and the other away from the detector. The 1D average spe
^v&5*v f (v)dv, plotted in Fig. 6, shows a monotonic in-
crease withJ9 for v950. There is no apparent trend for
v9.0.

To check the self-consistency of using the VADS
method, we calculated fromf (v) an upper bound onb. From
Eq. ~5! the difference betweenD i andD' is given by

DD~w!5
3

2
bE

uwu

`

@P2~w/v !# f ~v !vdv. ~11!

Comparing this function with the experimental values o
D i2D' gives ubu,0.1, in agreement with Umemotoet al.14

The 3D translational energy distributions,p(Et), show
little variation with J9 even forv950. The reason for this is
that thev2 weighing factor obscures the systematic trend
visible in the 1D projections. The 3D distributions for al

e
he
of
of

d

FIG. 4. Same as Fig. 3, only for HCl~v951!. VADS profile are forJ951
@~a! and ~b!# andJ959 @~c! and ~d!#.
No. 13, 1 October 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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5481Huang et al.: Photodissociation of chloroethylenes
the states are lumped together in Fig. 7, where the sha
areas indicate the range inp(Et) for different J9. The trend
for p(Et) to narrow and shift toward lower energy asv9
increases is clearly visible. The average energy,^Et&

FIG. 5. One-dimensional speed distribution functions of HCl~v950, 1, and
2! obtained by inverting the VADS profiles. Individual curves are for diffe
ent values ofJ9 listed in the text. The intercepts of the distributions decrea
monotonically withJ9, except for the two curves indicated by asterisks
the upper panel, which correspond toJ954 ~upper curve! andJ9514.

FIG. 6. One-dimensional average speeds,*v f (v)dv, for HCl~v9! plotted as
a function of rotational quantum number. Dashed lines are least square
included to guide the eye.
J. Chem. Phys., Vol. 103,Downloaded¬21¬Mar¬2005¬to¬131.193.195.198.¬Redistribution¬subje
ded
5*Etp(Et)dEt , plotted in Fig. 8, shows this trend as well,
with Et52562, 2162, and 1861 kcal/mol for v950, 1,
and 2.

The distribution functions are consistent with the TOF
data of Umemotoet al.,14 who measured an average over all
HCl states. Ourp(Et) for HCl~v950! is broader and has
larger most probable and maximum values compared wit
the TOF data, while the distribution forv952 is narrower
and has a lower most probable energy. The averaged mo
probable energy is 22 kcal/mol, compared to their value o
20 kcal/mol.

B. Cl fragments

A preliminary report showing the MADS profiles and the
speed and energy distribution functions for Cl~2P3/2! and
Cl~2P1/2! produced from the photodissociation of VCl ap-
pears in Ref. 19. Here we show in Fig. 9 the translationa
energy distribution functions for VCl and the three DCE iso-
mers. Because the distribution functions extracted from
MADS profiles are very sensitive to noise, it was necessar
to take several scans for each product. The heavy curves
this figure are averages over four scans, while the shade
areas are the ranges observed with all the scans.

Qualitatively different behavior is seen for Cl~2P3/2! and
Cl~2P1/2!. Bimodal p(Et) functions for Cl~

2P3/2! are clearly

-
se
n

fits

FIG. 7. Kinetic energy distributions for HCl~v950, 1, and 2!. The shaded
areas are the experimental distribution functions for all measured values
J. The heavy curve is the prior distribution for four-center elimination, while
the dashed curve is the prior distribution for three-four-center elimination.
No. 13, 1 October 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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5482 Huang et al.: Photodissociation of chloroethylenes
evident for all four compounds. The two peaks are of com
parable height for VCl, while for the DCE isomers the low
energy peak is much higher. For the Cl~2P1/2! product,p(Et)
is shifted towards higher energy in each case. For VCl the
is only a small shoulder at low energy; fortrans-DCE the
two peaks appear to have merged, while forcis- and 1,
1-DCE and VCl the peaks are of comparable height. Simi
trends are also apparent in Table I, where the mean a
maximum energies are listed. The mean kinetic energy
Cl~2P1/2! is on the average 6 kcal/mol greater than fo
Cl~2P3/2!. The maximum energies differ by a comparab
amount.

V. DISCUSSION

A. HCl molecular elimination

The ground state electronic configuration of vinyl chlo
ride is (1a8)2(2a8)2(3a8)2(4a8)2(5a8)2(6a8)2(1a9)2

(7a8)2(2a9)2. Absorption of a 193 nm photon induces
p→p* transition to the 11A8 state with configuration
...(7a8)2(2a9)1(3a9)1. Excited states lying below this en-
ergy are the 13A8~p→p* ! and the 11,3A9~p→s* ! states, the
latter having a ...(7a8)2(2a9)1(8a8)1 configuration. We
mention for later reference a higher lyingn→s* state with a
...(7a8)1(2a9)2(8a8)1 configuration. To determine on which
PES the reaction may occur, we constructed correlation d
grams for HCl elimination along the different reaction path
shown in Figs. 10–12.34 The vertical excitation energies for
the low-lying electronic states of VCl, vinylidene, and acety
lene were obtained from Ref. 35.

A number of conclusions may be drawn from these di
grams.~i! In all cases HCl elimination on the initially excited
PES does not correlate with ground state products.~ii ! In all
cases HCl elimination onS0 is allowed since the orbital oc-
cupation numbers inCs symmetry are (a8)14(a9)4 for reac-
tants and products. This is in contrast to H2 elimination from
ethylene along aC2v dissociation path, which is symmetry
forbidden. A large barrier is nevertheless observed for V
dissociation, showing that the C–Cls-bond does not com-
pletely destroy theC2v symmetry.~iii ! Triplet acetylene may

FIG. 8. Average kinetic energy of HCl(v9,J) as a function of rotational
quantum number forv950 ~solid circles!, 1 ~triangles!, and 2~open circles!.
Solid lines are linear least squares fits. Dashed lines are the prior values
three-center~upper set! and four-center~lower set! elimination.
J. Chem. Phys., Vol. 103,Downloaded¬21¬Mar¬2005¬to¬131.193.195.198.¬Redistribution¬subjec
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be formed in both linear~Fig. 11! and cis-states~Fig. 12!,
while dissociation to form triplet vinylidene~Fig. 10! is
symmetry forbidden. Since VCl~3A9! and
H2CvC:~3B2!1HCl~X 1S1! have the same overall state
symmetry ~A9! but different occupation numbers~15,3 vs
13,5!, a large barrier must exist for this path.

Triplet vinylidene was reported by Fahr and Laufer36 as
a major product at 137, 139, and 151 nm. They inferred tha
the most probable pathway involves crossing of the initially
excited singlet to a long-lived triplet state. In the present

for

FIG. 9. Kinetic energy distributions for Cl~2P3/2! and Cl~
2P1/2!, obtained by

inverting magic angle Doppler spectra. The shaded areas indicate the ran
observed for four scans. The heavy curves indicate the average profile an
its decomposition into low and high energy components. The low energy
components are prior distributions, while the high energy components wer
obtained by subtraction.

TABLE I. Maximum and average kinetic energies of the Cl fragment.a

Molecule

Fragment energy~kcal/mol!

Cl~2P3/2! Cl~2P1/2!
Emax

a ^E&b Emax ^E&

VCl 45–65 23 55–70 25
trans-DCE 40–55 14 55–60 19
cis-DCE 25–40 12 35–50 17
1,1-DCE 45–50 12 45–60 22

aThe range is the spread in maximum energies indicated by the shade
regions in Fig. 9.
bMean energy for the average distribution.
No. 13, 1 October 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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5483Huang et al.: Photodissociation of chloroethylenes
experiment, where there is much less available energy,
production of a triplet fragment is unlikely. Production of3B1
acetylene would leave a maximum of 42 kcal/mol availab
for translation and HCl internal energy, whereas we obser
up to 74 kcal/mol for these degrees of freedom37 ~see Fig. 7!,
with no indication of a bimodal kinetic energy distribution
Moreover, the triplet state of the parent molecule was n

FIG. 10. State correlation diagram for the decomposition of VCl to produ
HCl1vinylidene. The numbers in the left and right columns indicate t
occupation numbers fora8 anda9 orbitals havingCs symmetry, withsxz as
the molecular plane. State labels in the center of the diagram refer to VC
the left and vinylidene on the right. The photon energy is indicated by
horizontal dashed line.

FIG. 11. State correlation diagram for the decomposition of VCl to produ
HCl1 linear acetylene. Notation is the same as in Fig. 10, except that
product symbols refer to the electronic states of acetylene and vibratio
quantum numbers of HCl.
J. Chem. Phys., Vol. 103,Downloaded¬21¬Mar¬2005¬to¬131.193.195.198.¬Redistribution¬subjec
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detected in the electron diffraction measurement of Ewba
et al.38 at 193 nm. It follows that the most likely mechanism
is internal conversion followed by HCl elimination on the
ground PES. In the case of ethylene, internal conversion is
highly efficient process, resulting from pseudomigration of
H atom to form a zwitterionic state, which interacts ver
strongly with the ground state.39 A similar mechanism is ex-
pected for VCl.

Riehl and Morokuma21 located three transition states for
HCl elimination on the ground PES, corresponding toa,a
and a,b elimination and a four-center ‘‘knockout’’ mecha-
nism following H migration. The H–Cl bond lengths in these
transition states are, respectively, 1.436, 1.789, and 2.356
as compared with 1.269 Å for free HCl and 2.374 Å for HC
in the parent molecule. The exit barriers heights~measured
with respect to the separated products! are 2.5, 52.6, and 62.8
kcal/mol. Of these, thea,a transition state is closest to the
product geometry, with only a small exit barrier.

Since the reaction occurs on the ground PES, it is like
to live for many vibrational periods. If the molecule eventu
ally reacts along thea,a path, which has a ‘‘loose’’ transition
state and small exit barrier, we would expect the fragments
have a statistical state distribution.2 To test this possibility we
compared the observedp(Et) with the expectation from a
prior, statistical model. This model assumes that all acce
sible quantum states are equally populated, so that all t
available energy is partitioned evenly among all degrees
freedom. The prior kinetic energy distribution function is40

p0~v, j ,EtuEavl!}Et
1/2E

0

Eavl2Et
rv~Ev!

3~Eavl2Et2Ev!
1/2dEv , ~12!

whererv(Ev) is the continuous density of vibrational states

e
e

on
e

e
he
nal

FIG. 12. State correlation diagram for the decomposition of VCl to produc
HCl1 cis-bent acetylene. Notation is the same as in Fig. 10, except that t
product symbols refer to the electronic states of acetylene and vibratio
quantum numbers of HCl. The1A1 state ofcis-HCCH is unstable.
No. 13, 1 October 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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5484 Huang et al.: Photodissociation of chloroethylenes
calculated using the Whitten–Rabinovitch approximation41

andEavl is the available energy.
18 For the four-center process

Eavl5124.260.4 kcal/mol, while for three-center elimination
Eavl58162 kcal/mol. The prior distributionsp0(Et) are
shown in Fig. 7, and the prior values of the average ene
^Et&

0 are given in Fig. 8. It is apparent from these figur
that the three-center prior distributions do not match the da
while the four-center prior distributions are in much bett
agreement, with the agreement improving asv9 increases
from 0 to 2.

While there is no requirement for a four-center mech
nism to produce a statistical distribution, it is difficult t
reconcile a non-statistical distribution with a three-cen
path. Our result is in seeming contradiction with our earl
finding that the HCl yield fromd-VCl is 25% of that from
normal VCl, showing a preference fora,a elimination. This
problem is related to the rotational scrambling process d
cussed in the Introduction, since any mechanism which
counts for the isotopic yields must also explain why the r
tational distributions of HCl produced from VCl andd-VCl
are identical.

From the isotope experiment we deduce that HCl
eliminated primarily by ana,a mechanism. We also know
that the vinylidene fragment isomerizes rapidly to for
acetylene. A key question is the relative time scales of
elimination and isomerization steps. At one limit the pr
cesses are stepwise, in which case none of the isomeriza
energy is available to HCl. At the other limit, the steps a
concerted and synchronous, which means that HCl flies of
the same instant that the vinylidene H atom migrates fro
one carbon atom to the other. In this case we would expe
highly nonstatistical translational energy distribution.42 The
mechanism that we propose lies between these two lim
namely, a concerted but nonsynchronous pair of steps.
elimination reaction begins by passage through the thr
center transition state~A2 in Fig. 1!. At this point the frag-
ments are still moving fairly slowly. The most probab
speed in the three-center statistical distribution is 0.024 Å
while the lifetime for isomerization of vinylidene has bee
estimated to lie between 40 and 200 fs, with a lower bou
of 27 fs.24 As the fragments separate a hydrogen atom
vinylidene migrates to form acetylene~passing through A21
in Fig. 1!, releasing an additional 53 kcal/mol, some
which is converted to relative translational energy. This a
ditional energy release is not along the reaction coordina
and much of it goes into acetylene vibration.

To explain the identical rotational state distributions f
HCl produced from VCl andd-VCl, we propose that isotopic
scrambling occurs in a separate stepbefore the molecule
reaches transition state A2. Riehl and Morokuma21 found
that the lowest energy transition state~C1 in Fig. 1! is
reached by H atom migration to produce the stab
CH3vCCl radical. Formation of this species and the retu
to VCl competes with three-center elimination. Since intern
conversion from thep,p* surface is initiated by migration of
a H atom,39 the conformation of the molecule on the groun
PES already favors this low energy path. In the case
d-VCl we propose that isotopic scrambling occurs by D m
gration to form CH2DvCCl, followed by H back-migration
J. Chem. Phys., Vol. 103,Downloaded¬21¬Mar¬2005¬to¬131.193.195.198.¬Redistribution¬subje
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to give CHDvCHCl. The 25% relative yield of HCl from
d-VCl indicates that elimination of DCl through transition
state A2 is more probable than isotopic scrambling throug
the radical intermediate.

To explain the dichotomy between the rotational sta
distributions for HCl~v950! and HCl~v9.0!, we propose
that the reaction is vibrationally adiabatic. Since the vibra
tional frequency of HCl is lower in the transition state than i
the isolated molecule, the vibrationally adiabatic barrie
height should decrease with vibrational quantum numbe
This idea is consistent with the observation in Fig. 8 tha
^Et& decreases by approximately one-half of the HCl vibra
tional spacing per unit increase inv9. Since the exit barrier
for a,a elimination is much smaller than the vibrationa
spacing of free HCl, it is plausible that the adiabatic barrie
disappears entirely forv9.0.

To restate this last point, as the fragments separate th
are repelled by two barriers, a small, vibrationally adiabat
barrier which is greatest for HCl~v950!, and a large exit
barrier caused by vinylidene–acetylene isomerization. The
barriers have qualitatively different effects. Repulsion by th
former is directed along the reaction coordinate. We spec
late that the hotter rotational population of HCl~v950! and
the 1D scalarEt–J correlation shown in Fig. 6, are caused
by this direct energy release. A similar correlation betwee
rotation and translation was observed by Jiminezet al.43 in
the photodissociation of 3-cyclopentenone. Passage over
second barrier releases energy, which is partitioned betwe
intramolecular excitation of acetylene and intermolecular r
pulsion of the separating fragments. Since the reaction
nonsynchronous we cannot predict how much the energy d
tribution will deviate from the statistical limit. It would be
highly desirable to perform dynamical calculations on a glo
bally accurate PES to see whether our proposed mechan
can account for the observed rotational and translational e
ergy distributions.

Based on our model, we expect that slowing down th
vinylidene–acetylene isomerization step should have a d
matic effect on the dynamics of HCl elimination. In a stud
of the infrared multiphoton excitation of 2-chloro-1,
1-difluorethylene~F2CvCHCl,CFE!, Reiser et al.44 found
that F2CvC: is a long-lived species with essentially no re
arrangement taking place to form perfluoro-acetylene.
semiquantitative MO calculation45 gives an activation barrier
for the rearrangement F2CvC:→FCwCF of ;60 kcal/mol,
as compared with;3.0 kcal/mol for the rearrangement of
vinylidene to acetylene.46 Using IR multiphoton excitation of
CFE with TOF analysis, Sudbo” et al.47 found that p(Et)
could be fit with a RRKM model witĥEt&'1.0 kcal/mol,
and that essentially no translational energy is released to
fragments after they pass the critical configuration in the ex
channel. In our own preliminary study of the UV excitation
of CFE, we observed a Boltzmann-type rotational state d
tribution for HCl~v950!.48 These results are consistent with
our understanding of the VCl reaction. In this case isome
ization of the perfluoro-vinylidene radical takes place to
slowly to release energy to the fragments, and the produ
state distributions are statistical.
No. 13, 1 October 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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5485Huang et al.: Photodissociation of chloroethylenes
B. Cl atomic detachment

Figure 13 shows the correlation diagram for Cl deta
ment from VCl withCs symmetry. The ground state frag
ments have a (7a8)1(2a9)2(8a8)1 configuration, which is
the same as that of the1A8(n,s* ) state of VCl. Because o
an avoided crossing of then,s* andp,p* surfaces~shown as
dashed lines in Fig. 13!, the products correlate adiabatical
with thep,p* state. Although the ground~p2! state of VCl
and the ground state fragments have different orbital c
figurations, they are nevertheless correlated because of
figuration interaction of the1A8 species of VCl. On the othe
hand, the1A9~p,s* ! state of VCl correlates with the firs

FIG. 13. State correlation diagram for the decomposition of VCl to prod
a vinyl radical and a Cl atom. Notation is the same as in Fig. 9, except
the product symbols refer to the electronic states of the vinyl radical. A
the spin–orbit splitting of Cl is indicated.
J. Chem. Phys., Vol. 103,Downloaded¬21¬Mar¬2005¬to¬131.193.195.198.¬Redistribution¬subje
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electronically excited state of the vinyl radical and does n
mix with the ground state. We cannot rule this out as a co
ceivable reaction path, however, since it is possible that
nonplanar geometry thep,p* and p,s* states are mixed.
From these considerations we see that there are two disti
paths for Cl detachment, direct reaction on then,s* surface,
and indirect reaction on the ground PES following interna
conversion.

Our data in Fig. 9 show two components in the transla
tional energy distributions of Cl~2P3/2! and Cl~2P1/2! pro-
duced by photodissociation of VCl and the DCE isomer
Similar results were obtained by other workers. Umemo
et al.14 observed bimodal distributions in the TOF spectra o
the Cl atoms. Bimodal distributions of the individual spin–
orbit states were observed by Moet al.18 using polarized
Doppler spectroscopy and by Suzukiet al.20 using photof-
ragment imaging. Our data are in good qualitative agreeme
with the data of Umemotoet al.14 and Suzukiet al.,20 except
that the latter observed a more pronounced high ener
shoulder in Cl~2P1/2! produced fromtrans-DCE.

A natural interpretation of our data is that the bimoda
distributions are produced by the two reaction paths d
scribed above, with the low energy component coming fro
reaction on the ground PES and the high energy compon
corresponding to reaction on the excited surface, as first su
gested by Umemotoet al.14 Here too we expect the reaction
on the ground surface to be statistical. A comparison
p(Et) with the prior distributions~normalized by an adjust-
able scaling factor! in Fig. 9 confirms that this is the case
The kinetic energy distributions for the high energy compo
nent were determined by subtracting the priors from the to
distributions. The average energies of the high energy co
ponent listed in Table II and the maximum energies listed
Table I increase in the order ofcis-, trans-, 1,1-, and VCl.
This sequence may reflect the relative locations of the non
diabatic crossing of the excited surfaces. For an outer-lim
crossing the recoil energy should increase with crossing d
tance, while the reverse is expected for an inner-lim
crossing.49

After this paper was completed we learned of a ne
study by Ebataet al.50 in which the sum of the quantum

ce
hat
o,
ost
TABLE II. Properties of Cl produced on the ground and excited potential energy surfaces.

Molecule Gtot
c Pf(

2P3/2)
d Pf(

2P1/2)
e

Ground PESa Excited PESb

G0 Eav Emp G1 Eav Emp

VCl 0.30 0.76 0.89 0.14 1.6 3.0 0.35 22 25
trans-DCE 0.15 0.42 f f 4.3g 2.9g f 10g 23g

cis-DCE 0.17 0.47 0.72 0.09 3.0 2.6 0.26 9.6 16
1,1-DCE 0.28 0.35 0.76 0.10 4.1 2.8 0.60 12 25

aProperties of the Cl atoms produced on the ground PES, summed over both spin–orbit states. The m
probable and mean kinetic energies are expressed in kcal/mol and are sums over both spin–orbit states.
bProperties of the Cl atoms produced on the excited PES, summed over both spin–orbit states.
cTotal branching ratio, taken from Ref. 18.
dFraction of Cl~2P3/2! produced on the excited PES, e.g., for VCl, 76% of Cl~2P3/2! is produced on the excited
PES and 24% on the ground PES.
eFraction of Cl~2P1/2! produced on the excited PES.
fThe speed energy distribution for Cl~2P1/2! produced fromtrans-DCE could not be resolved into slow and fast
components.
gCalculated for Cl~2P3/2! only.
No. 13, 1 October 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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5486 Huang et al.: Photodissociation of chloroethylenes
yields for Cl and HCl produced fromtrans-DCE at 193 nm
was found to be greater than unity. Their data implies th
some of the parent molecules decompose to yield two
atoms. A kinematic analysis shows that when this occurs
kinetic energy distributions of both atoms lie under the s
tistical component ofp(Et) ~Fig. 9!. This result is consistent
with our assignment of the high energy component ofp(Et)
to reaction on an excited PES and the low energy compon
to reaction on the ground PES.

A striking property of the distribution functions shown i
Fig. 9 and Tables I and II is the tendency for Cl~2P1/2! to
have more kinetic energy than Cl~2P3/2!. One possible expla-
nation is that dissociation onS0 gives mainly Cl~

2P3/2! while
dissociation on the~n,s* ! surface gives a mixture of both
spin–orbit states. To test this idea we calculated the sp
orbit branching ratio for each surface, as follows. The over
branching ratio,

G tot5@Cl~2P1/2!#/@Cl~
2P3/2!#, ~13!

was measured by Moet al.18 Next we label the areas unde
each component ofp(Et) as F(3/2,s), F(3/2,f ), F(1/
2,s), F(1/2,f ), wheres and f refer to the low and high
energy components, andF( j ,s)1F( j , f )51 for each spin–
orbit state. The branching ratios for the individual surfac
are then given by

G05@F~1/2,s!/F~3/2,s!#G tot ~14!

for the ground PES, and by

G15@F~1/2,f !/F~3/2,f !#G tot ~15!

for the~n,s* ! surface. The results listed in Table II show th
reaction on the ground surfaces gives.85% Cl~2P3/2!, while
on the excited surface 21%–59% of the Cl atoms are in
j51/2 state.

One possible explanation of these branching ratios
adiabatic correlation between the parent molecule and
radical fragments. The ground PES necessarily correla
with Cl~2P3/2!. A very crude model in which the vinyl radica
is described as a2S1/2 atom predicts that1~n,s* ! also corre-
lates with Cl~2P3/2!.

51 A more sophisticated treatment, in
cluding spin–orbit coupling of the excited states, is likely
correlate the excited state of the parent molecule with b
spin–orbit states of Cl. A criterion for adiabatic dissociatio
is that the Massey adiabaticity parameter,

j5RDEso/\v, ~16!

be greater than unity.52 In Eq. ~16!, R is a characteristic
recoil distance,DEso5881 cm21 is the fine structure splitting
of the Cl atom, andv is the recoil speed. TakingR51 Å, and
settingv equal to the most probable speed~1.83105 cm/s on
the ground PES and 3.93105 cm/s on the excited PES!, j has
a value of 9.2 and 4.3 on the lower and upper surfac
respectively. These large values are consistent with an a
batic mechanism, as compared withj50.8 for the photodis-
sociation of HCl at 193 nm, assuming the same value forR.

Another factor contributing toG is scrambling of the
spin-orbit populations in the asymptotic region.51 In the high
energy limit, a statistical value ofG51/2 is predicted. The
faster Cl atoms produced on then,s* surface should have a
J. Chem. Phys., Vol. 103,Downloaded¬21¬Mar¬2005¬to¬131.193.195.198.¬Redistribution¬subje
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greater probability of undergoing a nonadiabatic transition
the j51/2 state.53 This point is consistent with our observa
tion that Cl produced fromcis-DCE has both the lowest ki-
netic energy and the lowest value ofG1.

While we cannot determine the relative importance
structural vs dynamic factors, both of the proposed effe
predictG1.G0, as observed. One must, nevertheless, be c
tious in invoking such simple models to explain the fin
structure population of the fragments, especially when s
face crossing is involved. Recent work in this laboratory o
the predissociation of Rydberg states of HCl has shown t
G is very sensitive to the potential energy surface,54 and con-
siderations such as adiabatic vs sudden recoil are insuffic
in the case of HCl for predicting the asymptotic population

VI. SUMMARY AND CONCLUSIONS

We have used velocity aligned Doppler spectroscopy
measure the kinetic energy distribution functions of differe
rovibrational states of HCl produced in the 193 nm photod
sociation of vinyl chloride. The average kinetic energy wa
found to vary inversely with the vibrational energy of HC
For HCl~v950! the one-dimensional kinetic energy wa
found to increase with rotational energy, while forv9.0
there was no apparent rotational dependence. A statist
model assuming three-center elimination is inconsistent w
the data, while a four-center mechanism on the ground p
tential energy surface is in better agreement. This result is
seeming contradiction with an earlier isotopic experime
which showed that HCl elimination is primarilya,a. To rec-
oncile all of our observations we propose a mechanism
which three-center HCl elimination followed by vinylidene–
acetylene isomerization occurs in a concerted, nonsynch
nous fashion. It is further proposed that isotopic scrambli
in vinyl chloride occurs by hydrogen atom migration, pro
ducing the stable CH3vCCl• intermediate. The dichotomy
between the rotational state populations for HCl~v950! and
HCl~v9.0! is explained by a vibrationally adiabatic mecha
nism.

Magic angle Doppler spectroscopy was used to meas
the kinetic energy distribution functions of Cl~2P3/2! and
Cl~2P1/2! produced in the 193 nm photodissociation of viny
chloride and the three dichloroethylene isomers. Bimodal e
ergy distributions were observed for both spin–orbit state
indicating competitive reactions on two potential energy su
faces. The Cl~2P1/2! product was found to have consistentl
more kinetic energy than Cl~2P3/2!. Adiabatic correlation,
with some scrambling in the asymptotic region, is propos
to explain the spin–orbit branching ratios.
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