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ABSTRACT: We present the results of our product branching studies of the OH + C2D4
reaction, beginning at the CD2CD2OH radical intermediate of the reaction, which is
generated by the photodissociation of the precursor molecule BrCD2CD2OH at 193 nm.
Using a crossed laser-molecular beam scattering apparatus with tunable photoionization
detection, and a velocity map imaging apparatus with VUV photoionization, we detect the
products of the major primary photodissociation channel (Br and CD2CD2OH), and of
the secondary dissociation of vibrationally excited CD2CD2OH radicals (OH, C2D4/
CD2O, C2D3, CD2H, and CD2CDOH). We also characterize two additional photo-
dissociation channels, which generate HBr + CD2CD2O and DBr + CD2CDOH, and
measure the branching ratio between the C−Br bond fission, HBr elimination, and DBr
elimination primary photodissociation channels as 0.99:0.0064:0.0046. The velocity
distribution of the signal at m/e = 30 upon 10.5 eV photoionization allows us to identify
the signal from the vinyl (C2D3) product, assigned to a frustrated dissociation toward OH
+ ethene followed by D-atom abstraction. The relative amount of vinyl and Br atom signal shows the quantum yield of this HDO
+ C2D3 product channel is reduced by a factor of 0.77 ± 0.33 from that measured for the undeuterated system. However, because
the vibrational energy distribution of the deuterated radicals is lower than that of the undeuterated radicals, the observed
reduction in the water + vinyl product quantum yield likely reflects the smaller fraction of radicals that dissociate in the
deuterated system, not the effect of quantum tunneling. We compare these results to predictions from statistical transition state
theory and prior classical trajectory calculations on the OH + ethene potential energy surface that evidenced a roaming channel
to produce water + vinyl products and consider how the branching to the water + vinyl channel might be sensitive to the angular
momentum of the β-hydroxyethyl radicals.

I. INTRODUCTION
Because of the importance of the OH-initiated oxidation of
alkenes in combustion and atmospheric chemistry, the study of
the reaction of OH + ethene has been the focus of a great
number of experimental1−21 and theoretical22−28 studies. Many
bulk kinetics studies have aimed to elucidate the overall
branching of the OH + C2H4 reaction, and found that a
hydrogen abstraction mechanism dominates at high temper-
atures, forming H2O + C2H3.

1 At lower temperatures however,
the addition of the OH radical to the double bond to form the
CH2CH2OH radical adduct dominates the kinetics.22 The
overall branching of the OH + C2H4 reaction to its various
products is dependent on the subsequent dynamics of this
radical adduct. Recent studies, both theoretical and exper-
imental, have attempted to determine branching ratios of the
product channels of the reaction, beginning at the CH2CH2OH
(β-hydroxyethyl) radical adduct.23,29,30

The CH2CH2OH radical intermediate may be produced
from the photodissociation of 2-haloethanols. Hintsa et al.31

were the first to investigate the photodissociation of 2-
bromoethanol at 193 nm, showing that a large fraction of β-
hydroxyethyl radicals were formed stable to subsequent

dissociation to OH + ethene and attributing it to a large
partitioning of energy into rotational energy of the radicals. In
our previous studies of the OH + C2H4 system,29,32 we
generated CH2CH2OH radicals via the photodissociation of 2-
bromoethanol, and experimentally characterized the product
branching. While many of the radicals did not dissociate
because much of the energy was partitioned to relative kinetic
energy or to rotational rather than vibrational energy, the
CH2CH2OH radicals that did dissociate evidenced branching
fractions of 0.765:0.145:0.026:0.063:<0.01 to the OH + C2H4,
H2O + C2H3, CH2CHOH + H, H2CO + CH3, and CH3CHO +
H products channels, respectively. One unexpected result was
the prevalence of the H2O + C2H3 channel. While this vinyl
channel is the dominant product channel in bulk kinetic studies
of the OH + C2H4 reaction at high temperature and low
pressure, we began the dynamics in our study not at this
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entrance channel, but at the first radical adduct, CH2CH2OH,
and conducted the experiments under collision free conditions.
Prior statistical transition state predictions23,29 for the OH +
ethene reaction had attributed the vinyl + H2O product
branching to the direct abstraction channel because the
transition state from the radical intermediate to H2O + vinyl
was calculated to be much higher in energy. We proposed that
the dissociation of the radical to H2O + C2H3 observed in our
experiments might involve a frustrated dissociation of the C−O
bond toward the [CH2CH2]··· OH exit channel followed by an
H atom abstraction by the OH moiety instead of returning to
the CH2CH2OH well. In classical trajectory calculations on the
global potential energy surface for this reaction, Kamarchik et
al.30 observed a roaming mechanism for the H2O + vinyl
product channel beginning from the radical intermediate.
However, their calculations at 44 kcal/mol predicted a smaller
branching to these products than was observed experimentally.
In an effort to confirm the assignment of this signal to the water
+ vinyl product channel, and to assess the role of tunneling in
the dynamics, we began a comprehensive study of the reaction
of OH and deuterated ethene from the CD2CD2OH radical
intermediate.33 As in the prior work of Edwards et al.,34 we
produced this radical from the photodissociation of
BrCD2CD2OH.
In our first study,33 we generated the partially deuterated

radical adduct of the OH + C2D4 reaction, CD2CD2OH, via the
photodissociation of 2-bromoethanol-d4 (BrCD2CD2OH) and
characterized the vibrational energy distribution of the resulting
radicals. Using a velocity map imaging apparatus, we
characterized the distribution of translational energies, P(ET),
imparted to the Br and CD2CD2OH fragments upon C−Br
bond fission. Using conservation of energy and a recently
proposed model to estimate partitioning of available energy
into rotational and vibrational degrees of freedom, we derived
from the measured P(ET) a P(Evib) of nascent CD2CD2OH
radicals, which peaked at 19.5 kcal/mol and spanned nearly 60
kcal/mol. This distribution is shown superimposed on the
calculated stationary points on the potential energy surface
(PES) of this reaction in the lower frame of Figure 1,
reproduced from ref 33. While nearly 80% of the CD2CD2OH
radicals are formed with vibrational energy below the OH +
ethene asymptote and only a very small fraction have enough
energy to surmount the abstraction barrier to the HDO + vinyl
product channel, these radicals might access the vinyl product
channel if tunneling were important in the product branching
or if the moment of inertia of the radical changes substantially
as it nears the abstraction transition state. We thus undertook
the present experiments to investigate whether the branching
observed to the water + vinyl product channel from the β-
hydroxyethyl radical intermediate might be substantially
influenced by these effects.
The available channels for the CD2CD2OH radical are shown

in Figure 1 and are listed in eqs 1a−1e:

→ +

Δ =H

CD CD OH OH C D

26.3 kcal/mol
2 2 2 4

(1a)

→ +

Δ =H

CD CD OH HDO C D

18.4 kcal/mol
2 2 2 3

(1b)

→ +

Δ =H

CD CD OH CD H CD O

13.4 kcal/mol
2 2 2 2

(1c)

→ +

Δ = −H

CD CD OH ethenol H/D

27.6 29.7 kcal/mol
2 2

(1d)

→ +

Δ =H

CD CD OH acetaldehyde H/D

17.4 or 19.4 kcal/mol
2 2

(1e)

This work determines the relative branching to the HDO +
vinyl product channel of the CD2CD2OH radical adduct (eq
1b) using a crossed laser-molecular beam apparatus and a
velocity map imaging apparatus, and compares the results to
those obtained for the undeuterated system. We find that the
vinyl channel is again prevalent in much higher abundance than
would be expected by RRKM theory, and the signal again
evidences an angular distribution expected for the dissociation
of rotationally excited radical intermediates. While the total
quantum yield of the water + vinyl channel in the CD2CD2OH
system is smaller than that in the CH2CH2OH system, this
reduction is accounted for by the larger fraction of radicals

Figure 1. Stationary points on the potential energy surface of the OH
+ C2D4 reaction, calculated at the G4//B3LYP/6-311++G(3df,2p)
level of theory, reprinted from Figure 1 of ref 33 . Solid black lines
indicate pathways previously calculated by Edwards et al. in ref 34, and
dashed lines indicate additional pathways calculated in our previous
study. In the upper frame, the distribution of internal energies, Evib +
Erot, partitioned to the CD2CD2OH radicals is shown in dashed red
line. The estimated distribution of vibrational energies partitioned to
the nascent CD2CD2OH radicals is shown in red solid line in the
bottom frame. The internal energy distribution in the top frame is
derived from our Br atom TOF distribution using eq 2 in our previous
paper, while the vibrational energy distribution in the lower frame is
derived from the model therein.33
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produced stable to subsequent dissociation in the deuterated
system. We thus consider the role of angular momentum in the
product branching. We also present data on several other
product pathways accessed in the dissociation of CD2CD2OH
radicals, as well as two additional primary photodissociation
pathways of the BrCD2CD2OH precursor molecule.

II. EXPERIMENTAL SECTION
The CD2CD2OH radical was generated in a range of internal
energies via the photodissociation of partially deuterated 2-
bromoethanol, BrCD2CD2OH. The time-of-flight spectra of the
momentum-matched Br and CD2CD2OH cofragments, as well
as several dissociation products of unstable CD2CD2OH
radicals and two minor additional primary photodissociation
channels, were measured in a crossed laser-molecular beam
scattering apparatus. To elucidate the relative branching to the
water + vinyl channel between this system and the
undeuterated system, we took additional data on a velocity
map imaging apparatus at m/e = 27 (C2H3

+) and m/e = 30
(C2D3

+) formed from unstable CH2CH2OH and CD2CD2OH
radicals, respectively. The crossed laser-molecular beam
scattering apparatus relies on a very careful calibration of the
parent beam velocity, which must be stabilized over several
hours, making it impossible to switch back and forth between
samples to get a branching ratio. Velocity map imaging is not
sensitive to this beam velocity, and thus this apparatus provides
an alternate method for detecting a branching ratio between the
two systems.
A. Crossed Laser-Molecular Beam Scattering Appara-

tus. The scattering data presented in this paper 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. This apparatus has been described at
length elsewhere;29,35−38 thus, only a brief description will be
provided here. A supersonic beam of BrCD2CD2OH molecules
was created by seeding the vapor pressure of the liquid sample
(Sigma-Aldrich, 98% D atoms, used without further purifica-
tion) in neon to a concentration of 1.25% and expanding the
gaseous mixture through a pulsed Even-Lavie valve into a
rotating source chamber. The nozzle was heated to 80 °C to
minimize molecular clusters in the beam, and it operated at
pulse rate of 80 Hz. The parent molecule has five stable
conformers, two with a trans geometry between the OH and Br
(denoted as the Tt and Tg conformers), and three with a
gauche geometry between the OH and Br (denoted as the Gg,
Gg′ and Gt conformers). Assuming a thermal distribution at
this nozzle temperature, the molecular beam will have 78% of
the parent molecules in the gauche conformations.33 The 193
nm output of a LPF 200 Lambda Physik Laser Technik laser,
propagating perpendicularly to the plane created by the
molecular beam and the detector axis was aligned directly
into the chamber. There, it intersected the molecular beam,
exciting the parent molecule to a repulsive excited state and
cleaving the C−Br bond. The beam spot measured 4 mm × 3
mm and the pulses typically had energies of approximately 50
mJ/pulse, or approximately 400 mJ/cm2. The resulting Br and
stable CD2CD2OH radicals, as well as any products formed as a
result of the secondary dissociation of unstable CD2CD2OH
radicals, recoil in a range of net velocities. Each net velocity is
the vector sum of the recoil velocities (both primary and
secondary) and the initial velocity of the BrCD2CD2OH in the
molecular beam. Those fragments with a net velocity vector

pointing into the detector traveled the 10.05 cm to the ionizer
region, where they were ionized by the tunable VUV
synchrotron radiation. This ionization energy was varied by
adjusting the U9 undulator gap. A ∼10 Torr rare gas filter (Xe
for 7.36−9.61 eV, Kr for 8.82−12.62 eV, Ar for 13.58−15.34
eV, Ne for 12.62−19.29 eV) was used to filter out higher
harmonics of the synchrotron radiation.
The ions were focused and accelerated by high voltage plates

into an Extrel 1.2 MHz quadrupole mass spectrometer, where
they were filtered by mass and counted by a Daly detector. A
multichannel scalar counted the signal, which is proportional to
the number of ions, and recorded it as a function of total time-
of-flight (TOF). This TOF is the sum of the flight time of the
neutral fragments to the ionizer, and the flight time of the
ionized fragments to the detector. The latter time is determined
by the previously calibrated apparatus ion flight constant of
5.36 μs amu−1/2. The m/e = 79 (Br+) data taken at 10°, 20°,
30°, and 40° were collected in 1 μs bins. The remaining data
were collected in 0.5 μs bins, and all time-of-flights were
corrected to account for the measured 1.1 μs electronic delay
between the laser and the triggering of the multichannel scaler.
The TOF spectra are fit using a forward convolution method
on an guessed distribution of center-of-mass recoil kinetic
energies, P(ET), iteratively adjusting the P(ET) until it matches
the experimental data.
The initial speed distribution of the molecular beam was

determined by lowering a 200 Hz chopper wheel into the
chamber, aligning the source chamber to 0° and measuring
time-of-flight distributions of the daughter ions formed upon
dissociative ionization of the parent molecule in the ionizer. As
in our previous study of the 2-bromoethanol system, the
velocity distribution was found to have a slow tail not fit by the

usual expression N(ν) = ν2 e−((ν/α)−S)
2

. We instead fit the data
with two distributions, Nfast(v) and Nslow(v), and summed them
to yield the total number density distribution. This distribution,
shown in the Supporting Information, peaks at 7.6 × 104 cm/s
and has a full width at half-maximum of 29%.
Photoionization efficiency (PIE) curves were taken for the

m/e = 47 and m/e = 48 signals by integrating the signal counts
at ionization energies ranging from 10.0 to 12.6 eV for m/e =
47 and 7.4 to 12.6 eV for m/e = 48. For photoionization
energies below 9.21 eV, the rare filter gas was switched from Kr
to Xe. To maintain an accurate curve, 3 overlapping data points
were taken at 8.82, 9.21, and 9.61 eV with both the Xe and the
Kr filter gas, and the PIE curve taken with the Kr filter gas was
scaled by the average of the differences at these three data
points.

B. Velocity Map Imaging Apparatus. Additional data was
taken on a velocity map imaging apparatus modeled on the
design of Eppink and Parker.39,40 This apparatus has been
described extensively elsewhere;32,33,41,42 a brief description is
provided here. A beam of BrCD2CD2OH molecules was
created by seeding the vapor pressure of the liquid sample
maintained at 40 °C in helium to a concentration of 1.2%, and
expanding the 500 Torr mixture through a General One Iota
Valve pulsed valve, with a nozzle diameter of 0.8 mm heated to
80 °C, into a vacuum chamber, and then skimmed upon
entering the main chamber maintained at 10−6 Torr. The 193
nm output of a GAM EX10 ArF excimer laser was vertically
polarized and focused to a point about 3 cm before the
intersection with the molecular beam, cleaving the C−Br bond
and generating Br and CD2CD2OH cofragments in a range of
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energies. The beam spot measured approximately 0.5 mm2 and
the laser pulses typically had energies of <1 mJ/pulse or 50 mJ/
cm2. The 355 nm output of a Continuum Surelite I-20 Nd:YAG
laser was tripled in a xenon cell, and the resulting 118 nm light
photoionized the neutral vinyl fragments formed by the
dissociation of β-hydroxyethyl radicals. The Br fragments
were detected with [2 + 1] resonance enhanced multiphoton
ionization (REMPI), using the frequency-tripled output of a
dye laser pumped by the second harmonic of a Continuum
Powerlite Nd:YAG laser.
The spherically expanding cloud of ions was accelerated

down a grounded time-of-flight tube toward a detector
consisting of a chevron MCP coupled to a P20 phosphor
screen maintained at 3.3 kV above the potential of the rear
plate of the MCP. The cloud of ions was pancaked as it traveled
toward the detector, and separated according to mass. A −750
V gate was applied to the front plate of the MCP, timed to
coincide with the arrival of the fragments of a certain mass-to-
charge ratio.43 The impact of a colliding ion on the MCP
generated an electron cascade, which triggered the illumination
of the phosphor screen. A CCD camera recorded the images
generated on the phosphor screen. The three-dimensional
distribution of velocities was extracted from the two-dimen-
sional image, and integrated over all solid angles to yield a
distribution of net recoil speeds for each of the fragments.44

C. Computational Methods. To calculate appearance
energies for daughter ions, the GAUSSIAN09, version A.02
electronic structure package was utilized.45 The geometries
were optimized at the B3LYP/6-311++G(3df,2p) level of
theory and the energies were calculated using the G4//B3LYP/
6-311++G(3df,2p) method. The geometries were optimized
until they converged to a root-mean-square displacement of 4 ×
10−5 and a root-mean-square force of 1 × 10−5 (in atomic
units). The appearance energies AE(A+) were calculated by
subtracting the G4 energy of the neutral parent, E(AB), from
the sum of the G4 energies of the daughter ion, E(A+), and its
neutral cofragment, E(B). RRKM predictions for the branching
ratios were calculated using the Multiwell Program Suite with a
1-D Eckart tunneling approximation.46−48 The vibrational
frequencies and moments of inertia utilized for the RRKM
predictions were calculated at the B3LYP/6-311++G(3df,2p)
level of theory and scaled by 0.9854.49 We treated all the
normal modes of vibration as harmonic vibrations. As in our
previous study,29 the water + vinyl channel was included in the
RRKM predictions by assuming that the HDO + C2D3 product
channel was connected to INT 1 via the 32.4 kcal/mol
transition state that connects OH + C2D4 to HDO + C2D3. We
made this assumption because the only transition state that
directly connects the CD2CD2OH radicals to the water + vinyl
product channel is prohibitively high in energy, so we
attempted to provide an ad hoc route from CD2CD2OH
radicals to these products via the abstraction transition state.

III. RESULTS
We present in Section III.A the time-of-flight spectra of the
primary photodissociation products obtained on a scattering
apparatus, taken at m/e = 49 (CD2CD2OH

+), m/e = 79 (79Br+),
m/e = 82 (H81Br+), and m/e = 83 (D81Br+). Using conservation
of momentum, a distribution of center-of-mass translational
energies P(ET) was determined for all C−Br bond fission
events from the TOF spectrum of m/e = 79 (Br+). As
demonstrated previously, a portion of the CD2CD2OH radicals
were formed with sufficient vibrational energy to dissociate to

one of the various pathways on the PES and will not be
detected.33 Thus the P(ET) derived from detecting stable
CD2CD2OH radicals at m/e = 49 does not match that of m/e =
79 at low ET’s. The difference between the two distributions
represents the unstable CD2CD2OH radicals that can
subsequently dissociate to one of the pathways. Section III.B
details the TOF spectra of these products of the secondary
dissociation of unstable CD2CD2OH radicals. Data were taken
at m/e = 17 (OH+, CD2H

+), m/e = 19 (HDO+), m/e = 30
(C2D3

+), m/e = 32 (C2D4
+, CD2O

+), m/e = 47 (CD2CDOH
+),

and m/e = 48 (CD2CD2O
+). The branching ratios between

select product channels were determined on the scattering
apparatus, and the ratio between the quantum yield of the water
+ vinyl channel in the deuterated and the undeuterated system
were determined on the velocity map imaging apparatus and
are described in Section III.C.

A. Primary Photodissociation Channels. The absorption
of a 193 nm photon excites a transition nominally assigned to
the promotion of an electron from a nonbonding orbital of the
Br to the σ* orbital of the C−Br bond.50 These types of excited
states are quite repulsive in the Franck−Condon region,51 and
result in a rapid cleavage of the C−Br bond, generating the
radicals of interest. Figure 2 shows the TOF spectrum collected

at m/e = 79 (Br+) at a source angle of 25°. The experimental
data are shown in black open circles, and are fit using a forward-
convolution method. The fit is shown in black solid line, and
was derived from the P(ET) shown in solid black line in Figure
3. This P(ET) peaks at 34 kcal/mol and spans nearly 30 kcal/
mol, which matches fairly well with the P(ET) previously
measured on our velocity map imaging apparatus.33 The
previous P(ET) also peaks at ET = 34 kcal/mol but is ∼2 kcal/
mol broader on the slow side, likely because of differences in
resolution between the two apparatuses. The m/e = 79 data was
taken at an ionization energy of 15.34 eV, chosen so that the
photoionization cross sections of Br(2P1/2) and Br(

2P3/2) would
be equal when corrected for their statistical ratios.52 In ref 33 it
is shown that the spin−orbit selected velocity distributions are
similar in this system. Figure 4 shows m/e = 79 data collected at
additional source angles of 10°, 20°, 30°, and 40°. Each
spectrum was similarly fit using the black solid P(ET) in

Figure 2. Time-of-flight spectrum of m/e = 79 fragments, attributed to
the Br products from C−Br bond fission of the BrCD2CD2OH parent
molecule. The open circles indicate experimental data, and the black
line is the forward convolution fit to the data using the P(ET) in Figure
3.
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Figure 3. An accurate fit is apparent at 20° and 30°, but the fit is
too slow on the 10° data and too fast on the 40° data. This
demonstrates that the molecular beam velocity distribution is
fairly well characterized, but has a small systematic error. The
remaining data were taken at 25°. We can estimate the effect of
this small systematic error on the fits of the data taken at 25°
for the momentum-matched radicals to the Br atoms. These
radicals have a smaller mass and thus a larger recoil velocity in
the center-of-mass reference frame. At the tangent to the
Newton sphere the Br atoms detected at a source angle of 15°
would have momentum-matched cofragments that have a recoil
velocity at the tangent to the Newton sphere for data taken at a
25° source angle. Thus the 25° fits at m/e = 49 and similar

masses are likely to resemble the smaller angle Br data and the
fit should err on the side of being slightly slow.
The cofragment formed in the dominant C−Br fission

channel, CD2CD2OH, was detected at m/e = 49. Figure 5

shows the TOF spectrum of this signal, with the data shown as
open circles and the forward-convolution fit shown as a solid
line, derived from the P(ET) in black dashed line in Figure 3. As
demonstrated in our previous paper on this system,33 a portion
of the nascent CD2CD2OH radicals formed with low
translational energy have sufficient vibrational energy to
isomerize or dissociate. This result is replicated in the current
results, as the P(ET) used to fit the m/e = 49 data diverges from
the P(ET) used to fit the m/e = 79 data at energies less than 37
kcal/mol. The gray dashed-dot line in Figure 3 shows the
calculated P(ET) of unstable CD2CD2OH radicals, obtained by
subtracting one P(ET) from the other. We find by integrating
the area under each curve that 80% of the nascent radicals are
formed stable to further dissociation, and 20% are unstable and
thus may dissociate to one of the various product pathways.
The P(ET) of unstable radicals is used in Section III.B to
analyze the velocities measured for the products of the
dissociation of these radicals. The velocity imparted to the
products in this secondary dissociation is vector summed with
the velocity of the unstable radical to obtain the net velocity
imparted to the detected secondary products.
In addition to the C−Br fission primary channel, we found

evidence of two minor photodissociation channels, the
photoelimination of HBr and of DBr. Figure 6 shows the
TOF spectra for m/e = 82 (H81Br+) and m/e = 83 (D81Br+) in
the top and bottom frame respectively. 79Br and 81Br exist in a
nearly 50/50 ratio, and so the detection of HBr and DBr
fragments with mass-to-charge ratios of 82 and 83 was
preferable to 80 and 81 to avoid the signal from the m/e =
81 (81Br+) signal. The open circles indicate the experimental
data, and the black solid lines are the forward convolution fits
derived from the P(ET)’s shown in Figure 7. The P(ET) used to
fit the HBr data, shown in solid line in Figure 7, peaks at 38
kcal/mol, which is nearly twice the most probable kinetic
energy in the P(ET) used to fit the DBr data, shown in dashed
line. The parent molecule BrCD2CD2OH has a single hydrogen

Figure 3. P(ET)s used to fit the m/e = 79 data in Figure 2 (solid) and
the m/e = 49 data in Figure 5 (dashed). The two distributions match
at high ET’s (i.e., low Evib’s) but diverge at lower ET’s when a portion of
the nascent CD2CD2OH radicals has sufficient Evib to surmount
dissociation barriers. The P(ET) of unstable radicals, shown in gray
dashed-dot line, is obtained by subtracting one P(ET) from the other.

Figure 4. TOF spectra taken at m/e = 79 (Br+) at source angles of 10°,
20°, 30°, and 40°. The open circles indicate experimental data; the
black solid lines are the forward-convolution fits of the P(ET) shown in
black in Figure 3. The signal counts on the y-axis are arbitrarily scaled.

Figure 5. TOF spectrum taken at m/e = 49, attributed to stable
CD2CD2OH radicals. The open circles indicate experimental data; the
forward convolution fit of the P(ET) shown in black dashed line in
Figure 3 is shown here in black solid line.
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available to form HBr, the hydroxyl group hydrogen. The
elimination to form HBr is thus a 5-center elimination, while
the elimination to form DBr must either be a 3- or 4-center
elimination. The 4-center elimination likely occurs via internal
conversion to the ground electronic state, followed by
dissociation of the highly excited molecule over a ∼60 kcal/
mol barrier to DBr + ethenol. Though the endoergicity is small,
such eliminations have been previously shown to partition
much of the available energy into vibrational degrees of
freedom, leaving significantly less energy to be partitioned to
the relative kinetic energy of the two photofragments.53,54 This
trend is evident in our data, as the DBr elimination partitions
much less energy to relative kinetic energy compared to the
HBr elimination or the C−Br photofission channels. The high

relative kinetic energies imparted upon C−Br fission reflect the
repulsive forces on the excited electronic state.
The branching ratio between the three primary photo-

dissociation channels is calculated as follows. The relative signal
intensities for each fragment are calculated by integrating the
fits in Figures 2 and 6 from 20 to 200 μs and dividing by the
total number of laser shots. This ratio of signal intensities is
corrected by a ratio of expected signal, which takes into account
3-D kinematic scattering factors, Jacobian factors, and transit
times through the ionizer. Finally, the ratio is corrected by the
ratio of partial photoionization cross sections, which we
approximate as 40.0 Mb for HBr+/HBr and DBr+/DBr,55 and
50.4 Mb for Br+/Br.52 (In our prior study,29 we erroneously
derived σBr+/Br as 45.4 Mb in footnote 31, and obtained a
branching between the C−Br fission channel and the HBr
elimination channel as 55.4:1. When 50.4 Mb is used as the
photoionization cross section, the correct C−Br fission:HBr
elimination ratio in that system is 49.9:1) The branching ratio
between the C−Br bond fission and the HBr elimination
channels is given by

σ
σ

Φ
Φ

=

× ×

= × ×

=

+

+

+

+

+

+

+

+

integrated signal

integrated signal

expected signal

expected signal

2.327
0.01186

1111
1139

40.0 Mb
50.4 Mb

151.9

Br CD CD OH

HBr CD CD O

Br

HBr

HBr

Br

HBr /HBr

Br /Br

2 2

2 2

And the branching ratio between the C−Br bond fission and
DBr elimination channels is given by

σ
σ

Φ
Φ

=

× ×

= × ×

=

+

+

+

+

+

+

+

+

integrated signal

integrated signal

expected signal

expected signal
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The combination of these two ratios yields a total primary
photodissociation branching ratio for Br:HBr:DBr as
0.99:0.0064:0.0046. The cofragments formed in the DBr and
HBr elimination channels are respectively ethenol, CD2CDOH
(mass = 47) and the CD2CD2O (mass = 48) biradical, which
may isomerize to acetaldehyde. We detected signal at these
mass-to-charge ratios, but because there is also a possible
contributing signal from the dissociation channels of the
CD2CD2OH radical at these mass to charge ratios, this data will
be described in the next section.

B. Dissociation Channels of the CD2CD2OH Radical.
Fitting the signal that results from the unimolecular dissociation
of unstable CD2CD2OH radicals involves a forward con-
volution method. A primary P(ET) characterizes the initial
photodissociation, and a forward-convolution fitting method on
a guessed P(ET) for the secondary dissociation of the nascent
radicals is used to predict a TOF spectrum. The guessed
secondary P(ET) is iteratively adjusted until a good fit to the
data is obtained. An angular distribution of the secondary
dissociation of the unstable radicals relative to the initial

Figure 6. TOF spectra taken at m/e = 82 and m/e = 83, attributed to
HBr+ and DBr+, respectively. The experimental data is shown in open
circles and the black lines are the forward-convoluted fits of the
P(ET)'s shown in Figure 7.

Figure 7. P(ET)'s for the HBr and DBr elimination channels, shown in
solid and dashed line respectively, derived from the forward
convolution fitting of the spectra in Figure 6.
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velocity of the CD2CD2OH radical is also a required input
parameter. For coplanar dissociations which proceed much
slower than the rotational period of the fragment, the daughter
fragments are scattered with equal probability in the plane of
rotation, and we thus set the angular distribution as I(θ) =
1/sin(θ) in the expression I(θ) sin(θ) dθ dϕ. Here, z is defined
as the direction of the velocity vector of the CD2CD2OH
radicals prior to dissociation and θ is the angle between that
initial velocity vector and the direction of the recoil velocity
imparted to the products when the radical dissociates. As 1/
sin(θ) increases to infinity at 0° and 180°, the distribution is
leveled off at approximately 9° and 171°, as shown in black
solid line in Figure 8 to roughly account for a small out-of-plane

wobble in the dissociation dynamics. The fits using this angular
distribution (which is uniform in θ and ϕ) are highly forward−
backward peaked, because of gathering of signal at the poles.
For secondary dissociations that take place on a time-scale
comparable to the rotational period, we can fit the data by
assuming I(θ) lies somewhere in between 1/sin(θ) and a
constant value. The resulting angular distribution used to fit the
data is shown in a dashed line in Figure 8.
In our previous study of the branching of the OH + C2H4

reaction,29 we separately detected the OH (mass = 17) + C2H4
(mass = 28) product channel and the CH3 (mass = 15) +
CH2O (mass = 30) product channel and calculated branching
ratios between these channels. In the case of OH + C2D4
however, the analogous channels given by eqs 1a and 1c result
in products with identical masses; both OH+ and CD2H

+ are
detected at m/e = 17 and both C2D4

+ and CD2O
+ are detected

at m/e = 32. We thus must take advantage of the different
ionization energies of these species to separately fit each
channel. The upper frame of Figure 9 shows the TOF of m/e =
17 fragments taken at 11.27 eV, which lies below the ionization
energy of OH+. All signal taken at this ionization energy must
therefore be attributed to CD2H

+ via eq 1c. The blue solid line

is the forward convolution fit derived from the blue P(ET) in
Figure 10. The angular distribution shown in dashed line in
Figure 8 was used to obtain a good fit to the data. The green
solid line is the m/e = 17 signal attributed to the dissociative
ionization of stable CD2CD2OH radicals, which has an
appearance energy (AE) of 10.43 eV.
The lower frame of Figure 9 shows the TOF spectrum of

m/e = 17 fragments taken at 13.58 eV, which now has
significant contributions from OH+ via eq 1a. Our study of the
OH + C2H4 system indicates that the CH3 + CH2O channel is
quite minor, comprising no more than about 8% of the OH +
C2H4 product channel.29 Accordingly, we scale the CD2H

+

contribution, shown again in blue, to 8% of the total and fit the
remaining signal with the angular distribution shown in solid
line in Figure 8, attributing it to OH+. This fit, derived from the
purple dashed P(ET) in Figure 10, is shown in purple dashed
line. Additional spectra in the Supporting Information
demonstrate that the quality of the fit is relatively insensitive
to this scaling factor between the OH+ and CD2H

+
fits. No

matter how the two contributions are scaled, the P(ET) for the
CD2CD2 + OH channel remains peaked at around 8 kcal/mol.
Figure 11 shows the TOF spectrum taken at m/e = 32. This
signal is attributed to the two cofragments of the m/e = 17 data:
CD2CD2

+ and CD2O
+. The purple and blue lines are the

Figure 8. I(θ) angular distributions used to fit the TOF spectra of
secondary dissociations. The angle θ is defined as the angle between
the initial velocity vector of the CD2CD2OH radical and the direction
of recoil imparted during the secondary dissociation. Dissociations
which occur on a slower time scale than the rotational period are fit
with the I(θ) = 1/sin(θ) distribution shown in solid black line. Those
dissociations that proceed on a fast time scale are fit with an angular
distribution shown in a dashed line that has a contribution from an
isotropic component, so is less strongly peaked along the velocity
vector of the dissociating radical.

Figure 9. TOF spectra of m/e = 17 fragments taken at a low ionization
energy of 11.27 eV (upper frame), to detect the CD2H products, and
13.58 eV (lower frame) to detect both OH and CD2H. In both plots,
the open circles indicate data, and the green solid line is the fit of the
data attributed to the dissociative ionization of stable CD2CD2OH
radicals to CD2H

+. The remaining broad signal in the upper frame was
attributed to CD2H formed by the dissociation of unstable
CD2CD2OH fragments and was fit using the P(ET) shown in blue
solid line in Figure 10 with the angular distribution shown in a dashed
line in Figure 8. The majority of the broad signal in the bottom frame
was assigned to OH, detected at OH+ (purple dashed line) from the
OH + ethene product channel, though a small portion is fit as CD2H
(blue solid line) from the methyl + formaldehyde channel. The purple
fit in the lower frame was derived from the P(ET) shown in purple
dashed line in Figure 10 with the angular distribution shown in solid
line in Figure 8.
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forward convolution fits from the P(ET)’s of CD2CD2 + OH
and CD2O + CD2H respectively in Figure 10. They have again
been scaled to reflect the expected minor branching to the
methyl + formaldehyde channel, in accordance with our
previous results, but as in the m/e = 17 data, this is only an
approximate scaling. The green solid line shows the fit to the
data attributed to the dissociative ionization of vibrationally hot
stable CD2CD2OH radicals (AE = 11.49 eV).
In our prior paper29 on the dissociation channels of

CH2CH2OH formed photolytically from 2-bromoethanol, a
simple model explains the high recoil kinetic energies imparted
to the OH + ethene fragments as the rotationally excited
CH2CH2OH radical dissociates. The rotational energy of the
radical at the transition state en route to OH + ethene is
partitioned largely to the relative kinetic energy imparted in this

secondary dissociation. Thus, this relative kinetic energy results
largely from the tangential velocities of the rotating radical, not
from repulsive forces along the OH + ethene reaction
coordinate. The other product channels from the highly
rotationally excited radicals also show a large partitioning of
energy to relative kinetic energy. The bimodal nature of the
OH + C2D4 P(ET) can be explained by the fact that the Gg
conformer of 2-bromoethanol-d4 partitions a larger amount of
rotational energy to the CD2CD2OH fragments (24.4 kcal/mol
at ET = 32 kcal/mol,) than the Tt conformer (13.3 kcal/mol).
The highly rotationally excited radicals from the Gg conformer,
with correspondingly high tangential velocities, will therefore
result in OH and ethene fragments with higher relative kinetic
energy than the less rotationally excited radicals from the Tt
conformer. Although we estimate that 78% of the parent
molecules are in the gauche conformation, the radicals formed
from the dissociation of these gauche conformers are more
likely to be stable by virtue of the large amount of energy
partitioned into rotation. Thus, the unstable radicals that
undergo secondary dissociation to OH + ethene are more likely
to be formed from the trans conformer, leading to a bimodal
P(ET) whose major peak is the lower translational energy
portion. Note that the portion of this P(ET) above 30 kcal/mol
is not well determined by the forward convolution fitting
procedure (see figure captions). The fast edges of the OH and
C2D4 TOF spectra may also both have small contributions from
stable CD2CD2OH radicals absorbing a second 193 nm photon
and dissociating to OH + C2D4. Anastasi et al.

56 have estimated
the UV absorption cross section of vibrationally thermalized
radicals to be 2 × 10−18 cm2·molecule−1 at 210 nm, and
Karpichev et al.57 have characterized the excited states of this
radical.
Figure 12 shows the data taken at m/e = 30 (C2D3

+). The
green solid line fits the portion of the data attributed to the
dissociative ionization of stable CD2CD2OH radicals (AE =
9.51 eV), determined from the P(ET) shown in black dashed
line in Figure 3, and the red dashed line fits a contribution from

Figure 10. P(ET)'s for the dissociation of unstable CD2CD2OH
radicals to the CD2CD2 + OH and CD2O + CD2H pathways are
shown in purple dashed and blue solid lines, respectively. These
P(ET)'s were obtained by forward convolution fitting of the data in
Figure 9. The caption in Figure 11 indicates that the derived P(ET) is
uncertain above 30 kcal/mol.

Figure 11. TOF spectrum taken at m/e = 32. The green solid line
represents the data attributed to dissociative ionization of stable
CD2CD2OH radicals. The blue and purple lines represent the fits of
data attributed to CD2O

+ and CD2CD2
+ respectively, obtained via the

forward-convolution of the P(ET)’s in Figure 10, and scaled as in
Figure 9. The region near 25 μs is slightly over fit in this plot, and the
corresponding 20 μs region in the lower frame of Figure 9 is slightly
under fit. The compromise fit in this region results in the derived
P(ET) in Figure 10 being uncertain above 30 kcal/mol.

Figure 12. TOF spectrum taken at m/e = 30. The data attributed to
dissociative ionization of stable CD2CD2OH radicals is shown in green
solid line, and the data attributed to the dissociative ionization of the
CD2CDOH cofragment formed in the DBr photoelimination of
BrCD2CD2OH is shown in a red dashed line. The remaining signal is
attributed to C2D3

+ formed in the secondary dissociation of
CD2CD2OH radicals. The P(ET) in Figure 13 is used for the
forward-convolution with the angular distribution shown in solid line
Figure 8.
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the dissociative ionization of the CD2CDOH cofragment
formed in the DBr elimination channel (AE = 10.44 eV).
The remaining signal was fit in the blue solid line using the
P(ET) shown in Figure 13 for the dissociation of those unstable

CD2CD2OH radicals that form water + vinyl as shown in eq 1b.
Although we attempted to collect data at m/e = 19, which we
would attribute to the HDO cofragment to C2D3, the
photoionization cross-section of water was prohibitively low,
and thus the signal-to-noise ratio was too poor to definitively
fit. The TOF spectrum taken at m/e = 19 is given in the
Supporting Information.
In light of the unlikely nature of the water + vinyl reaction

pathway, we attempted to find alternative explanations to
account for this signal. There are no other products on the PES
whose ions would give a mass-to-charge ratio of 30, and so we
must consider daughter ions formed upon dissociative
ionization, namely, C2D3

+ from C2D4 and CDO+ from
CD2O. However, several factors make these unlikely sources
for the m/e = 30 signal. First, the appearance energies of C2D3

+

and CDO+ daughter ions are 13.52 and 12 eV respectively,
making them energetically inaccessible at 11.27 eV. Second, the
signal intensity in the m/e = 30 data peaks near 150 counts.
The signal intensity in the m/e = 32 data attributed to CD2O

+

peaks at 25 counts for the same number of laser shots. While it
is possible that some vibrationally excited CD2O neutral
fragments underwent dissociative ionization despite the high
AE, it is unlikely that the daughter ion signal would be present
in 6 times the abundance of the parent fragment. Finally,
additional plots in the Supporting Information demonstrate
that simply attributing all of the data to dissociative ionization
of CD2O yields a poor fit to the data. In addition, one cannot
attribute this signal to products formed by the stable radicals
potentially absorbing a second 193 nm photon because our
vinyl speed distribution was unchanged when the photon flux
was reduced by a factor of 10 (see imaging data in Section
III.C), and neither transition is saturated.
TOF spectra and photoionization energy (PIE) curves were

also taken at m/e = 47 and m/e = 48. Possible sources of this
signal include ethenol and acetaldehyde from the dissociation
of unstable CD2CD2OH radicals (eqs 1d and 1e), the
CD2CD2O and CD2CDOH cofragments formed in HBr and

DBr elimination pathways, and dissociative ionization of stable
CD2CD2OH radicals. The poor signal-to-noise, and the similar
shape of the various fits in these plots makes definitive
assignment of the sources difficult. The plots and detailed
analysis are presented in the Supporting Information. In short,
we attributed virtually all the m/e = 47 and m/e = 48 data to
dissociative ionization of stable CD2CD2OH radicals and the
CD2CDOH and CD2CD2O cofragments formed in conjunc-
tion with DBr and HBr. We approximate that only a very small
amount of the signal comes from unstable CD2CD2OH radicals
dissociating to ethenol or acetaldehyde.

C. Branching Ratios. We now address the theoretical and
experimental product branching ratios of the unstable
CD2CD2OH radicals to the various pathways described in
Section III.B and shown in the PES in Figure 1. Our RRKM
calculations, summarized in Table 1, predict that the vast

majority (99.95%) of unstable radicals with the vibrational
energy distribution shown in the lower frame of Figure 1 would
dissociate to OH + C2D4, but that approximately 0.039% of
unstable radicals would dissociate to HDO + C2D3, 0.0092% to
the CD2H + CD2O channel via isomerization to INT 2, and
0.0061% to the CD2CDOH + D channel via the direct
dissociation of unstable INT 1 radicals. (The prediction for the
water + vinyl channel was calculated by allowing radicals to
access the abstraction transition state, even though the IRC
shows this transition state connects the OH + ethene reactants
with this product channel, not the radical intermediate.) Our
experimental branching ratios are quite different. The overall
quantum yield of products from the radicals generated from
C−Br photofission in the precursor is given by the following
equation:

= Φ + Φ + Φ + Φ

+ Φ + Φ

+ + +

+ +

1 stable radicals C D OH HDO C D CD H CD O

acetaldehyde D/H ethenol D/H

2 4 2 3 2 2

(2)

Φstable radicals was calculated in this study as 0.8 in Section III.A,
which is in close agreement with our studies on the velocity
map imaging apparatus,33 which concluded that 76% of the
nascent CD2CD2OH radicals were formed stable to subsequent
dissociation. Because of the uncertainty in scaling the fits in the
m/e = 47 and m/e = 48 signal, as described in the Supporting
Information, we cannot accurately measure the fraction of the
unstable radicals that dissociate to the acetaldehyde and ethenol
pathways. We estimate it to be quite low and take these
fractions to be roughly zero. It was calculated in Section III.A
that the branching to the DBr and HBr elimination channel
comprised less than half a percent of the C−Br fission channel,
so we also neglect those photoproducts in this analysis. As we
can only get a rough estimate of the partitioning of the m/e =
32 and m/e = 17 data between the OH + C2D4 vs CD2H +
CD2O channels as described in Section III.B, we combine these

Figure 13. P(ET) for the dissociation of CD2CD2OH radicals to HDO
+ C2D3 derived from the forward-convolution of the m/e = 30 data in
Figure 12.

Table 1. Results of the RRKM Predicted and Experimentally
Measured Branching Ratios for the Dissociation Pathways of
Unstable CD2CD2OH Radicals

product channel RRKM percent branching experimental branching

OH + C2D4 99.95%
80% (combined)

CD2H + CD2O 0.0092%
CD2CDOH + D 0.0061% ∼0%
HDO + C2D3 0.039% 20%
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two sources and instead calculate a branching fraction of the
vinyl channel compared to the rest of the available channels:

= Φ + Φ + Φ+ + +1 stable HDO C D combined C D OH and CD O CD H2 3 2 4 2 2

(3)

The relative signal between the vinyl and the combined m/e =
32 channels was measured by alternately accumulating signal
for 50,000 laser shots at m/e = 30 and m/e = 32 three times
each, for a total of 150,000 laser shots at each m/e. The
branching fraction between the HDO + C2D3 channel and the
collective C2D4 + OH/CD2H + CD2O channels was then
obtained by integrating the signal counts per laser shot at each
m/e and correcting for the 3-D kinematic scattering factors,
Jacobian factors, and transit times through the ionizer. The
relative signal must also be corrected for the partial photo-
ionization cross sections of each fragment. Assuming that there
is virtually no change in photoionization cross section in the
deuterated analogues, we take these values to be 8.14 Mb for
C2D4

+/C2D4
58 and 22.3 Mb for C2D3

+/C2D3.
59 Though a small

portion of the signal at m/e = 32 is likely from formaldehyde,
the contribution is minimal so we use the photoionization cross
section for ethene here. The total branching ratio is the product
of these corrective factors, shown in eq 4. Additional
information in the Supporting Information demonstrate that
the branching ratio is insensitive to minor adjustments in the
percentage of the m/e = 32 signal attributed to C2D4.

σ

σ

Φ
Φ

= ×

×

= × ×

=

+

+ +

=

=
+

+

integrated signal

integrated signal

expected signal

expected signal

0.0469
0.0644

2596.1
2763.1

8.14
22.3

0.25

m e

m e

HDO C D

OH C D (CD H CD O)

/ 30

/ 32

C D

C D

C D /C D

C D /C D

2 3

2 4 2 2

2 4

2 3

2 4 2 4

2 3 2 3

(4)

Thus, ΦHDO+C2D3
= 0.25ΦOH+C2D4(CD2H+CD2O) and inserting this

into eq 3, we obtain the quantum yields ΦOH+C2D4(CD2H+CD2O) =

0.04 and ΦC2D4+OH/CD2H+CD2O = 0.16. This indicates that 20% of
the unstable radicals underwent dissociation to the water +
vinyl channel.
This result is in accordance with our previous study,29 in

which we also found the branching to the C2H3 + H2O channel
to be much larger than the RRKM predicted branching fraction.
The previous work measured the branching fractions of all
products, including the formaldehyde + methyl and ethenol/
acetaldehyde + H channels, and found that 14.5% of the
unstable CH2CH2OH radicals underwent dissociation to the
water + vinyl channel and that 76.5% of the unstable radicals
dissociated to OH + C2H4, thus ΦH2O+C2H3

= 0.19ΦOH+C2H4
.

Even when accounting for the different quantum yield of
unstable radicals between the two systems (20% in the
deuterated system and 38% in the undeuterated system) the
water + vinyl channel is more likely in the deuterated system,
relative to the OH + ethene channel, by a factor of 0.20/0.145
= 1.38.
Additional data was taken on a velocity map imaging

apparatus to directly measure the quantum yield of the water +

vinyl products from the nascent radicals in the deuterated and
the undeuterated system. We first determined the quantum
yield of the vinyl products from all nascent radicals, both stable
and unstable, then corrected it for the different fractions of
nascent radicals undergoing dissociation in the two systems.
The data was taken using a dual-sample line, in which two
bubblers containing BrCD2CD2OH and BrCH2CH2OH were
used to quickly change back and forth between the two parent
molecules. Vinyl signal was accumulated in 10,000 laser shot
trials, alternating between m/e = 30 (C2D3

+) and m/e = 27
(C2H3

+). This ratio of signal intensities must be corrected to
account for different number of nascent radicals produced upon
irradiation of each precursor with 193 nm light:

Φ
Φ

=

×
−
−

+

+

=

=

integrated counts

integrated counts

C Br fission events

C Br fission events

m e

m e

HDO C D

H O C H

/ 30

/ 27

BrCH CH OH

BrCD CD OH

2 3

2 2 3

2 2

2 2 (5)

A total of 15 trials were taken at m/e = 30 and m/e = 27, for a
total of 150,000 laser shots at each mass-to-charge ratio. Figure
14 shows the summed velocity distributions taken in these trials
at m/e = 30 (C2D3

+) and m/e = 27 (C2H3
+) in the upper and

lower frames respectively. The red circles indicate experimental
data and the solid lines represent fits to the data using a
recently described program41 designed to derive the secondary

Figure 14. Speed distributions of the products detected at m/e = 30
(upper) and m/e = 27 (lower) using 10.5 eV photoionization in our
velocity map imaging apparatus. The red circles are experimental data
and the black solid line is a forward-convolution fit to the data. The
upper frame shows the C2D3 data and was fit using the P(ET) in Figure
13 and the angular distribution shown in solid line in Figure 8. The
lower frame shows the C2H3 data from the dissociation of 2-
bromoethanol, and was fit using the analogous P(ET) in Figure 18 of
ref 29 and the angular distribution shown in solid line in Figure 8. The
unfit signal is due to dissociative ionization of stable radicals. The
signal at low speeds is reduced to a burn spot near the center of the
chevron detector, and a small fraction of the fragments at highest net
speeds plotted went beyond the active region of the detector.
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dissociation P(ET), given a certain 1° P(ET), from a forward
convolution fit to the measured net velocity distribution. The
forward-convolution fitting method, described in more detail in
ref 41, uses the P(ET)'s of unstable CD2CD2OH and
CH2CH2OH radicals obtained on the velocity map imaging
apparatus in our previous papers29,33 to characterize the
primary dissociation of the parent molecule in each system. A
guessed P(ET) for the secondary dissociation is used to predict
the velocity distribution of vinyl products that would result
from this P(ET). For the deuterated system, the secondary
P(ET) used to fit the NSRRC vinyl data shown in Figure 13 was
used to obtain the solid line fit in the upper frame of Figure 14.
For the undeuterated system, the corresponding fit to the
NSRRC data from ref 29 was used to obtain the fit in the lower
frame of Figure 14. Additional plots in the Supporting
Information show upper and lower bounds to the scaled fits.
The relative signal intensity is obtained by integrating the fits in
both spectra to yield (298 ± 50) × 106 counts of m/e = 30
signal, and (209 ± 45) × 106 counts of m/e = 27 signal. The
margins of error were derived by integrating the area below the
upper and lower bounds to the fit.
We note here that both plots, while fairly well fit on the fast

and slow sides, are under-fit in the 1500−2500 m/s region.
This is because a portion of the m/e = 30 or m/e = 27 signal is
from the dissociative ionization of stable CD2CD2OH or
CH2CH2OH radicals, as described in Section III.B. The over
fitting in the <500 m/s region of both spectra is likely due to
the small region of dead pixels near the center of our imaging
detector. We attribute the over fitting in the >4000 m/s region
of the m/e = 27 spectrum to fragments lost at the outer edge of
the detector. Our current apparatus parameters permit the
detection of fragments with velocities up to 4000 m/s with the
ion optic voltages used. The smaller m/e = 27 fragments have a
small percentage with velocities higher than this, while the
heavier m/e = 30 fragments do not. Nevertheless, the
agreement between the NSRRC vinyl data taken at an
ionization energy of 11.27 eV and the velocity map imaging
vinyl data taken at 10.5 eV serves as an indication that the signal
is from vinyl, not from the dissociative ionization of C2D4 or
CD2O. Indeed, the appearance energy of C2D3

+ from ethene
and CDO+ from formaldehyde is much higher than 10.5 eV.
The relative number of C−Br fission events in each system is

determined by measuring the signal between Br(2P1/2) formed
from the dissociation of BrCD2CD2OH and from the
dissociation of BrCH2CH2OH. The relative bromine signal is
indicative of slightly different vapor pressures and absorption
cross sections of the two parent molecules. Signal was
accumulated in 60,000 laser shot trials, alternating between
the two samples for a total of 5 trials. The ratio of integrated
signal counts for the undeuterated system to the deuterated
system was found to be 0.562 ± 0.05, and when corrected for
the ratio of previously determined spin−orbit branching ratios
to account for both excited and ground spin−orbit states, the
relative number of dissociation events is equal to 0.537 ± 0.18.
The relative branching to the vinyl channel in each system is

thus given by inserting the measured quantities into eq 5,
yielding:

Φ
Φ

= ± ×
± ×

× ±

= ±

+

+

(298 50) 10
(209 45) 10

0.537 0.092

0.766 0.25

HDO C D

H O C H

6

6
2 3

2 2 3

(6)

This value of 0.766 would indicate that the branching to the
water + vinyl channel is diminished by the substitution of
hydrogen with deuterium. This is the result we might expect if
tunneling were responsible for such a high prevalence of this
channel. However, we determined in our previous paper33 that
a large percentage of the CD2CD2OH radicals were formed
stable to further dissociation. By scaling the P(ET) derived from
the velocity distribution of CD2CD2OH radicals to that derived
from the velocity distribution of Br atoms, we determined that
nearly 80% of nascent radicals were stable. The analogous
number for the undeuterated system is 63%. However, both
these numbers are dependent on the scaling of the two P(ET)'s.
Thus the yield of vinyl products from the radicals that did
dissociate is larger for the partially deuterated system, not
smaller. Multiplying 0.766 by 0.38/0.23, to account for the
differing fraction of unstable radicals in the two systems as
measured from the imaging data, gives 1.27. Although it is an
approximate value, it is in good agreement with the value of
1.38 obtained from the NSRRC data above.

IV. DISCUSSION
This paper describes our recent efforts to characterize the
product pathways in the OH + ethene reaction by selectively
replacing hydrogen with deuterium in ethene. Using the
BrCD2CD2OH precursor, we first characterized two minor
photodissociation channels that were previously indistinguish-
able: the two competing hydrogen bromide photoelimination
pathways. We then investigated the dissociation dynamics of
the CD2CD2OH radicals from the major C−Br photofission
channel to further characterize an interesting product channel
observed in our prior work,29 the dissociation of this radical to
water + vinyl. We had attributed these products to a frustrated
dissociation toward OH + ethene followed by H-atom
abstraction by the OH moiety, and we find in this work that
a larger than predicted percentage of stable radicals is also
undergoing dissociation to HDO + C2D3. In our previous
paper,33 we characterized the range of vibrational energies
partitioned to the CD2CD2OH radicals by the photo-
dissociation of the BrCD2CD2OH parent molecule. We have
now determined that of the unstable CD2CD2OH radicals
formed, 20% of these will dissociate to the HDO + C2D3
channel, with the remaining 80% dissociating to either OH+
C2D4 or CD2H + CD2O, and a very small amount dissociating
to CD2CDOD + H.
The results in this paper provide valuable information about

the dynamics of the water + vinyl channel. The experimentally
determined branching to this channel, much higher than the
statistical transition state calculations, indicates that the
dynamics governing this reaction are unlike that governing
the other pathways. It is well understood that dissociation
channels like that to OH + ethene do not have a good dividing
surface in a statistical transition state prediction, and so require
a variational correction. However it has been traditional to
assume that the flux that does not make it all the way to the
OH + ethene product asymptote simply returns to the
CH2CH2OH radical reactant well. In our prior paper on the
OH + C2H4 system, we proposed that the large branching to
the water + vinyl channel might result if these frustrated
dissociation trajectories underwent an H-atom abstraction
process en route back to the CH2CH2OH well. This process
is similarly described as a roaming pathway, identified in the
classical trajectory calculations of Kamarchik et al.30 However in
our prior paper we noted that the classical trajectories only
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evidenced a few percent branching to this product channel
from radicals with 44 kcal/mol of total energy relative to the
zero point level of CH2CH2OH, with microcanonical sampling.
We put forth the possibility that we observed a larger branching
to the H2O + vinyl channel than the theoretical prediction
because tunneling might be important in the dynamics. Thus
we initiated the present study to test this idea, as abstraction of
a D atom by the OH moiety would be expected to be less
probable if much of the product flux required tunneling
through the abstraction barrier. Our experimental results,
discussed below, suggest that tunneling does not play a major
role in the observed branching fraction to the water + vinyl
product channel in these systems. Rather, the branching ratio
between OH + ethene and water + vinyl might instead be
sensitive to the high angular momentum of the β-hydroxyethyl
radicals studied in these experiments, because the moment of
inertia at the transition state for the abstraction reaction is
larger than that at the OH + ethene bottleneck.
The dissociation pathway of β-hydroxyethyl radicals to water

+ vinyl involves H-atom motion in the undeuterated system,
and D-atom motion in the deuterated system. If tunneling
through these barriers was a significant factor in this
dissociation pathway, the branching to the water + vinyl
pathway would be decreased upon deuteration, as the tunneling
would then involve D-atom motion to form HDO. However,
our experimental results did not show a decrease in branching
to the water + vinyl channel upon this deuteration. Instead, the
branching increased slightly when we corrected for the differing
fraction of stable radicals in the two systems. This result is not
dependent on the different viewing times inherent in the
branching fraction measurements on the two apparatuses. We
note that the two apparatuses described in this paper differ
significantly in the length of time between the generation of the
nascent radicals and the time window in which they must
dissociate for the products of that dissociation to be detected.
In the crossed laser-molecular beam apparatus, the neutral
radicals must dissociate in less than 5 microseconds for the
products to be born within the viewing angle of the detector
aperture, whereas in the velocity map imaging apparatus, only
products produced in the 40 ± 10 ns between the
photodissociation and photoionization lasers will be detected.
If tunneling was quite slow but still contributed a significant
fraction to the water + vinyl dissociation pathway for our
population of nascent radicals, then we might be sensitive to
this channel in the scattering data but not in the imaging data.
However the measurements of the relative branching to this
product channel were in good agreement between the two
apparatuses, so the different viewing times inherent in each
measurement are not substantially affecting the measured
branching ratios.
We now consider another possibility for the unexpectedly

large branching to the water + vinyl dissociation channel that is
not dependent upon quantum tunneling. In the classical
trajectory calculations of Kamarchik et al.,30 which predicted
only a small branching to this channel even at 44 kcal/mol
relative to the zero point level of the β-hydroxyethyl radical, the
radicals were not highly rotationally excited. In contrast, we
generated highly rotationally excited radicals in this exper-
imental study. The P(Eint) of these radicals is shown in a red
dashed line in the upper frame of Figure 1. As part of our
previous analysis,33 we modeled the rotational energy imparted
to the radicals as Erot = (μb2/I)ET, where μ is the reduced mass
of the Br + CD2CD2OH system, b is the impact parameter, and

I is the moment of inertia of the CD2CD2OH radical moiety.
We subtracted the rotational energy from the total internal
energy to yield the P(Evib) of the radicals shown in red in the
lower frame of Figure 1. While this P(Evib) was quite useful in
aiding our understanding of the experimental P(ET) for the
portion of dissociation events that resulted in stable radicals,
the rotational energy of the β-hydroxyethyl radical plays a
critical role in the dynamics of its dissociation and should not
be neglected here. It is important to consider the change in the
moment of inertia of the β-hydroxyethyl radical as is dissociates
to either OH + ethene, or undergoes the H- or D-abstraction
pathway to form water + vinyl.
In our previous paper, we calculated via a modified impulsive

model that C−Br bond fission imparts a large amount of recoil
kinetic energy to the Br and CD2CD2OH fragments, and that
the impulsive force is off-axis from the center of mass of the
radical. Thus, the radical is generated with high angular
momentum and has correspondingly high rotational energy
about an axis perpendicular to the plane defined by the center-
of-mass of the nascent radical and the impulsive force along the
C−Br bond.32,33 We calculated the moment of inertia about the
axis of the CD2CD2OH radical moiety as 60.7 amu·Å2 from the
Gg conformer (the corresponding value for an impulsive
dissociation from the Tt conformer is 64.6 amu·Å2).33 Using
the C1 transition state of Senosiain et al. (with appropriate
D/H substitution) we calculate that the transition state of the
OH + C2D4 dissociation pathway has a moment of inertia
about this same axis of rotation of 65.3 amu·Å2 from the Gg
conformer (83.1 from the Tt conformer) and the transition
state of the D-abstraction pathway to HDO + C2D3 has a
moment of inertia of 113.0 amu·Å2 from the Gg conformer
(119.1 from the Tt conformer). Because angular momentum is
conserved, as a dissociative trajectory nears the abstraction
transition state with its larger moment of inertia than the
bottleneck in the dissociation to OH + ethene, a larger fraction
of the rotational energy in the nascent radicals is converted to
vibrational energy and made available to surmount the
abstraction barrier. From this we conclude that the increased
branching to the water + vinyl channel of highly rotationally
excited β-hydroxyethyl radicals may be because the dynamics
on the potential energy surface is substantially influenced by
centrifugal terms.
To characterize how the high angular momentum of the

radical might affect the branching between the OH + ethene
and water + vinyl channels, we calculated an approximate
centrifugal correction for the energies along the reaction
coordinates of these dissociation pathways. Figure 15 shows
two sets of intrinsic reaction coordinates (IRCs), calculated at
the B3LYP/6-311+G(2df,p) level of theory, and scaled to the
zero-point corrected G4 energies in Figure 1. The lower traces,
denoted by circles, follow the pathway between the β-
hydroxyethyl radical and OH + ethene. The upper traces
denoted by diamonds follow the D-atom abstraction pathway
between OH + ethene and the transition state for the HDO +
C2D3 abstraction channel. The lower and upper x-axes denote
the reaction coordinate of the OH + ethene addition pathway
and the D-atom abstraction pathway, respectively. The two
traces are aligned such that the C−O bond lengths in each trace
both have a value of 2.95 Å at xlower = 0 and xupper = 5. The
black curves show the uncorrected and scaled B3LYP/6-
311+G(2df,p) energies from the IRC calculation. It is clear here
that when no correction is made, the transition state for the D-
atom abstraction pathway lies 6 kcal/mol higher than the
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transition state for the direct dissociation of β-hydroxyethyl
radicals to OH + ethene.
The moments of inertia about the initial axis of rotation were

then calculated for many geometries along these two IRCs. At
each geometry, a centrifugal correction given by Ecorr =
(μb2/I′)ET was added to the B3LYP energy generated by the
IRC calculation. Here, I′ is the moment of inertia at the
geometry of interest, μ (30.37 amu) and b (0.93 Å for the Tt
conformer, and 1.23 Å for the Gg conformer) remain
unchanged from the photodissociation of the parent molecule.
The centrifugal corrections were made for radicals generated
from both the Tt and the Gg conformers of 2-bromoethanol-d4.
The Gg conformer imparts much more rotational energy to the
β-hydroxyethyl radicals, because of its higher value of b and
lower value of I, and this allows us to examine how the PES
changes at a low and a high value of J. The corrections were
calculated using the average value of ET for the unstable
radicals, 32 kcal/mol for the Tt conformer and 29 kcal/mol for
the Gg conformer.
The resulting centrifugally corrected energies along these two

reaction coordinates are shown in red (Tt conformer) and blue
(Gg conformer) in Figure 15. The centrifugal correction results
in a fairly uniform change to the D-atom abstraction pathway.
However, the correction has a pronounced effect on the shape
of the PES on the pathway connecting the radical to the OH +

ethene exit channel. The effective transition state, given by the
maximum along the corrected PES, shifts closer to the
geometry of the radical. Additionally, as more rotational
excitation is introduced to the radicals, the energy difference
between the effective transition states of the two pathways
decreases, and the exit channel become distinctly less flat and
more downhill. Because the energy difference between the two
transition states has decreased with these centrifugal
corrections, to 5.5 kcal/mol for radicals from the Tt conformer
and only 2 kcal/mol for the radicals from the Gg conformer,
one might expect a more substantial branching to HDO + C2D3
than for a rotationally cold radical. To work toward a more
accurate prediction for the branching to the HDO + C2D3
products, one would want to account for centrifugal effects on
the dynamics on the global potential energy surface; merely
correcting the energies along the J = 0 reaction coordinate as
done here gives only qualitative insight. It would be very
interesting to see if the classical trajectory calculations on the
global potential energy surface predicted a larger branching to
the water + vinyl product channel if microcanonical sampling of
the nascent radicals included a high angular momentum about
the axis defined by the impulsive dissociation of the precursor
in our experiments.
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