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These experiments study the preparation of and product channels resulting from OCH2CHCH2, a
key radical intermediate in the O+allyl bimolecular reaction. The data include velocity map imaging
and molecular beam scattering results to probe the photolytic generation of the radical intermediate
and the subsequent pathways by which the radicals access the energetically allowed product
channels of the bimolecular reaction. The photodissociation of epichlorohydrin at 193.3 nm
produces chlorine atoms and c-OCH2CHCH2 radicals; these undergo a facile ring opening to the
OCH2CHCH2 radical intermediate. State-selective resonance-enhanced multiphoton ionization
�REMPI� detection resolves the velocity distributions of ground and spin-orbit excited state chlorine
independently, allowing for a more accurate determination of the internal energy distribution of the
nascent radicals. We obtain good agreement detecting the velocity distributions of the Cl atoms with
REMPI, vacuum ultraviolet �VUV� photoionization at 13.8 eV, and electron bombardment
ionization; all show a bimodal distribution of recoil kinetic energies. The dominant high recoil
kinetic energy feature peaks near 33 kcal /mol. To elucidate the product channels resulting from the
OCH2CHCH2 radical intermediate, the crossed laser-molecular beam experiment uses VUV
photoionization and detects the velocity distribution of the possible products. The data identify the
three dominant product channels as C3H4O �acrolein�+H, C2H4+HCO �formyl radical�, and H2CO
�formaldehyde�+C2H3. A small signal from C2H2O �ketene� product is also detected. The measured
velocity distributions and relative signal intensities at m /e=27, 28, and 29 at two photoionization
energies show that the most exothermic product channel, C2H5+CO, does not contribute
significantly to the product branching. The higher internal energy onset of the acrolein+H product
channel is consistent with the relative barriers en route to each of these product channels calculated
at the CCSD�T�/aug-cc-pVQZ level of theory, although a clean determination of the barrier energy
to H+acrolein is precluded by the substantial partitioning into rotational energy during the
photolytic production of the nascent radicals. We compare the measured branching fraction to the
H+acrolein product channel with a statistical prediction based on the calculated transition states.
© 2008 American Institute of Physics. �DOI: 10.1063/1.2966004�

I. INTRODUCTION

There is a wealth of experiments probing the detailed
reaction dynamics of small molecules. However elucidating
the dynamics of radical-radical reactions, which can occur
via competing direct abstraction and addition/elimination
pathways, is difficult. Such reactions play a fundamental role
in combustion chemistry, especially low temperature com-
bustion where the nearly barrierless addition/elimination
pathways characteristic of radical-radical reactions can domi-
nate the product branching. The reaction of ground state oxy-
gen atoms with CH2CHCH2 �allyl radicals� is particularly
interesting because it contrasts the barrierless entrance chan-
nel of a radical-radical reaction with the relative stability of

the resonance stabilized1 allyl radicals. �In contrast, the rate
of reaction of allyl radicals with molecular oxygen is
small.2–4� Additionally, allyl radicals are thought to be major
contributors to the initial steps in soot formation, the genera-
tion of small aromatic molecules.1,5–7

Previous works on the O�3P�+C3H5 reaction studied the
bulk kinetics,8 the products formed in crossed molecular
beam experiments,9–14 and the ground state potential energy
surface via electronic structure calculations.15 The experi-
ments thus far have not been able to identify all the impor-
tant product channels in this bimolecular reaction, although
most studies conclude that H+acrolein is an important con-
tributor to the product branching. The prior work began with
that of Slagle et al.,8 who used laser flash photolysis in mix-
tures of photolytic precursors to O atoms and allyl radicals to
measure the reaction rate as a function of temperature and
pressure. They attempted to determine what product channels
were important using photoionization mass spectrometry.
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They used several lamp sources to allow them to detect all
the possible product channels, five of which are shown in
Fig. 1, but concluded that only the acrolein signal had a time
profile consistent with being a primary product. Even with-
out the advantage of having a prediction based on electronic
structure theory, they correctly anticipated that the H2CO
+C2H3 channel might be an important one, but they did not
see any signal from either H2CO or C2H3; hence they con-
cluded that this channel was less than 20% of the yield of the
acrolein+H product channel. They correctly concluded that
the lack of a pressure dependence in their measured rate
constants indicates that when a radical intermediate is
formed, it irreversibly goes on to products �it is not stabilized
by collisions�. The reaction O+allyl→acrolein+H is exoer-
gic by 64 kcal /mol; so all of the intermediate barriers shown
in Fig. 1 are well below the reactant asymptote. The next
most significant work on this system was that of Choi and
co-workers.9–12 That study used a crossed molecular beam
apparatus to detect only the primary products �as opposed to
the secondary product formed in bulk mixtures�, but they
only attempted to detect OH products9,10 �that apparatus used
laser-induced fluorescence �LIF� detection only, not electron
bombardment or single photon ionization detection�. Inter-
estingly, they did detect OH product, although the OH
+allene product asymptote is 20 kcal /mol higher in energy
than the acrolein+H product channel, and they conclude
from the bimodal rotational energy distributions of the OH
product that this minor product channel occurs via a compe-
tition between a direct abstraction channel and an indirect
short-lived addition complex forming reaction. To support
their interpretation they calculated the relevant minima and
transition states on the global potential energy surface for the
reaction at the CBS-QB3 level of theory.13 Their Rice–
Ramsperger–Kassel–Marcus �RRKM� rates from the
OCH2CHCH2 radical intermediate suggest that the branch-
ing to the H2CO+C2H3 product channel should be nearly
equal to that of acrolein+H �7.4 /8.4 for the collision energy
used in the molecular beam experiment�, in contrast to the
experimental results of Slagle et al.8 Later work11 in the
same group detected H-atom products using vacuum ultra-
violet �VUV�-LIF at 121 nm, attributing them to the H
+acrolein product channel.

In 2006–2007, Casavecchia and co-workers14,15 studied
the product channels in the O+allyl reaction in a crossed
molecular beam scattering apparatus with low-energy elec-
tron bombardment ionization of the products. Although this
versatile experimental technique provided compelling results
for the qualitatively similar reaction of O+ethene, product
identification in the O+allyl studies was problematic. Their
2007 paper concluded that acrolein+H is a definitive product
channel, but they were unable to definitely assign the signal
detected at m /e=27 and 29. They conclude that “one or
more C–C bond breaking channels” contribute to the product
branching.

Our work presented here seeks to determine the product
channels resulting from a specific radical intermediate of the
O+allyl reaction, which forms upon addition of the O atom
to one of the end carbons rather than the central carbon. We
first characterize the photolytic production of the radical,
photodissociating C3H5ClO �epichlorohydrin� at 193.3 nm to
yield a Cl atom and the cyclic radical labeled INT2 in Fig. 1;
the vibrationally excited cyclic radical easily isomerizes un-
der collision-free conditions to form the O atom adduct
OCH2CHCH2 labeled INT1 in Fig. 1 �the ring opening could
also occur concertedly with the C–Cl fission�. The experi-
ments characterize the velocity and internal energy distribu-
tions of these radicals, and then probe the resulting products
from the internally excited radical intermediate. As the dy-
namics relevant to the bimolecular reaction is initiated in this
radical adduct, our experiments do not probe the direct ab-
straction channels in the O+allyl reaction, but rather the
addition/elimination pathways important upon addition to the
terminal C atom. Thus, the data provide definitive measure-
ments that are complementary studies of the full bimolecular
collision. As is apparent within, they further allow one to
elucidate the addition/elimination pathways on the global po-
tential energy surface from specific radical addition com-
plexes to the final product channels accessed by the O atom
addition to the terminal C atom in this experiment. Thus,
they shed light on the origin of the product branching ob-
served in crossed beam or kinetics measurements.

II. EXPERIMENT

All three of the experimental apparatuses have been de-
tailed in previous publications cited below, so only the sa-
lient features shall be discussed below. The crossed laser-
molecular beam instruments are quite similar; hence the
details from the electron impact apparatus, if different, will
be given inside of square brackets after the corresponding
part or parameter is listed for the VUV ionization apparatus.
Unfamiliar readers may refer to an overview of photodisso-
ciation dynamics given in a review by Butler and Neumark16

in order to gain a better understanding of the experimental
setups and the data they measure.

The velocity distributions of the Cl atoms and C3H4O
�m /e=56� radical photofragments of epichlorohydrin were
measured with the rotating-source, crossed laser-molecular
beam apparatus17–21 on the 21A1 U9/Chemical Dynamics
beamline at the National Synchrotron Radiation Research
Center �NSRRC� located in Hsinchu, Taiwan �the electronic

FIG. 1. �Color online� Partial potential energy surface for O+allyl calcu-
lated at the RCCSD�T� /aug-cc-pVQZ�UCCSD /aug-cc-pVDZ level of
theory. All energies are in kcal/mol, corrected for the zero point energy, and
relative to INT2, which is set as the zero of energy.
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impact apparatus21 is located at the University of Chicago�.
A Lambda Physik LPX 220 ArF laser �Lumonics PM-848
ArF laser�, operating at 193.3 nm, produced momentum-
matched Cl atoms and C3H5O radicals by photodissociation
of epichlorohydrin, Fluke�98% purity �Acros�98% �. The
laser operated at 70 Hz �100 Hz� with a measured per pulse
energy for each spectrum ranging from 10 to 12 mJ
�20–30 mJ�. This is below the saturation level of epichloro-
hydrin, which has a small absorption cross section of about
10−19 cm2. The focused laser beam was a rectangle 8.5 mm
tall by 2.5 mm wide �3�2 mm2�, which intersected the
�3 mm diameter molecular beam. The molecular beam,
consisting of room temperature epichlorohydrin seeded in
helium having a backing pressure of 800 torr �650 torr�, was
expanded through an Even-Lavie �Parker General� pulsed
valve. The pulsed valve had an orifice 0.4 mm �0.5 mm� in
diameter, which was heated to 110 °C �90 °C�.

The molecular beam’s speed distribution at the point
where photodissociation occurred was determined using a
chopper wheel nominally operating at 200 Hz �300 Hz�. The
short flight path in the apparatus at the NSRRC necessitated
taking considerable care in measuring the timing offsets in-
herent in the measurement �e.g., the molecular beam passed a
chopper slit a quarter revolution after the photodiode sync
pulse, so correcting for a rotational frequency of 199 rather
than 200 Hz results in a 6.28 �s difference�. The peak in the
number density distribution of molecular speeds was
1620 m /s with a full width at half maximum �FWHM� of
28.3% �1420 m /s with a FWHM of 14.1%�. Only a small
number of recoiling photofragments, those having the proper
velocity after photodissociation to enter the detector, crossed
the 10.05 cm �44.6 cm� neutral flight path where tunable
VUV synchrotron radiation �200 eV electrons� ionized them.
Photoionization energies were tuned with the U9 undulator
gap, and a 7 mm diameter circular aperture defined the VUV
beam. In this work a 33 mm gap was used to obtain a nomi-
nal photoionization energy of 13.79 eV, but it should be
noted that the actual maximum of intensity was at 13.77 eV.
�Refer to our previous publication regarding ethyl chloride22

for a more complete discussion of this recalibration.� Like-
wise, the undulator gap of 31.25 mm for a nominal energy of
12.14 eV was recalibrated to 12.08 eV. A rare gas filter �Ar
and Kr� operated at approximately 10 torr filtered out higher
harmonics of the VUV. After traveling through the ionizing
region, the photofragments were mass selected using an Ex-
trel 1.7 MHz �Extrel model 13 High-Q head� quadrupole
mass spectrometer and were counted by a Daly detector.23 A
multichannel scaler recorded the total time of flight �TOF� of
the photofragments spent in traveling from the interaction
region to the Daly detector. There was a time lag of 1.54 �s
between triggering of the multichannel scaler and firing of
the laser for which all TOF spectra and associated fits are
corrected. The flight times depicted in the figures herein are
the sum of the neutral photofragment flight time �from a
velocity determined by the vector sum of the center-of-mass
velocity, the recoil velocity imparted to the Cl and
OCH2CHCH2 photofragments and, for bimolecular prod-
ucts, the recoil velocity imparted to the product as the radical
dissociates� and the ion flight time through the mass spec-

trometer. The latter is calculated using the apparatus’ mea-
sured ion flight constant of 5.40 �s amu−1/2 �4.5 �s amu−1/2�.
The recoil translational energy distribution from the C–Cl
bond fission is determined by creating a forward convolution
fit to the TOF spectra. Finally, the conservation of energy
yields an internal energy distribution of the nascent C3H5O
radicals.

To resolve the spin-orbit state of the Cl atoms and their
individual velocity distributions, we used the two-
dimensional photofragment velocity map ion imaging appa-
ratus with resonance-enhanced multiphoton ionization
�REMPI� photoionization detection of the Cl atoms. The ex-
perimental method24–26 has been described in detail previ-
ously and used in several studies27–29 in our laboratory.
Samples of epichlorohydrin were purchased from Aldrich
and used without further purification. The sample was intro-
duced into the photodissociation region in the form of a
seeded and skimmed supersonic beam. The helium was
bubbled through the epichlorohydrin, forming a 10% seeded
beam, prior to the expansion through a pulsed valve �nozzle
diameter �0.6 mm� at a stagnation pressure of 500 torr.

The 532 nm output of a Nd:YAG �yttrium aluminum
garnet� laser �Continuum PL9020� was used to pump a dye
laser �Lambda Physik, FL3002, LDS698 dye�, which gener-
ated visible radiation in the region of 675–715 nm. The dye
laser output was frequency doubled in a potassium dihydro-
gen phosphate crystal, and the resulting 353 nm light was
mixed with the 706 nm fundamental in a beta-barium borate
crystal, producing the 235 nm UV radiation. A focusing lens
�focal length �109 mm� was used to focus the 235 nm laser
into the chamber. The 235 nm light was linearly polarized
along an axis vertically perpendicular to the molecular beam
and parallel to the detector surface. A 193.3 nm ArF excimer
laser �GAM EX10F/300�, counterpropagated with the
REMPI light, was focused into the reaction chamber by a
focusing lens �focal length �50 mm�; this light was used to
photodissociate the epichlorohydrin sample. The atomic
Cl�2P1/2� and Cl�2P3/2� fragments were then ionized via
�2+1� REMPI at 235.20 nm �4p 2P1/2←3p 2P1/2� and
235.34 nm �4p 2D3/2←3p 2P3/2�, respectively. During the
experiment, the pulse energy ��0.5 mJ� of the 235 nm laser
beam was reduced substantially to minimize Coulomb repul-
sion between the ions formed in the photodissociation
region.

The spherically expanding ion cloud formed during pho-
todissociation was accelerated toward a two-dimensional
position-sensitive detector by an electrical ion lens assembly
having a repeller/extractor voltage ratio of 1.404. After trav-
eling through the TOF drift region ��577 mm�, the ions
were collected by a detector �Burle 3040FM� consisting of
two chevron microchannel plates �MCPs� coupled to a P20
phosphor screen via fiber optics. In order to detect only the
ions of interest, the front MCP voltage was gated by applying
a negative voltage pulse at the appropriate time. The pulse is
−750 V in magnitude and 70 ns in width. The phosphor
screen was maintained at 3.5 kV above the potential of the
rear MCP. Images appearing on the phosphor screen were
recorded by a 1376�1040 pixel charge-coupled device cam-
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era �LaVision Imager 3� with a standard 35 mm camera lens.
The ion signal was obtained using the event-counting algo-
rithm in the DAVIS software, and each image was accumu-
lated for over 100 000 laser shots. The timing sequence for
opening of the pulsed valve, firing the Nd:YAG and excimer
lasers, pulsing the MCP, and capturing the ion images was
controlled by a digital pulse generator �Stanford Research
DG535� at a repetition rate of 20 Hz. During the detection of
the Cl�2P1/2� and Cl�2P3/2� fragments, the laser was scanned
over the Doppler profile. Reconstruction of the images into
three-dimensional scattering distributions was performed us-
ing the Gaussian basis-set expansion Abel transformation
method developed by Dribinski et al.30

III. RESULTS AND ANALYSIS

A. Photolytic generation of the radical intermediate

This experiment begins with investigating the photolytic
generation of the OCH2CHCH2 radical intermediate from
the following photodissociation reaction:

c-OCH2CHCH2Cl → c-OCH2CHCH2 + Cl�2P3/2,1/2� .

�1�

The primary product is a radical in which the O atom bridges
the center and one end C atom �INT2 in Fig. 1�. The photo-
dissociation produces a rotationally and vibrationally excited
radical whose internal energy distribution is characterized by
measuring the velocity of the momentum-matched Cl atom;
the radical then undergoes a facile ring opening to form the
straight chain OCH2CHCH2 radical labeled INT1 in Fig. 1.
�This ring opening may also occur during C–Cl bond fis-
sion.� The bond dissociation energy �D0� for the C–Cl bond
fission channel is calculated at the Gaussian-3 �G3 �B3LYP�
�Refs. 31 and 32� level of theory using the GAUSSIAN03

package.33

The geometries and the associated frequencies in Fig. 1
were calculated with the UCCSD/aug-cc-pVDZ level of
theory using GAUSSIAN03 because it has analytic gradients.
All geometry optimizations were performed without symme-
try starting from both the cis and trans isomers so as to
reduce the likelihood of only finding local minima. The ge-
ometries were converged to a root-mean-square �rms� force
below 1�10−6 and a rms displacement below 4�10−6,
where both are in a.u. Intrinsic reaction coordinate calcula-
tions were performed at the B3LYP/aug-cc-pVTZ level of
theory for each transition state to make sure it corresponds to
the correct reactants and products. Restricted, open-shell
coupled cluster single point energies, RCCSD�T�, were cal-
culated using the MOLPRO package34,35 with ROHF and cor-
relation energies converged to less than 1 � hartree. The
single point energies include the zero point energy correction
based on the unscaled UCCSD/aug-cc-pVDZ frequencies.
All of the relevant structures �including conformers not
shown in Fig. 1�, moments of inertia, and vibrational fre-
quencies are given in the supplementary EPAPS document.36

The internal energy distribution of the nascent C3H5O
radicals is calculated from the measured product recoil trans-
lation energy, ET, using

Eint�c-OCH2CHCH2� = Eint�c-OCH2CHCH2Cl�

+ h� − D0�c-OCH2CHCH2 – Cl�

− ET − Eso. �2�

The vibrational energy content of epichlorohydrin �i.e.,
Eint�c-OCH2CHCH2Cl�� at 298 K is estimated to be
1.4 kcal /mol �2.5 kcal /mol at 383 K� using the harmonic
vibrational frequencies calculated at the B3LYP /6-31G�d�
level and scaled by a factor of 0.96. We assume that the
supersonic expansion effectively cools down the rotational
motions but not the vibrations. There are three possible con-
formers of the precursor molecule with different orientations
of the chloromethyl group with respect to the cyclic ring.
G3 �B3LYP calculations predict that the relative stability of
these three conformers differ by 0.6–1.2 kcal /mol. Thus, the
conformers are indistinguishable, given the experimental un-
certainty in this study and the accuracy of the theoretical
methods employed here. The photon energy, h�, is
147.8 kcal /mol for 193.3 nm light. D0�c-OCH2CHCH2–Cl�
is calculated at the G3 �B3LYP level to be 80.1 kcal /mol
�the energy difference between the most stable conformer of
epichlorohydrin and the radical+Cl�2P3/2��. �We also calcu-
lated the C–Cl bond energy using the CCSD geometries and
complete basis set extrapolations for the energies; this gives
a value only 1 kcal /mol higher.� Eso can be 0 or
2.5 kcal /mol, corresponding to the ground spin-orbit state
�2P3/2� and excited state �2P1/2� of the Cl atom. The relative
populations of each are determined as a function of ET by the
data in Sec. III F.

B. Determining the internal energy distribution
of the nascent radicals

To determine the internal energy of the radicals probed
in our experiments, we use energy conservation as shown in
Eq. �2�. We need only measure the distribution of recoil ki-
netic energies ET, imparted between the Cl atom and the
momentum-matched radical by detecting the Cl atom veloc-
ity distribution. The figures herein show data taken using the
molecular beam scattering apparatus with VUV ionization
unless otherwise noted. Figure 2 shows the forward convo-
lution fit to the Cl+ TOF spectrum at m /e=35. The distribu-
tion is bimodal with a sharp, fast peak at approximately
60 �s corresponding to the solid line and a small slow, broad
feature peaking near 90 �s, the dashed line. The two distinct
distributions are also apparent in Fig. 3, which displays the
recoil kinetic energy �KE� distribution resulting from the for-
ward convolution fit to the data in Fig. 2. The high KE com-
ponent, in solid line, has a maximum at about 33 kcal /mol
and comprises 87% of the total. The low KE portion of the
distribution �for C–Cl fission events forming higher internal
energy radicals�, in dashed line, has a maximum near
1 kcal /mol and comprises 13% of the total. The separation
of the P�ET� into two parts is approximate in regions where
they overlap; we show below that the minor low recoil KE
portion of the distribution produced radicals that do not dis-
sociate to H+acrolein, so we used fits of the acrolein data to
determine the high KE component in the overlapping re-
gions. Using Eq. �2� and the imaging results described in the

084301-4 FitzPatrick et al. J. Chem. Phys. 129, 084301 �2008�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



next section to determine the spin-orbit state of the Cl atom
at each recoil KE, this P�ET� for the C–Cl bond fission is
converted to a distribution of internal energies in the nascent
radicals ranging from 17 to 70 kcal /mol with a maximum at
38 kcal /mol. The chlorine spectrum taken using VUV ion-
ization is compared with one using electron impact ioniza-
tion because the latter ionizes all species democratically, in-
dependent of quantum state�s� of the photofragment. Figure
4 presents the electron impact ionization TOF spectrum of
chlorine where the source region is rotated 15° above the
detector axis. The quality of the fit to the fast peak is quite
good, indicating that no preferential ionization takes place
when using broad-linewidth tunable VUV near 13.8 eV for
detecting Cl�2P3/2� and Cl�2P1/2�. Unfortunately, a similar

characterization of the slower peak could not be made be-
cause an uneven background grew in at longer flight times
and could not be subtracted out due to lack of insufficient
data collected with the laser off.

C. The H+acrolein product channel from the selected
radical intermediate

As expected from the fact that we produce all the na-
scent radicals with enough internal energy to isomerize to
straight chain OCH2CHCH2 and dissociate to one or more
product channels of the O+allyl bimolecular reaction �see
Fig. 1�, we do not detect signal �integrating for �225 000
shots� at the stable C3H5O radical mass �m /e=57�. However,
since the acrolein+H product channel involves only loss of a
H atom, we expect the acrolein �m /e=56� velocity to be
nearly identical to the velocity of the radical that dissociated
to give that product. Thus we can use the P�ET� in Fig. 3 to
predict the velocities of the momentum-matched radicals to
the Cl atoms formed in the primary photodissociation pro-
ducing the high internal energy radicals; then the acrolein
product velocity distribution, being intangibly altered by loss
of a H atom, should be very nearly momentum matched to
chlorine if the radicals of all internal energies access that
product channel. Figure 5 is the TOF spectrum of acrolein
with two fits. The gray solid line fit is predicted from the
P�ET� in Fig. 3 derived from the entire Cl atom TOF distri-
bution. It clearly overfits the data on the fast side, thereby
demonstrating that the lowest internal energy radicals, those
formed in the highest ET photodissociation events, are
formed with too little internal energy to access the H
+acrolein product channel. The good fit shown by the dashed
line in Fig. 5 is calculated from the P�ET� represented by the
dashed line in Fig. 6 �it is superimposed on the major C–Cl
bond fission P�ET�’s from Fig. 3 for comparison�. In Sec. IV
we describe the model that gave a good fit to the distribution

FIG. 2. �Color online� TOF spectrum of m /e=35 at a source angle of 25°.
The data, with constant background subtracted, were accumulated for
275 000 laser shots. The open circles correspond to the data points and the
solid and dot-dashed lines represent the forward convolution fits to the spec-
trum from the P�ET� given in Fig. 3.

FIG. 3. �Color online� Total recoil KE distribution derived from forward
convolution fitting the m /e=35 data shown in Fig. 2. The high recoil KE
portion of the distribution shown in solid line corresponds to C–Cl fission
events that produce radicals that subsequently access the H+acrolein prod-
uct channel. In contrast, the lower recoil KE portion of the distribution
shown in dot-dashed line does not.

FIG. 4. �Color online� Chlorine spectrum taken at the University of Chicago
using electron bombardment ionization and 1�106 shots with constant
background subtraction. The open circles are the data points, and the solid
line is the fit calculated from the solid line portion of the P�ET� in Fig. 3.
The low recoil KE portion of the P�ET� is not used because the pulsed
nozzle created a nonconstant background at longer flight times, so the data
are not high enough quality to discern that contribution.
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of internal energies of radicals that the data show, which
dissociate to form H+acrolein. It is clear that, independent of
any model, the acrolein data show that the lowest internal
energy radicals do not dissociate to H+acrolein; therefore
the acrolein+H product channel must be accessed by a tran-
sition state that is 2–3 more kcal/mol higher in energy than
the lowest dissociation channel of the radical intermediates.
This result is consistent with the prediction from our
CCSD�T� electronic structure results that most of the radicals
dissociating to the H+acrolein product channel do so via a
loose transition state 17.5 kcal /mol above the INT2 zero

point level, while radicals with 2 kcal /mol lower energy can
dissociate by isomerizing to INT4 and then dissociating to
ethene+HCO. Thus the lowest internal energy radicals that
we produce can dissociate to ethene+HCO, but not to
acrolein+H, so acrolein is not formed from the fastest por-
tion of P�ET� that produces OCH2CHCH2 radicals, as these
radicals do not have enough vibrational energy to surmount
the 17.5 kcal /mol barrier to acrolein+H.

Interestingly, the data in Fig. 5 also show that the slow
broad peak present in the m /e=35 spectrum is absent for
m /e=56. This absence indicates that the radical cofragments
formed in conjunction with the slow Cl atoms do not signifi-
cantly access the acrolein+H product channel even though
they have higher internal energies than the radicals formed in
the main C–Cl fission channel. This is also evident in com-
paring the dashed line portion of the P�ET� in Fig. 6, which
fits the measured acrolein velocity distribution, with the
overall C–Cl bond fission KE distribution in Fig. 3. The low
KE portion of the P�ET� in Fig. 3, shown in dot-dashed line,
does not result in radicals which dissociate to H+acrolein.
Thus the radicals produced in this minor channel, with the
low kinetic energies fitted by the small broad portion of the
C–Cl bond fission P�ET� peaking near 1 kcal /mol in Fig. 3,
access quite distinct dynamics from the bulk of ground state
radicals produced in the major C–Cl bond fission channel.
We considered the possibility that this minor channel corre-
sponds to the formation of Cl and electronically excited
C3H5O radicals, but no low-lying excited state of the radical
emerged as a clear candidate. The unique dynamics that re-
sulted in these very high internal energy radicals not access-
ing the H+acrolein product channel is still under
investigation.37

In prior work on radical dissociation via H-atom loss, we
were able to use the threshold C–Cl bond fission recoil KE at
which we lost radicals to dissociation to deduce, via energy
conservation, the corresponding internal energy in the radical
at threshold and, thus, the barrier for H loss from the radical.
However in the case of the c-OCH2CHCH2 radicals pro-
duced from the photodissociation of epichlorohydrin, when
significant energy is partitioned to recoil KE, the large im-
pact parameter also results in substantial energy being parti-
tioned into rotation of the radical. If one uses a simple im-
pulsive model assuming that the recoil KE is imparted
impulsively at the equilibrium geometry of epichlorohydrin,
one predicts that to conserve angular momentum the radicals
must be imparted with 22 kcal /mol of rotational energy
when 40 kcal /mol is partitioned to recoil KE between the
radical and the Cl atom. The resulting radicals would then
have large translational and rotational energies, leaving them
with small amounts of vibrational energy. Hence, we did
attempt to detect stable radicals even though their calculated
total internal energy was above the lowest dissociation bar-
rier. Unlike our prior work on allyl iodide photodissociation,
in which we did detect allyl radicals that did not dissociate
by virtue of a large portion of their internal energy being in
rotation instead of in vibrational energy, we did not detect
stable OCH2CHCH2 radicals. We conclude that the C–Cl
bond fission from electronically excited epichlorohydrin ac-
cesses geometries outside the Franck–Condon region with a

FIG. 5. �Color online� TOF spectrum for acrolein, m /e=56, using 11.91 eV
photoionization, accumulated for 200 000 laser shots with constant back-
ground subtraction. The open circles represent the data points, and the solid
line shows the poor fit to the data if one uses the entire C–Cl fission P�ET�
in Fig. 3 to predict the velocity of the acrolein products �the loss of a H atom
from the momentum-matched radical to the Cl atom does not appreciably
alter the acrolein product velocity�. The dashed line fit, calculated from the
dashed line P�ET� in Fig. 6, reveals which subset of the momentum-matched
radicals access the H+acrolein product channel.

FIG. 6. �Color online� Comparison of the high KE portion of the m /e=35
P�ET� �solid line� and the m /e=56 P�ET� �dashed line�. The m /e=56 dis-
tribution lacks the low recoil KE portion corresponding to the slow tail
present in Fig. 2. The m /e=56 P�ET� also deviates from the m /e=35 P�ET�
at the higher recoil translational energies, beginning at 38 kcal /mol. The
relative normalization of the two P�ET�’s is arbitrarily set to the statistical
prediction for the product branching to the subsequent H+acrolein channel.
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smaller impact parameter before undergoing an impulsive
dissociation and thus partitions a smaller fraction of the
available energy to rotation. In Sec. IV we use a model with
variable partitioning to rotational energy to analyze the sub-
sequent dissociation dynamics of the OCH2CHCH2 radicals.

D. Identifying the C-C fission product channels
from the OCH2CHCH2 radical intermediate

We now turn to the other product channels of the O
+allyl bimolecular reaction that can potentially be accessed
from the radical intermediate studied in this work; the four
C–C bond fission channels are shown in Fig. 1. We can as-
sign which of these product channels contribute significantly
to the product branching from this radical intermediate by
careful examination of the signal detected in our experiments
at m /e=30, 29, 28, and 27. Figure 7 displays the TOF spec-
trum for each of the above masses obtained with 12.1 eV
photoionization. All of them exhibit a bimodal structure with
the m /e=29 data displaying the two peaks most clearly,
which suggests that the product channels represented by the
spectra are produced via two dynamical pathways. The two
components in these spectra are products from both the high
KE fragments formed in the dominant C–Cl bond fission
channel and the low KE radicals formed in the minor com-
ponent of the primary photofission P�ET� partitioning from
0 to 12 kcal /mol in product translation. The m /e=56 data
showed that the low KE radicals do not dissociate to H
+acrolein, so their branching to the C–C fission product
channels is correspondingly larger.

Let us consider the C–C bond fission products from the
ground state radicals produced in the dominant high recoil
KE channel. Because these radicals are formed from the
C–Cl bond fission events with higher recoil KEs �from
12 to 50 kcal /mol�, the products from these ground state
radicals would have faster velocities even though the loose
transition states for the C–C bond fission channels in the
ground state are not expected to release substantial energy to
relative KE as these radicals dissociate. The m /e=30 data
must correspond to the photoionization of formaldehyde
product at 12.1 eV, indicating that a significant component
of the product branching is to formaldehyde+C2H3. The
m /e=27 data have a very similar shape to the m /e=30 data,
as expected from a momentum-matched product in the same
channel with similar mass to its coproduct. A careful analysis
of the m /e=28 and m /e=29 data reveals that these are pri-
marily due to the C2H4+HCO product channel, not the
C2H5+CO product channel. The reasoning is as follows. The
ionization energy of CO is 14 eV so it would not contribute
to the m /e=28 spectrum at 12.1 eV. Progressing to the other
product in that channel, ethyl radicals give substantial signal
at m /e=29, 28, and 27 �the latter two from dissociative ion-
ization� at high photoionization energies �e.g., 13.8 eV�.
However, a previous work22 in this group showed that the
dissociative ionization of ethyl radicals to m /e=28 is negli-
gible at 12.1 eV, which was the ionization energy used for
the data in Fig. 7. Also, the m /e=28 spectrum cannot result
from the dissociative ionization of formaldehyde or HCO at
12.1 eV, as those appearance energies are 14.1 eV �Ref. 38�

and 14.6 eV,39, respectively. Dissociative ionization of ac-
rolein at 12.1 eV could give signal at m /e=28, but this sig-
nal would have the same narrow velocity distribution as the
signal in Fig. 5; the acrolein dissociative ionization signal,
adjusting for the difference in ion flight time, would peak
near 68 �s in the m /e=28 TOF spectrum, which lies be-
tween the two peaks in the observed signal. Thus, the major-
ity of the signal in the m /e=28 data in Fig. 7 must result

FIG. 7. TOF spectra for m /e=30, 29, 28, and 27 at a source angle of 25°
and an ionization energy of 12.14 eV. Each set was accumulated for
200 000 shots and has the measured time-dependent background subtracted,
except for m /e=30 spectrum that used 300 000 shots and constant back-
ground subtraction.
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from ethene, the cofragment of HCO. The momentum-
matched HCO product at m /e=29 is expected to have a very
similar TOF spectrum to the ethene spectrum at m /e=28
because the two products in the HCO+ethene product chan-
nel have almost the same mass, and Fig. 7 shows this is true.
The m /e=29 data may also include contributions from dis-
sociative ionization of formaldehyde �the appearance energy
of HCO+ from formaldehyde was reported near 12 eV�. We
conclude that C2H5 does not contribute significantly to the
m /e=29 signal because our photoionization efficiency
curve37 at this mass has a much later onset than that mea-
sured by Wang et al.40 for C2H5.

Thus, we conclude that the data in Fig. 7 mainly result
from two product channels, the formaldehyde+C2H3 product
channel, which can occur in competition with the observed
acrolein+H product channels via loose transition states from
INT1, and the ethene+HCO product channel, which is ex-
pected to be the dominant channel from the INT1 radicals
that are able to isomerize to INT4. We do not expect signifi-
cant branching to the most exothermic channel, the CO
+ethyl product channel. If the barrier for isomerization of
INT4 to INT5 is comparable to or higher than the barrier to
dissociate directly to ethene+HCO, as predicted from the
CCSD�T� calculations, one would not expect substantial
branching to the CO+ethyl product channel as the tighter
transition state results in smaller rate constants. We also ob-
served a very small but non-negligible signal at ketene after
integrating for 100 000 shots; this will be discussed in a later
publication.37

E. Branching fraction to the H+acrolein product
channel

The data presented herein also allow us to determine the
branching fraction to the H+acrolein product channel result-
ing from the well-characterized internal energy distribution
of the O+allyl radical intermediate under study. We can then
compare this to statistical predictions for the branching frac-
tion determined from the calculated transition states for the
competing product channels. To experimentally determine
the product branching fraction, we must use the results of
several prior studies, as the determination requires estimating
the relative photoionization cross sections of Cl atoms at
13.8 eV and of acrolein near 12 eV.

We begin by analyzing the integrated signals at m /e
=35 from Cl atoms and m /e=56 from acrolein. As each
neutral Cl atom produced photolytically has a radical cofrag-
ment, the branching fraction for the radical cofragments to
form H+acrolein products can be determined from the ratio
of acrolein product to Cl atoms. Using TOF spectra at Cl+

and the acrolein cation CH2CHCHO+ taken consecutively
and detected at 13.8 and 11.9 eV, respectively, we integrate
the signal in each spectrum, normalizing each to 1000 laser
shots. Then we divide each integrated signal by a correction
factor that accounts for the expected signal due to the three-
dimensional scattering kinematics in the photodissociation,
the differing transit times through the ionization region due
to the neutral fragment velocities, and the appropriate Jaco-
bian factor. We also correct for the fraction, 0.7578, of Cl

atoms that are 35Cl, as we detect the acrolein products from
the radicals that are momentum matched to both isotopes of
Cl but only detect 35Cl. Finally, we must correct the inte-
grated signal at each ion by the partial photoionization cross
section of Cl to form Cl+, �Cl/Cl+, and CH2CHCHO to form
parent ion CH2CHCHO+, �C3H4O/C3H4O+. Integrating the Cl+

signal from channel 50 to 69 �with subtraction of the tiny
overlapping signal from the minor C–Cl fission channel� and
the m /e=56 signal from channel 70 to 95 and using the solid
and dashed line P�ET�’s in Fig. 6 to make the appropriate
corrections for differing neutral fragment kinematics for Cl
atoms and acrolein, we obtain

fH+acrolein = � integrated counts at C3H4O+

integrated counts at 35Cl+
	�75.78

100
	

�� expected Cl signal

expected C3H4O signal
	 �Cl/Cl+

�C3H4O/C3H4O+

= �5.364

12.70
	�75.78

100
	�0.1019

0.2434
	�23.7

17.8
	 = 0.18.

�3�

The partial photoionization cross sections in the end of the
equation above were determined as follows. Acrolein can
dissociatively ionize at 12 eV. We only used the integrated
signal from acrolein at m /e=56 �to avoid contamination by
other products�, so we must determine the partial photoion-
ization cross section of CH2CHCHO to CH2CHCHO+,
�C3H4O/C3H4O+, the product of the total photoionization cross
section and the fraction of ionized species that appear at the
parent ion. We did this by comparing the signal at m /e=56
from an acrolein beam and m /e=28 signal from an ethene
beam detected with VUV photoionization. Photoionizing two
neat molecular beams of acrolein and ethene, both with a
nozzle temperature of 50 °C and a stagnation pressure of
240 torr at 12.1 eV, gave the ion relative signals determined
from the average of six trials as CH2CHCHO+ /C2H4

+

=2.15�0.16 �95% confidence interval�. Then multiplying by
8.29 Mb, the literature photoionization cross section41,42 of
ethene at the nearest tabulated photoionization energy gives
�C3H4O/C3H4O+ =17.8 Mb. �We use the most recent determina-
tion of the ethene photoionization cross section, although
Grimm et al.43 reported a much lower value of 4.7 Mb at
12 eV.� The value used for the photoionization cross section
of Cl of 23.7 Mb at 13.8 eV is an average over the band-
width of the photoionization source at the NSRRC; its deter-
mination is described in detail in Ref. 22, putting this cross
section on the same scale as a recent determination44 of the
photoionization cross sections of vinyl and propargyl radi-
cals. Thus this cross section will also be useful in determin-
ing the branching fraction to the H2CO+C2H3 product
channel presently underway.

F. Velocity map imaging of the Cl„2P3/2… and Cl„2P1/2…

components

Returning to the chlorine spectra, the ion images of the
Cl�2P3/2� and Cl�2P1/2� photofragments are shown in
Figs. 8�a� and 8�b�, respectively, with the 235 nm laser
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polarization direction along the vertical axis. Each image dis-
plays a dominant high KE release component; the minor low
recoil KE C–Cl bond fission channel produces radicals in
conjunction with Cl�2P3/2�. The speed distributions of the
Cl�2P1/2,3/2� fragments are extracted by integrating the three-
dimensional speed distributions over all solid angles at each
speed, and the total center-of-mass translational energy dis-
tributions, P�ET�’s, are derived from the Cl�2P1/2,3/2� atom
speed distributions using conservation of momentum and
correcting for the appropriate Jacobian. The results are pre-
sented in Fig. 9, where the peak value of translational energy
release in the C–Cl fission channel that produces Cl�2P3/2�
atoms is 32.0 kcal /mol, and that producing Cl�2P1/2� is
34.0 kcal /mol.

Similar to the consistency check between the tunable
VUV and electron impact ionization data, the P�ET�’s for the
velocity map imaging and the tunable VUV are compared in
Fig. 10. The degree of similarity between the two transla-
tional energy distributions is remarkable. Gross features such
as the main peak and its width are nearly identical. The only
differences arise in the smaller KE portion of the distribu-
tions where the velocity map imaging distribution is slightly
lower around 16 kcal /mol.

State-selective detection methods of Cl�2P3/2� and
Cl�2P1/2�, such as REMPI, provide a means for measuring
the relative populations of the fine-structure states of the
chlorine photofragments. Detection of Cl�2P1/2� via the
4p 2P1/2←3p 2P1/2 scheme is more efficient than the detec-
tion of Cl�2P3/2� using the 4p 2D3/2←3p 2P3/2 transition, so

the fraction of ground state chlorine must be increased to
compensate for the difference. Equation �4� illustrates the
above calculation,

N�Cl*�
N�Cl�

=
S�Cl*�
S�Cl�

LS�Cl�
LS�Cl*�

. �4�

The ratio N�Cl*� /N�Cl� is the relative spin-orbit branching
in which we are interested. S�Cl*� /S�Cl� is the measured
branching ratio between the states without correction for dif-
fering REMPI detection efficiencies. It is obtained by inte-
grating the chlorine ion signal intensity over the entire ve-
locity range. Lastly, LS�Cl� /LS�Cl*�
 f is the line strength
factor, where f =0.85, as determined by Liyanage et al.45

Utilizing the above equation, the measured ion signal ratio,
Cl* /Cl=0.89�0.15, and the line strength factor, the branch-

FIG. 8. The upper frame shows the raw image of Cl�2P3/2� obtained by
photodissociating at 193.3 nm and probing with 235.34 nm via the
4p 2D3/2←3p 2P3/2 transition. The lower frame shows the raw image of
Cl�2P1/2� obtained by photodissociating at 193.3 nm and probing with
235.20 nm via the 4p 2P1/2←3p 2P1/2 transition. The laser polarization is in
the vertical direction as marked by the double-headed arrow, and each raw
image is 861�861 pixels.

FIG. 9. �Color online� Total center-of-mass translational energy distribu-
tions for the ground �dotted line� and excited �dashed line� states of chlorine,
m /e=35. The overall fit, after accounting for the proper line strength factor
�Ref. 45� is given by the solid line.

FIG. 10. �Color online� Comparison of the recoil translational energy dis-
tributions for m /e=35 using tunable VUV detection or velocity map imag-
ing with REMPI ionization. The solid line corresponds to the distribution
from the crossed laser-molecular beam apparatus having tunable VUV ion-
ization, and the dashed line corresponds to the velocity map imaging
distribution.
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ing ratio for Cl�2P1/2� /Cl�2P3/2� is 0.76�0.17, and the re-
sulting quantum yields are ��Cl�2P1/2��=0.43�0.02 and
��Cl�2P3/2��=0.57�0.02. Note that this ratio would be
much different for the slow tail as shown in Fig. 9 where
ground spin-orbit state chlorine dominates.

IV. DISCUSSION

Many elementary bimolecular reactions, including the
reaction of O atoms with allyl radicals studied here, can pro-
ceed by two qualitatively distinct mechanisms: addition/
elimination and direct abstraction. An addition mechanism
forms vibrationally excited radical intermediates whose sub-
sequent isomerization and dissociation dynamics determine
the final product branching for the bimolecular reaction. To
probe a key portion of these dynamics, our experimental
methodology generates a particular isomeric form of an un-
stable radical intermediate along a bimolecular reaction co-
ordinate under collisionless conditions and investigates the
branching between the ensuing product channels of the en-
ergized radical as a function of its internal energy. The data
probe the barriers encountered by the radical intermediates as
each proceeds toward one of the product channels of the
bimolecular reaction, providing key benchmarks for emerg-
ing electronic structure calculations on reactions proceeding
through radical intermediates. The methodology can probe
the dynamics resulting from each of several possible radical
intermediates, thereby offering key observables for compari-
son with statistical or classical and quantum reactive scatter-
ing dynamics predictions on the potential energy surface�s�
of the bimolecular reaction.

While the H+acrolein channel was understood to be an
important product channel of the O+allyl reaction, the work
presented here definitively assigned the other major product
channels accessed by addition of the O atom to an end car-
bon atom of the allyl radical. Our data showed that the
H2CO+C2H3 and the C2H4+HCO product channels contrib-
ute substantially to the product branching along with H
+acrolein, but the most exothermic product channel, C2H5

+CO, probably does not. These results are in accord with the
predicted transition states en route to products calculated at
the CCSD�T� level of theory shown in Fig. 1. The radical
formed by addition of the O atom to an end C atom, INT1 in
Fig. 1, can dissociate directly to the formaldehyde+C2H3

product channel or the acrolein+H product channel via two
loose transition states, or it can isomerize to the radical la-
beled INT4 in Fig. 1. The fraction of radicals that isomerize
to INT4, CH2CH2CHO, predominantly dissociates directly
to C2H4+HCO, the third major product channel observed in
our work, via a loose transition state of low energy. The fact
that we observe no significant branching to the most exother-
mic channel, the ethyl+CO product channel, is easily under-
stood by considering the calculated transition states from the
INT4, CH2CH2CHO, radical intermediate. In order to result
in ethyl+CO, this radical must first undergo a 1,3-H-atom
shift, but the barrier for that isomerization is calculated to be
much higher than the barrier to dissociate directly to
ethene+HCO. The former has a tight transition state, while
the latter has a loose one, so even under the higher energy

conditions of dynamics beginning in the O+allyl reactant
asymptote, one would not expect significant branching to the
ethyl+CO product channel.

A powerful feature of our experimental method is that
the data reveal which internal energy radicals dissociated to
the H+acrolein product channel. This is accomplished by
comparing the velocity distribution of the acrolein product to
the velocity distribution of the nascent radicals. �The latter is
determined as the radicals are momentum matched to the
detected halogen cofragment, thereby yielding the internal
energy distribution of all the radicals, whether they dissoci-
ate or not.� The data detailed in Sec. IV C showed that the
lowest internal energy radicals did not dissociate to H
+acrolein; this is consistent with the calculated CCSD�T�
transition state for INT1→acrolein+H being higher than the
isomerization barrier to INT4, which goes on to dissociate to
C2H4+HCO. The shape of the velocity distribution of the
acrolein products can also reveal the internal energy depen-
dence of the branching fraction to the acrolein+H product
channel as described below.

A more quantitative analysis of the product branching to
the acrolein+H channel requires careful consideration of the
nature of the internal energy distribution of the initial radical
adduct, INT1, formed in these experiments. While we deter-
mined this internal energy distribution directly from our ex-
perimental data via energy conservation �the determination
relies on an accurate C–Cl bond energy of the precursor�,
one must consider the fraction of internal energy partitioned
to rotational energy versus vibrational energy of the radical.
After accounting for this internal energy partitioning, one
can then compare the measured product branching with a
statistical prediction of the product branching averaged over
the internal energy distribution of the nascent radicals. To
begin such an analysis, we first recognize that if the dynam-
ics of the excited C–Cl bond fission channel in the photolytic
precursor of the radical is well represented by an impulsive
dissociation from the ground state equilibrium geometry of
the precursor, one would expect a large fraction of the avail-
able energy to be partitioned to radical rotation �as the im-
pact parameter is large because the chlorine is bonded to a
terminal C atom�. Indeed, a simple impulsive model from
this geometry predicts that if 40 kcal /mol is partitioned to
relative KE, 22 kcal /mol must be partitioned to rotational
energy to conserve angular momentum, leaving the nascent
radicals with too little energy to dissociate. Clearly the C–Cl
bond fission in epichlorohydrin does not occur impulsively
from the equilibrium geometry of ground state epichorohy-
drin; this would only be expected if the excited state were
purely repulsive in character. The excited state of
epichlorohydrin accessed at 193.3 nm is not a repulsive
n→�* excited state in the Franck–Condon region; it is an
excited state that is locally bonding in the C–Cl bond, so the
impulsive dynamics is generated in a region of the excited
state outside the Franck–Condon region. One can thus expect
the partitioning to rotational energy to be quite different.
Nevertheless, when the dissociative trajectories do access a
portion of the excited state that is repulsive and generate
substantial relative velocity between the Cl and radical cof-
ragments, in a classical model one must conserve angular
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momentum, so some energy is partitioned to radical rotation.
If one retains an impulsive model using whatever geometry
the excited state dynamics encounters repulsive forces, one
predicts that the energy partitioned to product rotation must
increase linearly with the translational energy release in or-
der to conserve angular momentum. We take this feature into
account explicitly in the analysis below by requiring the en-
ergy partitioned to rotational energy of the radical be a con-
stant fraction of the measured ET, and at each ET we subtract
this rotational energy from the internal energy of the radical
calculated by Eq. �2�. In this way we account for the energy
partitioned to rotation of the radical during its photolytic
generation.

One can compare the branching fraction to the acrolein
+H product channel measured in these experiments to the
predictions from simple statistical theories as follows. We
first use three of the transition states calculated at the
RCCSD�T� /aug-cc-pVQZ�UCCSD /aug-cc-pVDZ level of
theory to calculate46 the unimolecular rate constants for the
three dominant product channels accessed by this radical in-
termediate as a function of internal energy E* in the INT1
radical. E* in the calculation is the Eint described in Eq. �2�
plus the 1.81 kcal /mol energy difference between INT1 and
INT2, less the energy partitioned impulsively to rotation in
the photolytic generation of the radical. We take the last as
0.4ET, as that proportionality constant resulted in a good fit
of the leading edge of our detected acrolein spectrum in Fig.
5. �This rotational energy partitioning is less than that if the
impulsive force was generated in the vertical geometry on
the excited state surface, but is still substantial.� The pre-
dicted statistical rate constants are shown in Fig. 11. The
product branching prediction is sensitive to only the relative
values, not the absolute values, of these rate constants �as in
the RRKM expression the density of states of the molecule at
energy E* is the divisor for all the calculated rate constants�,
so the horrors of assuming a harmonic density of states is
mitigated. The RRKM analysis, assuming that the impulsive

rotational partitioning is 0.4ET, predicts that the product
branching to the acrolein+H product channel �averaged over
the internal energy distribution of radicals generated in the
high KE C–Cl fission channel� would be 0.38. This is a fac-
tor of 2 larger than the experimentally determined branching
fraction of 0.18 to the acrolein+H product channel. This
RRKM-based analysis neglected any contribution from tun-
neling through the INT1 to INT4 isomerization barrier, but
such tunneling would give a larger branching to the C2H4

+HCO product channel at the expense of stable radicals, not
at the expense of branching to the acrolein+H product chan-
nel. The experimental branching fraction does not rely on
any assumption of rotational energy partitioning to the radi-
cal, but the results of the RRKM analysis do. If that estimate
and the ethene photoionization cross section on which we
base the analysis of our observed acrolein signal are correct,
the branching ratio comparison suggests that the INT1
→ INT4 isomerization barrier calculated here is too high �a
lower isomerization barrier would allow the ethene+HCO
channel to compete more effectively with the acrolein+H
channel, thereby bringing the theoretical prediction closer to
the experimental result�.

It is interesting to note that the velocity map imaging
m /e=35 P�ET� in Fig. 9 shows a distinct difference between
the fraction of ground state chlorine atoms formed in coinci-
dence with the low and high recoil KE radicals. Namely,
high recoil KE radicals form in conjunction with both ground
and spin-orbit excited chlorine atoms, while the low recoil
KE radicals are almost exclusively generated with ground
spin-orbit state chlorine atoms. In several earlier studies, we
were able to definitively assign the low recoil KE channel to
one that produces an electronically excited radical+Cl, and
noted that Cl in this channel was predominantly in the
ground spin-orbit state.47–49 Thus, we did consider the possi-
bility that the low recoil KE C–Cl bond fission channel in
this study gives electronically excited radicals. However,
two-state MCSCF calculations using several active spaces
did not reveal any excited states that would be energetically
accessible for INT2. The lack of an accessible excited state
at the ground state geometry of INT2 suggests that ring
opening could occur simultaneously with photodissociation
because the first excited state falls from �100 kcal /mol at
INT2 to 3 kcal /mol at INT1. A definitive assignment thus
cannot be made; more calculations are required in order to
study higher lying excited states and the epichlorohydrin
precursor.

Similar experiments utilizing Raman-shifted photodisso-
ciation light at 210 nm could simplify some of the results by
reducing or removing the contribution of high internal en-
ergy radicals that are momentum matched to the slow chlo-
rine atoms in Fig. 1. The longer wavelength might also allow
the detection of stable C3H5O radicals, thereby facilitating an
accurate experimental estimate for the product channel
having the lowest barrier height.
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