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ABSTRACT: We used crossed laser-molecular beam scattering to study the primary
photodissociation channels of chloroacetaldehyde (CH2ClCHO) at 157 nm. In addition
to the C−Cl bond fission primary photodissociation channel, the data evidence two other
photodissociation channels: HCl photoelimination and C−C bond fission. This is the
first direct evidence of the C−C bond fission channel in chloroacetaldehyde, and we
found that it significantly competes with the C−Cl bond fission channel. We determined
the total primary photodissociation branching fractions for C−Cl fission:HCl
elimination:C−C fission to be 0.65:0.07:0.28. The branching between the primary
channels suggests the presence of interesting excited state dynamics in chloroacetalde-
hyde. Some of the vinoxy radicals from C−Cl photofission and most of the ketene
cofragments formed in HCl photoelimination have enough internal energy to undergo
secondary dissociation. While our previous velocity map imaging study on the
photodissociation of chloroacetaldehyde at 157 nm focused on the barrier for the
unimolecular dissociation of vinoxy to H + ketene, this work shows that the HCl
elimination channel contributed to the high kinetic energy portion of the m/z = 42 signal in that study.

1.0. INTRODUCTION
Chloroacetaldehydes are intermediates in the degradation of
chlorinated alkanes and alkenes, and they are of interest in
atmospheric chemistry. Monochloroacetaldehyde has been
detected as an intermediate in the oxidative degradation of
1,3-dichloropropene1 and is a major product in the OH-
initiated oxidation of ethyl chloride and 1,2-dichloroethane,
which is used in the production of vinyl chloride.2,3 Photolysis
and reaction with OH radicals and Cl atoms are the primary
loss channels for chloroacetaldehydes, determining the
atmospheric lifetime of these species.3 While the kinetics of
the chloroacetaldehydes have been studied in great detail, few
studies have been done on their photodecomposition, and
therefore, little is known about the primary photodissociation
pathways. Such studies can provide insight into the excited-
state dynamics of the chloroacetaldehydes and provide
information not only on the species released into the
atmosphere by photolysis of the chloroacetaldehydes but also
the relative amounts of the species if the branching between the
primary channels can be determined. Therefore, characterizing
the photodissociation processes of chloroacetaldehyde provides
useful information for modeling atmospheric systems.
In a previous study on the photodissociation of chloroace-

taldehyde at 193 nm, Miller et al.4 observed two primary
channels: a major C−Cl bond fission and a minor HCl
elimination channel with a 27:1 branching ratio. At 157 nm,
there have been no prior studies of the primary photo-
dissociation channels. One might expect C−Cl photofission to
dominate because one can reach excited states repulsive along

the C−Cl bond at 157 nm. However, our prior study of the
dissociation channels of vinoxy radicals produced from the 157
nm photodissociation of chloroacetadehyde found evidence for
high recoil kinetic energy ketene cofragments formed in HCl
elimination.5 Most of the ketene products detected were from
the unimolecular dissociation of highly vibrationally excited
vinoxy radicals, in part because it is possible for ketene
cofragments from HCl photoelimination to undergo secondary
dissociation. To assess the branching to the HCl photo-
elimination channel, one must thus detect the HCl photofrag-
ments. We do so in this work.
One might not a priori expect C−C photofission to be

important when chloroacetaldehyde is excited at 157 nm, but
upon excitation at lower energies, C−C bond photofission has
been observed in related molecules. Photofission of the C−C
bond was observed in the photodissociation of chloroacetone at
3086,7 and 193 nm.8 It has also been hypothesized in the
photochemistry of other chlorocompounds.9 The UV absorp-
tion spectra of chloroacetone10 and chloroacetaldehyde4 in the
region from 230 to 340 nm both have a broad absorption band
peaking near 308 nm, assigned to the n(O) → π*(CO)
transition. The VUV absorption spectrum of chloroacetalde-
hyde has been reported,11 and the electronic assignments for
the spectral features involve the Cl and CO chromophores.
Preliminary measurements in our laboratory evidenced a C−C
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photofission channel at 193 nm, so we were motivated to
investigate the possibility of this channel at 157 nm in this
work.
This paper reports our study of the photodissociation

channels of chloroacetaldehyde at 157 nm done at the National
Synchrotron Radiation Research Center (NSRRC) in Hsinchu,
Taiwan. Tunable VUV photoionization reduces dissociative
photoionization and allows for the detection of fragments that
have high ionization thresholds such as Cl (12.97 eV12) and
HCl (12.74 eV12) using single-photon photoionization.
Measuring the velocity distribution of the products aids in
assigning the signal from each photoproduct channel. The
known photoionization cross sections of Cl atoms and HCl
allow us to quantify the branching fractions to C−Cl
photofission and HCl photoelimination, while our recent
measurement13 of the photoionization cross section of CH2Cl
allows us to quantify the branching to C−C photofission. The
study also allows us to characterize the small contribution of
ketene from HCl photoelimination to the m/z = 42 signal
observed in our prior study5 of the dissociation of vinoxy to H
+ ketene.

2.0. METHODS
2.1. NSRRC Scattering Apparatus. The data presented in

this section were taken at the National Synchrotron Radiation
Research Center (NSRRC) in Hsinchu, Taiwan using the U9
Chemical Dynamics Beamline and a crossed laser-molecular
beam scattering apparatus. The apparatus has been described in
detail elsewhere;14−16 we provide a brief description here. A 3%
molecular beam of chloroacetaldehyde was created by first
seeding the vapor pressure at 25 °C of the liquid sample (50%
solution in water from Sigma-Aldrich, used without further
purification) in neon with a total backing pressure of ∼600
Torr. The gaseous mixture was then supersonically expanded
into a rotating source chamber through a pulsed nozzle with a
0.25 mm orifice. The nozzle was operated at 100 Hz and held at
a temperature of 60 °C. The rotating source was set at an angle
of 10° or 20° with respect to the detection axis. The molecular
beam intersected the 157 nm unpolarized output of a LPF 200
Lambda Physik Laser Technik laser propagating perpendicu-
larly to the plane created by the molecular beam and the
detector axis. The beam was focused to an area of ∼2.5 × 8
mm2 at its intersection with the molecular beam, and the pulse
energy was maintained near 8 mJ.
Following photodissociation, the resulting fragments recoil

with a range of net velocities representing the vector sum of the
recoil velocities (from both primary photofission and secondary
dissociation of a portion of fragments formed with high internal
energy) and the velocity of the precursor in the molecular
beam. Those fragments with a net velocity vector pointing into
the detector traveled 10.05 cm to the ionizer region, where they
were ionized by tunable VUV synchrotron radiation. Photo-
ionization energies were chosen by tuning the U9 undulator
gap, and the input undulator radiation was defined by a 7 mm
diameter circular aperture. Higher harmonics of the VUV
radiation were filtered out using a 30 cm gas cell containing
∼10 Torr argon. The filtered undulator radiation was focused
into an area of diameter ∼1 mm in the ionizer. The ionized
fragments were then accelerated by a series of ions lenses
through a quadrupole mass filter and counted by a Daly
detector. The data reported herein were taken with a mass
resolution lower than that in our previous studies at the
NSRRC, so evidence, for example, a contribution at m/z = 35

signals a mass unit higher. These contributions were identified
by their velocity distributions. A multichannel scaler recorded
the signal count as a function of total time-of-flight (TOF),
which is the sum of the flight time of the neutral fragments to
the ionizer and the flight time of the ionized fragments through
the detector. The neutral flight time is recovered from the total
TOF by subtracting the ion flight time calculated using the
calibrated ion flight coefficient of 5.43 μs amu−1/2. The data
were collected with 1 μs bins, and the times-of-flight were
corrected to account for the measured 1.1 μs electronic delay
between the laser and the triggering of the multichannel scaler.
All TOF spectra in this paper show the neutral flight time.
The TOF spectra were fit to recoil kinetic energy

distributions (P(ET)s) by forward convolution fitting using
the CMLAB2 program.17 The molecular beam velocity was
characterized using a photodepletion (hole-burning) technique.
By operating the photolysis laser at 50 Hz and the pulsed
nozzle at 100 Hz, only half of all molecular beam pulses
underwent photodissociation. These measurements were taken
with the rotating source chamber set on-axis with the detector.
Subtracting the laser-off signal from the laser-on signal
produced a hole-burned TOF spectrum from which we
determine the velocity distribution of the molecules in the
molecular beam that were photodissociated. The velocity
distribution typically had a maximal probability at 800 m/s and
a full width at half-maximum of 270 m/s (see Supporting
Information).

2.2. Computational Methods. We calculated minima and
transition states relevant to the primary dissociation of
chloroacetaldehyde and dissociation of subsequent photo-
products with the G4 protocol. Optimized molecular geo-
metries and vibrational frequencies were found using the
B3LYP density functional and the 6-311++G(3df,2p) basis set.
The geometries converged to a root-mean-square (rms) force
below 1 × 10−5 and an rms displacement below 4 × 10−5,
where both values are in atomic units. Wave functions for
doublet species were spin-unrestricted, and wave functions for
singlet species were spin-restricted. The computation of the
zero-point vibrational energies used the B3LYP/6-311++G-
(3df,2p) vibrational frequencies scaled by 0.985418 as the G4
method required.19 The G4 method is the latest in the series of
Gn theories, which are composite methods based on a
sequence of single-point energy calculations. To confirm the
calculated transition states lead to the desired products, we also
ran an intrinsic reaction coordinate (IRC) calculation at the
B3LYP/6-311++G(3df,2p) level. The calculations use the
Gaussian09 program, version A.02.20

3.0. RESULTS
In the following sections, we present the scattering data for the
photodissociation of chloroacetaldehyde with forward con-
volution fits. We begin with an overview of the primary
photodissociation channels of chloroacetaldehyde observed in
this study and the energetics of those channels. In Section 3.2,
we present the TOF spectra of the primary photodissociation
products from C−Cl bond fission and HCl photoelimination,
taken at m/z = 35 (Cl+), m/z = 36 (H35Cl+), and m/z = 38
(H37Cl+). For comparison to the previous chloroacetaldehyde
study,5 we characterize the contribution of stable ketene
products from HCl photoelimination to the m/z = 42 TOF
spectrum as well. Section 3.3 presents TOF spectra for the
products from primary C−C bond photofission, taken at m/z =
29 (HCO+) and m/z = 49 (CH2Cl

+). The estimates of the
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branching ratios between the three primary photodissociation
channels are then described in Section 3.4. While we did
observe evidence of secondary dissociation of the primary
photodissociation products (at m/z = 14, 15, 28, and 42), we
report the analysis of those channels elsewhere.21

3.1. Overview of Primary Photodissociation Channels
of Chloroacetaldehyde. In the current study, we observed 3
primary photodissociation channels of chloroacetaldehyde
using 157 nm photons (eqs 1−3): C−Cl bond fission
producing vinoxy radicals, HCl photoelimination producing
ketene, and C−C bond fission producing CH2Cl and HCO
radicals. This study provides the first direct evidence of a C−C
bond fission channel.

CH2ClCHO + hν

→ + Δ =CH CHO Cl H 73.4 kcal/mol2 0K (1)

→ + Δ =CH CO HCl H 7.43 kcal/mol2 0K (2)

→ + Δ =HCO CH Cl H 77.2 kcal/mol2 0K (3)

Because the primary processes impart a range of translational
energies, the products from the primary photodissociation
channels are formed with a range of internal energies.
Comparing the internal energy of the products to the barriers
along their ground state potential energy surface (PES) and
accounting for conservation of angular momentum21 shows
that some of the products from the photodissociation have
enough internal energy to undergo unimolecular dissociation.
From conservation of energy, the internal energy, Eint(A) of a
product, A, formed from the photodissociation of a precursor
A−B is given by the equation:

ν + = Δ + + +h E H E E E(AB) (A) (B)int 0K T int int (4)

where hv is the energy of the photon, Eint(AB) is the internal
energy of the precursor, ET is the recoil translational energy
imparted to the fragments, and Eint(B) is the internal energy of
the cofragment to A. Supersonic expansion of the molecular
beam cools the rotational energy of the precursor, so Eint(AB)
is the thermal vibrational energy at the nozzle temperature of
60 °C, which is 1.45 kcal/mol. The values of ΔH0K for the
primary photodissociation channels are given in eqs 1−3 and
were calculated at the G4//B3LYP/6-311++G(3df,2p) level of
theory. Eint(B) is discussed in the relevant sections below,
where B represents either Cl, HCl, or CH2Cl.
3.2. C−Cl Bond Fission and HCl Elimination. Due to the

resolution of the quadrupole, we detected m/z + 1 ion signal in
the TOF spectra taken at m/z for the primary photo-
dissociation products of C−Cl bond fission and HCl
photoelimination. We therefore analyzed all of the data at the
mass-to-charge ratios for these channels collectively and present
the analysis of both channels together in this section. We
observed signal at m/z = 35 (Cl+) corresponding to C−Cl
bond fission. The presence of the HCl photoelimination
channel was confirmed by detecting signal at both m/z = 36
(H35Cl+) and m/z = 38 (H37Cl+). Because the data taken at
m/z = 38 (H37Cl+) cannot have any “bleed in” from m/z + 1
ion signal (as there is no product that gives signal at m/z = 39),
we determined the P(ET) for all HCl photoelimination events
from the TOF spectrum taken at this mass-to-charge ratio.
Figure 1 shows the TOF spectrum collected at m/z = 38
(H37Cl+) with a source angle of 10° and ionization energy of 15
eV. The experimental data are shown in red open circles and
are fit using a forward-convolution method. The fit

corresponding to primary HCl photoelimination is depicted
by the solid blue line and was derived from the P(ET) depicted
by the solid blue line in Figure 2. The P(ET) peaks at

8 kcal/mol and has a tail that extends to 60 kcal/mol. The
contribution to the TOF spectra in Figure 1 shown by the solid
purple line is from the dissociation of molecular clusters in the
beam; it is characterized by an identical and slow velocity
distribution seen at several m/z values.
We then determined the P(ET) for all C−Cl bond fission

events from fitting the TOF spectrum taken at m/z = 35 (Cl+).
Figure 3 shows the TOF spectrum collected at m/z = 35 (Cl+)
with a source angle of 20° and ionization energy of 13.68 eV.
The experimental data are shown in open red circles. The fit
shown by the solid blue line corresponds to bleed in from the

Figure 1. TOF spectrum taken at m/z = 38 (H37Cl+) with a source
angle of 10° and an ionization energy of 15.0 eV. Data are shown in
red circles. Primary HCl photoelimination is fit by the solid blue line
using the P(ET) shown in Figure 2. The contribution attributed to
photodissociation of clusters in the molecular beam is shown by the
solid purple line.

Figure 2. Photofragment recoil kinetic energy distribution for HCl
photoelimination in chloroacetaldehyde at 157 nm. The total P(ET)
(solid blue line), peaking at 8 kcal/mol, is derived by forward
convolution fitting of the signal at m/z = 38 (H37Cl+) shown in Figure
1. The portion of the P(ET) producing stable ketene, which does not
have enough internal energy to undergo secondary dissociation, is
shown by the solid black line and is derived from the signal at m/z =
42 (CH2CO

+) unfit by secondary dissociation of vinoxy. The
remaining portion of the P(ET), shown by the dashed black line,
represents the portion of HCl photoelimination events that produces
unstable ketene that undergo subsequent unimolecular dissociation.
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m/z = 36 (H35Cl+) data and was calculated using the P(ET) for
HCl photoelimination shown in Figure 2. The fit correspond-
ing to C−Cl bond fission is shown by the solid green line and
was derived from the P(ET) in Figure 4. For comparison, the

C−Cl bond fission P(ET) derived from the velocity map
imaging study is also shown in Figure 4 by the dashed black
line. While the two P(ET)s have similar shapes, it appears that
there are more dissociation events with higher kinetic energies
observed in this study. The difference is within the resolution of
the two apparatuses (the resolution at these energies is ∼1
kcal/mol in our velocity map imaging apparatus and 2 kcal/mol
in the scattering apparatus at the NSRRC).22,23 The high
kinetic energy feature in the P(ET) derived in this study peaks

at about 42 kcal/mol. We did not observe any stable vinoxy
radicals at m/z = 43 (vinoxy radicals are known to give
negligible signal at parent ion upon photoionization24), but
signals from dissociative ionization of stable vinoxy radicals
formed in high kinetic energy C−Cl bond photofission events
are observed in the TOF spectra taken at m/z = 15 (CH3

+) and
m/z = 29 (HCO+). We also note that the fitting is consistent
among all of the m/z = 35 (Cl+) data, shown in Figure 5, taken

at a different source angle and at different ionization energies.
In the calculation of the branching ratios between the primary
channels, we use the C−Cl bond fission P(ET) derived in this
study. We show alternative fits for the m/z = 35 and 36 using
the C−Cl bond fission P(ET) derived in the velocity map
imaging study in the Supporting Information.
One final thing to consider is the momentum-matched

ketene products from HCl photoelimination. Figure 6 shows
the TOF spectrum collected at m/z = 42 (CH2CO

+) with a
source angle of 10° and a photoionization energy of 10.5 eV.
The fit corresponding to the secondary dissociation of vinoxy is
shown by the dashed green line and was derived using the
predicted portion of the primary C−Cl bond fission P(ET)
producing vinoxy that dissociates to H + ketene from our
branching calculations5 shown in Figure 7 (see Supporting
Information for further details on the branching calculations).
Because we previously found a barrier height of 44.6 kcal/mol

Figure 3. TOF spectrum taken at m/z = 35 (Cl+) with a source angle
of 20° and an ionization energy of 13.68 eV. Data are shown in red
circles. Primary C−Cl bond fission is fit by the solid green line using
the P(ET) shown in Figure 4. The contribution from bleed in of m/z =
36 (H35Cl+) is shown by the solid blue line and is fit using the primary
HCl photoelimination P(ET) shown in Figure 2. The fit shown as the
solid purple line represents the contribution attributed to photo-
dissociation of clusters in the molecular beam.

Figure 4. Photofragment recoil kinetic energy distribution for C−Cl
bond fission in chloroacetaldehyde at 157 nm. The P(ET) shown by
the solid green line is derived by forward convolution fitting of the
signal at m/z = 35 (Cl+) shown in Figure 3. For comparison, the C−Cl
bond fission P(ET) derived from the velocity map imaging study (ref
5) is shown by the dashed black line. The arrows show the thresholds
for producing vinoxy radicals in the Ã and B̃ excited states; these
thresholds were calculated in our prior work5 by accounting for the
rotational energy that would be imparted to the vinoxy radical during
C−Cl bond fission at each recoil kinetic energy.

Figure 5. TOF spectrum taken at m/z = 35 (Cl+) with a source angle
of 10° and two different ionization energies. The upper frame shows
the data taken at an ionization energy of 13.68 eV, and the lower frame
shows the data taken at an ionization energy of 15.0 eV. Data are
shown in red circles. Primary C−Cl bond fission is fit by the solid
green line using the P(ET) shown in Figure 4. The contribution from
bleed in of m/z = 36 (H35Cl+) is shown by the solid blue line and is fit
using the primary HCl photoelimination P(ET) shown in Figure 2.
The fit shown as the solid purple line represents the contribution
attributed to photodissociation of clusters in the molecular beam.
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for the H + ketene channel to be more consistent with the
velocity map imaging data than the G4 barrier height (42.2
kcal/mol), we used this new barrier height for the branching
calculations in this study as well. The dashed green fit in Figure
6 to ketene from the unimolecular dissociation of vinoxy
radicals was thus calculated from the vector sum of the
velocities of vinoxy predicted to dissociate to H + ketene; the
recoil velocity between H and ketene was calculated assuming
an isotropic angular distribution and the secondary recoil
translational energy distribution, P(ET,2°), shown in Figure 8.
Although we assumed in the previous study that the ketene

fragments receive negligible recoil from the secondary
dissociation because ketene is much heavier than the H atom
cofragment, this assumption is not appropriate for ketene from
slower-moving vinoxy radicals. In this case, the secondary recoil
imparted to the fragments is significant compared to the
velocity imparted in the primary dissociation. This gives an
excellent fit to ketene product with neutral flight times slower
than the peak at 38 μs. However, we were unable to fit all of the
signal at short arrival times in the TOF spectrum to ketene
from secondary dissociation of vinoxy. We therefore considered
a contribution from stable ketene produced from HCl
photoelimination similar to that observed in the velocity map
imaging study. The fit corresponding to stable ketene from HCl
elimination of chloroacetaldehyde is shown by the solid blue
line in Figure 6 and was derived from the P(ET) by the solid
black line shown in Figure 2. This P(ET) thus corresponds to
the portion of the HCl photoelimination events that produces
stable ketene products. By subtracting this portion from the
total HCl photoelimination P(ET), we get the predicted
unstable portion shown by the dashed black line in Figure 2.
While a majority of the dissociation events produced unstable
ketene, there are events that produce stable ketene.

3.3. C−C Bond Fission. Evidence for C−C bond fission is
given in the TOF spectra taken at m/z = 49 (CH2Cl

+) shown
in Figure 9. The experimental data are shown in red circles.
Because we expected a portion of the formyl radicals to be
formed with enough vibrational energy to undergo subsequent
unimolecular dissociation due to its low barrier to dissociation,
we determined the P(ET) for all C−C bond fission events from
the TOF spectrum taken at m/z = 49 (CH2Cl

+). The fit
corresponding to C−C bond fission is depicted by the solid
orange line in Figure 9 and was derived from the P(ET) shown
in Figure 10. The P(ET) peaks at 8 kcal/mol and has a tail that
extends to about 45 kcal/mol. The other contribution to the
TOF spectrum at m/z = 49 (CH2Cl

+) is dissociation of clusters
in the molecular beam, which is shown by the solid purple line.
It was not possible to fit the TOF data with a single P(ET), and
we also expect to see signal at this mass from clusters based on
the energetics of producing CH2Cl

+ ions from chloroacetalde-
hyde monomers. Uncertainty in the amount of signal from
clusters affects only the C−C bond fission P(ET) in the range

Figure 6. TOF spectrum taken at m/z = 42 (CH2CO
+) with a source

angle of 10° and an ionization energy of 10.5 eV. Data are shown in
red circles. The dashed green fit shows the contribution from the
dissociation of vibrationally hot vinoxy to H + CH2CO and is
calculated from the recoil translational energy of the vinoxy fragment
(shown by the dashed red line in Figure 7) and from the P(ET,2°) in
Figure 8 using an isotropic angular distribution. The contribution from
stable ketene produced by HCl photoelimination is shown by the solid
blue and is derived from the high kinetic energy portion of the P(ET)
in Figure 2 shown by the solid black line. The fit shown by the solid
purple line is the contribution from clusters in the molecular beam.

Figure 7. Results of the branching calculations described in ref 21
using a barrier height of 44.6 kcal/mol for the H loss channel. The
total primary C−Cl bond fission P(ET) derived from the scattering
data is shown by the solid green line along with the predicted portions
that produce H + ketene products (dashed red curve), methyl + CO
products (dashed blue curve), and stable vinoxy radicals that do not
dissociate (dashed gray curve). The stable portion of the P(ET) is the
distribution of C−Cl photofission events that our model predicts
partitions insufficient vibrational energy to the momentum-matched
vinoxy radicals to surmount the lowest barrier en route to dissociation.

Figure 8. Product recoil kinetic energy distribution for the
unimolecular dissociation of the vinoxy radical to H + ketene. The
P(ET,2°) is derived using an isotropic angular distribution by forward
convolution fitting of the signal under the dashed green fit in the m/z
= 42 (CH2CO

+) TOF spectrum in Figure 6.
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from 0−4 kcal/mol and thus introduces minimal error into our
subsequent branching ratio calculations.
Figure 11 shows the TOF spectrum collected at m/z = 29

(HCO+) with a source angle of 20° and ionization energy of
11.53 eV. The fit corresponding to momentum-matched
cofragments of CH2Cl is shown by the solid orange line; it
peaks as expected at 50 μs. However, the integrated signal
under the orange fits in the m/z = 29 TOF spectra show much
less signal at HCO+ than expected based on the relative
photoionization cross sections.13,25 We therefore suspect that
the formyl radical undergoes unimolecular dissociation; indeed,
the barrier to forming H + CO is only 16.5 kcal/mol.26 The
sharp and narrow peak at fast times is characteristic of
dissociative ionization of stable vinoxy radicals. It is fit by the
dashed gray line using the stable portion of the C−Cl bond
fission P(ET) calculated from our branching calculations. We
also included a contribution from dissociation of molecular
clusters. However, there is still unfit signal at intermediate times
(around 75 μs) between the cluster and C−C bond fission
contributions. We were unable to identify the source of this
signal.

3.4. Branching Ratios. To fully characterize the relative
branching between the three primary photodissociation
channels of chloroacetaldehyde, we calculated the branching
ratio between the C−Cl bond photofission channel and both
the HCl photoelimination and C−C bond photofission
channels. For the branching ratio between the C−Cl bond
fission channel and HCl photoelimination channel, we used the
signal acquired at m/z = 35 (Cl+) and m/z = 36 (H35Cl+) with
a source angle of 10° and ionization energy of 13.68 eV. For the
branching ratio between the C−Cl bond fission channel and
C−C bond fission channel, we used the signal acquired at m/z
= 35 (Cl+) and m/z = 49 (CH2Cl

+) with a source angle of 20°
and ionization energy of 13.68 eV. (We used the spectra at a
20° source angle because m/z = 49 (CH2Cl

+) showed a large
beam-dependent signal at slower neutral flight times.) We first
integrated the signal under the corresponding fits at each mass
and calculated the ratio of these signals. The ratio of signals is
given below as obs(35Cl+/H35Cl+) and obs(35Cl+/CH2Cl

+),
respectively. We then corrected these ratios for the expected
signal based on kinematic corrections and Jacobian factors,
TS(H35Cl/35Cl) and TS(CH2Cl/

35Cl), as well as for the
photoionization cross sections of the fragments (averaged over
the bandwidth of the synchrotron radiation), σX/X+. We used
the photoionization cross section of Cl reported by Ruscic and
Berkowitz27 correcting for the lower cross section in the
continuum beyond the 1So threshold recommended by
Berkowitz28 based on subsequent studies. For HCl, we used
the photoionization cross section reported by Frohlich and
Glass-Maujean.29 Because there are no prior reported photo-
ionization cross sections for CH2Cl, we used the relative cross
section, σCH2Cl/CH2Cl

+/σCl/Cl+, determined in the photodissocia-
tion study by Scrape et al.13 on dichloromethane done on the
same instrument. We obtain

Figure 9. TOF spectrum taken at m/z = 49 (CH2Cl
+) with a source

angle of 20° and an ionization energy of 13.68 eV. Data are shown in
red circles. Primary C−C bond fission is fit by the solid orange line
using the P(ET) shown in Figure 10. The contribution attributed to
photodissociation of clusters in the molecular beam is shown by the
solid purple line.

Figure 10. Photofragment recoil kinetic energy distribution for C−C
bond fission in chloroacetaldehyde at 157 nm. The P(ET), peaking at 8
kcal/mol, is derived by forward convolution fitting of the signal at m/z
= 49 (CH2Cl

+) shown in Figure 9.

Figure 11. TOF spectrum taken at m/z = 29 (HCO+) with a source
angle of 20° and an ionization energy of 11.53 eV. Data are shown in
red circles. The contribution from the momentum-matched cofrag-
ments to C−C bond fission is fit by the solid orange line using the
P(ET) shown in Figure 10. Dissociative ionization of stable vinoxy to
HCO+ is shown as the dashed gray line and fit using the portion of the
C−Cl bond fission P(ET), producing stable vinoxy radicals (shown by
the dashed gray line in Figure 8). The fit shown by the solid purple
line is the contribution attributed to photodissociation of clusters in
the molecular beam. Because not all of the signal is accounted for by
the fits, there is likely another source of m/z = 29.
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The combination of these two ratios yields total primary
photodissociation branching fractions for C−Cl fission:HCl
elimination:C−C fission of 0.65:0.07:0.28. Interestingly, C−C
bond fission effectively competes with C−Cl bond fission in the
primary photodissociation of chloroacetaldehyde at 157 nm.
Any correction due to differing photofragment anisotropies is
assumed to be negligible.

4.0. DISCUSSION
This study details the characterization of the primary
photodissociation channels of chloroacetaldehyde at 157 nm
and the reassessment of the subsequent dissociation dynamics
of the vinoxy radicals produced by C−Cl bond fission. We first
demonstrated that chloroacetaldehyde undergoes three primary
dissociation channels: C−Cl bond fission, HCl photoelimina-
tion, and C−C bond fission. While C−Cl bond fission and HCl
photoelimination have been observed in prior photodissocia-
tion studies of chloroacetaldehyde,4,5 this study provides the
first direct evidence of the C−C bond fission channel. Using
the scattering data, we then estimated the branching ratios
between the primary channels; we determined C−Cl bond
fission and C−C bond fission to be major channels and HCl
photoelimination to be a minor channel. We then investigated
the possibility of stable ketene cofragments from HCl
photoelimination contributing to the m/z = 42 TOF spectrum.
As in the velocity map imaging study,5 the translational

energy distribution for the C−Cl photofission channel (Figure
4) shows two main features: a low kinetic energy “shoulder”
and a high kinetic energy peak at 42 kcal/mol. In the previous
study, after accounting for the rotational energy imparted to the
vinoxy radical, we concluded that the high kinetic energy
component likely corresponds to vinoxy produced in the Ã
state following excitation to the S3 state of chloroacetaldehyde,
and the low kinetic energy component likely corresponds to
vinoxy produced in the B̃ state following excitation to the S4
state of chloroacetaldehyde. The present NSRRC data show
additional signal on the high kinetic energy side of the C−Cl
bond fission P(ET) that we did not observe in the velocity map
imaging study, but the disagreement is within the joint
resolution of the two apparatuses. While the goal of the
previous study done at 157 nm was to investigate the
unimolecular dissociation of vinoxy produced via C−Cl bond
fission, we were unable to make any definite conclusions from
the data collected at m/z = 15 and 42 in this work.
The C−C bond fission channel is of particular interest

because it has not been directly observed before in the
photodissociation of chloroacetaldehyde and it effectively
competes with the C−Cl bond fission channel. Waschewsky
et al.6 and Alligood et at.8 observed both C−Cl and C−C bond

fission in their study on the photodissociation of chloroacetone
at 308 and 193 nm, respectively. In both studies, they observed
only C−C bond fission producing CH2Cl and CH3CO and
detected no significant cleavage of the other C−C bond in the
molecule. This is analogous to the C−C bond fission that
occurs in chloroacetaldehyde, suggesting that the presence of
the methyl group does not significantly affect the dynamics of
chloroacetone as compared to that of chloroacetaldehyde. The
branching ratio between these two primary dissociation
channels was also calculated at both photodissociation
wavelengths. At 308 nm, the branching ratio between C−Cl
bond fission and C−C bond fission was 4.6:1;6 and at 193 nm,
the branching ratio was 11:1.8 So, C−C bond fission can
effectively compete with C−Cl bond fission in the photo-
dissociation of chloroacetone.
In this study, the translational energy distribution for the C−

C bond fission channel peaks at 8 kcal/mol, which suggests a
small exit barrier to the dissociation. Compared to the other
photodissociation pathways of chloroacetaldehyde at 157 nm,
the C−C bond fission P(ET) has the smallest range of recoil
translational energies (0−40 kcal/mol). These features are
similar to the C−C bond fission channel observed in the
photodissociation of chloroacetone at 193 nm;8 however, the
C−C bond fission P(ET) derived in that study peaks at a lower
ET (∼6 kcal/mol) and only ranges from 0−14 kcal/mol. In
contrast to the chloroacetone study at 193 nm, we also report a
smaller branching ratio between C−Cl bond fission and C−C
bond fission. Because chloroacetaldehyde and chloroacetone
have the same chromophores and same structure (with the
exception of a methyl group in place of the aldehydic H atom),
we expect the photodissociation dynamics of the two molecules
to be quite similar to one another. Assuming the branching
between C−Cl bond fission and C−C bond fission in
chloroacetaldehyde at 193 nm is similar to that of
chloroacetone, we see more branching to C−C bond fission
at the higher photon energy of 157 nm.
Because two of the singlet excited states of chloroacetalde-

hyde in the vicinity of the excitation energy (S2 and S3) are
repulsive along the C−Cl bond in the Franck−Condon region,
we expect C−Cl bond fission to be the dominant channel. One
singlet state, S4, shows a well in the Franck−Condon region but
is repulsive in the C−Cl bond at larger C−Cl internuclear
distances. The observation of C−C bond fission suggests that
the dynamics, perhaps via intersystem crossing, accesses a
region of an excited state from which C−C bond fission can
occur. Lucazeau and Sandorfy11 suggested that predissociation
of the excited states with Rydberg character in the Franck−
Condon region in the region from 55 000 to 73 000 cm−1 by
states with repulsive n → σ* character might explain the diffuse
character of the VUV absorption spectrum for chloroacetalde-
hyde. In comparison to the photodissociation of chloroacetone,
Shen et al.30 ran theoretical trajectories to investigate the
observed selectivity of the C−C bond fission channels in the
photodissociation of chloroacetone at 308 nm. They found that
the effectiveness of the nonadiabatic S1 → S0 transition in the
vicinity of the barriers to each C−C bond fission channel was
consistent with the selectivity. However, they were certain that
the C−C bond fission did not ultimately occur on the ground-
state singlet surface based on the experimentally determined
P(ET) for the process. At 308 nm, S0 and S1 were the only
singlets states energetically accessible to chloroacetone, which
suggests that the C−C bond fission may occur instead on a
triplet state. On the basis of time-dependent density functional
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theory calculations, there may be a possible route to C−C bond
fission along the T1 state, which rises to a barrier and then falls
as the C−C bond is stretched. At an excitation of 308 nm, the
T1 state is energetically accessible to chloroacetone, and the
same is true of chloroacetaldehyde. Therefore, it is possible that
the C−C bond fission occurs on this state following intersystem
crossing from the S1 state. For this state to be responsible for
the observed C−C bond fission in the photodissociation at 157
nm, there must be an effective intersystem crossing process to
the T1 state. Comprehensive dynamics studies on the coupled
singlet and triplet states would help elucidate the excited-state
dynamics of chloroacetaldehyde and the branching fractions
determined in this study. While HCl photoelimination is a
minor channel, the relative amount of those dissociation events
compared to C−Cl bond fission is calculated to be larger in this
157 nm study as compared to that calculated in the previous
study at 193 nm done by Miller et al. Interestingly, this P(ET)
peaks near the same recoil kinetic energy (ET = 8 kcal/mol) as
that measured for HCl photoelimination by Miller et al. in the
photodissociation of chloroacetaldehyde at 193 nm; however,
they do not see as many photodissociation events with higher
translational energies. Because the photon energy is higher in
our study, we have more energy in the system that can be
converted into translation.
While Miller et al. were unable to characterize the portion of

ketene cofragments from HCl photoelimination that undergo
unimolecular dissociation, we were able to show that the
portion of the HCl photoelimination P(ET) that corresponds to
events producing stable ketene is quite small when 2-
chloroacetaldehyde is photodissociated at 157 nm. This is
consistent with our conclusion that HCl photoelimination did
not significantly contribute to the m/z = 42 data from our
previous velocity map imaging study. To form stable ketene
cofragments, the HCl must be produced with significant
vibrational energy following the dissociation. While we could
not characterize the internal energy of the HCl fragments
directly, the stable portion of the HCl photoelimination P(ET)
shown in Figure 2 suggests that when ET = 44 kcal/mol, the
ketene fragments have less than 84 kcal/mol of internal energy
(the barrier to dissociation of ketene to CH2 + CO). The
momentum-matched HCl would thus have greater than 47.6
kcal/mol, which corresponds to roughly 6 quanta in vibration
(assuming rotational energy is negligible). When the HCl
photoelimination partitions less than 44 kcal/mol to relative
kinetic energy, some of the ketene dissociates to CH2 + CO,
leaving the HCl with less than 6 quanta in vibration. A
complementary study on the characterization of the vibrational
and rotational energy distributions of HCl products, resolved
by recoil velocity, would provide information about the internal
energy available to the ketene cofragments, allowing a more
precise determination of the portion of the HCl elimination
P(ET) that produces stable ketene cofragments. This
contribution is important because it affects the analysis of the
m/z = 42 spectrum with regard to the onset of the H + ketene
channel in the dissociation of vinoxy radicals.
While we assumed that the HCl photoelimination proceeds

via a four-center mechanism, thus producing ketene as a
cofragment, a three-center mechanism is also possible, which
would produce the HCCHO biradical cofragment. Photo-
elimination of hydrogen halides is often observed in the
photodissociation of organohalides, and this process has been
shown to proceed via three-center, four-center, or roaming-type
mechanisms.31−36 Similar systems have shown evidence of both

mechanism types; however, we cannot confirm if we observe
the three-center mechanism. On the basis of electronic
structure calculations (see Supporting Information), the lowest
barrier on the ground state PES of the HCCHO radical is
isomerization to ketene, where it can further undergo
dissociation to CH2 + CO as the ketene products do. This
makes it difficult to confirm the presence of the HCCHO
radical and evidence of the three-center mechanism. Prior
studies have found that the vibrational and rotational energy
distributions of the HCl product produced from the two
mechanism types are generally different. Therefore, another
benefit to further characterizing the internal energy distribution
of the HCl products from photodissociation of chloroacetalde-
hyde would be to confirm the presence of two distinct
mechanisms for HCl photoelimination.
Another interesting aspect about the scattering data for HCl

photoelimination is the notable difference between the TOF
spectra taken at m/z = 36 (H35Cl+) and at m/z = 38 (H37Cl+).
We show the TOF spectra at m/z = 36 in the Supporting
Information. The TOF spectra taken at m/z = 36 (H35Cl+)
show faster signal that is dependent on the ionization energy
used to collect the data. This signal is not observed in the TOF
spectrum taken at m/z = 38 (H37Cl+). If the extra fast signal
observed at m/z = 36 (H35Cl+) is from bleed in of the m/z = 37
(Cl+) signal, then we would not expect to see the same signal in
the m/z = 38 (H37Cl+) because there is no bleed in to that data
from higher masses. Based on the resolution of the quadrupole,
the maximum amount of bleed in from the m/z + 1 signal into
the m/z signal is 10%, and the amount of signal observed at
m/z = 37 (Cl+) is not enough to account for all of the fast
signal in Figure S.7 in the Supporting Information. One
possibility is that HCl photoelimination occurs via two distinct
mechanisms which experience different isotope effects. As for
the dependence on the ionization energy, HCl produced in
different vibrational energy states may be more efficiently
ionized at one ionization energy over the other.

5.0. CONCLUSION
In this study, we further characterized the primary photo-
dissociation pathways of chloroacetaldehyde and observed that
chloroacetaldehyde undergoes C−Cl bond fission, HCl photo-
elimination, and C−C bond fission upon excitation at 157 nm.
The C−C bond fission channel has not been directly observed
before and competes with C−Cl bond fission based on our
measured branching ratio. Because the singlet electronically
excited states of chloroacetaldehyde accessed at 157 nm are
either directly repulsive or predissociative along the C−Cl bond
in the Franck−Condon region, the presence of the C−C bond
fission channel suggests possible internal conversion/intersys-
tem crossing. This result warrants further study of the dynamics
on the excited-state PESs of chloroacetaldehyde. While HCl
photoelimination is a minor channel, it is important to consider
its contribution to the m/z = 42 data. We do observe signal in
the m/z = 42 TOF spectrum that we attribute to stable ketene
cofragments from HCl photoelimination, but the signal appears
at early arrival times and so overlaps slightly with the signal
from the unimolecular dissociation of the higher recoil kinetic
energy vinoxy radicals. This is consistent with the assignment of
the high kinetic energy ketene signal in the velocity map
imaging data to stable ketene produced from HCl photo-
elimination. Because we detect stable ketene cofragment in
both studies and the endoergicity of this primary channel is
low, characterization of the internal energy distribution in the
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photoproducts would be an interesting complementary study.
This type of study could also be helpful in determining the
mechanism of HCl photoelimination.
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