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I. INTRODUCTION

The reaction of hydroxyl radicals with ethene has been the
focus of a number of experimental1�21 and theoretical22�28

studies in the past few decades. This interest is strong due to
the role that OH + alkene reactions play in atmospheric and
combustion chemistry. At high temperatures, the dominant
mechanism of the OH + ethene reaction is the abstraction of a
hydrogen atom to form H2O + CH2CH. However, at low
temperatures, the overall reaction rate is driven by an alternate
mechanism in which the hydroxyl radical electrophilically adds to
one of the carbons to form the long-lived CH2CH2OH radical
intermediate. This adduct is collisionally stabilized at high
pressures, but with sufficient energy it may undergo dissociation,
either back to OH + ethene or to other products. The overall
product branching in this reaction is key to the construction of
accurate combustion models. The OH-initiated oxidation of
alkenes has been suggested to be one of the first steps toward
the formation of secondary organic aerosols.29

The overall rate of the OH + ethene reaction has been studied
extensively via a number of experimental techniques at tempera-
tures ranging from 96 K1 to 1300 K,2 though the majority of
studies were conducted near room temperature. The initial addi-
tionproceeds through a van derWaals complex, [C2H4] 3 3 3OH,

22,23

and exhibits a negative activation energy. Tully and co-workers
determined the overall high-pressure temperature-dependent rate

constant by monitoring [OH] via laser fluorescence following
exposure to C2H4 at a wide range of temperatures and pressures.

3,4

They noted that, at temperatures near 500 K, the [OH] signal
exhibited a nonexponential decay and attributed it to internally
excited CH2CH2OH radicals dissociating. They concluded that
virtually all of the CH2CH2OH radicals with sufficient energy to
decompose would dissociate back to OH + C2H4, rather than form
other products. An early mass spectrometric study5 noted the
presence of products with m/e = 44 following the reaction of OH
with ethene. This product was attributed to acetaldehyde formed by
the dissociation of CH2CH2OH adducts. Ethenol, CH2CHOH, was
largely ignored as a possible product in combustion models, as
acetaldehyde is the more thermodynamically stable isomer. How-
ever, Cool and co-workers recently discovered both ethenol and
acetaldehyde products in flames of ethene, underscoring the need to
examine the product channels more closely, the ethenol channel in
particular.6�8

Sosa et al. calculated the stationary points on the potential
energy surface (PES) of the OH + ethene reaction at the HF/
6-31G* level of theory.24 Twomore radical intermediates formed
by isomerization of the initial CH2CH2OHadductwere characterized,
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ABSTRACT: This work characterizes the internal energy dis-
tribution of the CD2CD2OH radical formed via photodissocia-
tion of 2-bromoethanol-d4. The CD2CD2OH radical is the first
radical adduct in the addition of the hydroxyl radical to C2D4 and
the product branching of the OH + C2D4 reaction is dependent
on the total internal energy of this adduct and how that energy is
partitioned between rotation and vibration. Using a combination
of a velocity map imaging apparatus and a crossed laser-
molecular beam scattering apparatus, we photodissociate the
BrCD2CD2OH precursor at 193 nm and measure the velocity
distributions of the Br atoms, resolving the Br(2P1/2) and
Br(2P3/2) states with [2 + 1] resonance enhanced multiphoton
ionization (REMPI) on the imaging apparatus. We also detect
the velocity distribution of the subset of the nascent momentum-matched CD2CD2OH cofragments that are formed stable to
subsequent dissociation. Invoking conservation of momentum and conservation of energy and a recently developed impulsive
model, we determine the vibrational energy distribution of the nascent CD2CD2OH radicals from the measured velocity
distributions.
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as well as several product channels. In addition to the ethenol +H and
acetaldehyde + H product channels, they included the CH3 + CH2O
channel following isomerization of the CH2CH2OH radicals to the
ethoxy radical, CH3CH2O. Subsequent theoretical studies at the
UQCISD23,26 and UB3LYP23 levels of theory confirmed these path-
ways and added two additional pathways leading to ethenol + H; one
direct dissociation pathway of the CH2CH2OH radical and one
pathway following the isomerization of CH2CH2OH to CH3CHOH.
Senosiain et al.23 used statistical transition state theories to predict the
branching fractions to the direct abstraction products and the product
formed following the addition/eliminationmechanism, as a functionof
T and P. They predicted that, of the products resulting from an
addition mechanism, the formaldehyde + methyl channel should
dominate at low temperatures at the collisionless limit (e.g., no col-
lisional stabilization of the radical intermediate), with the ethenol + H
channel growing in importance as the temperature increased.

Several groups have photodissociated 2-haloethanols to yield
CH2CH2OH radicals in conjunction with a halogen atom.30�34

Hintsa et al. photodissociated 2-bromoethanol at 193 nm and
measured the kinetic energy imparted to the fragments using
photofragment translational spectroscopy.31 They observed the
dissociation of some of the CH2CH2OH radicals toOH+ ethene
and measured the velocity distribution of the portion of the
CH2CH2OH radicals formed stable to this dissociation. Noting
that these stable radicals had total internal energy up to 43 kcal/
mol, well above the barrier to dissociate to OH + ethene, they
concluded that the photodissociation partitioned a large amount
of energy into the rotational degrees of freedom of the
CH2CH2OH radicals, resulting in their metastability.31 They
also noted that over a 12 kcal/mol range in translational energies,
some of the radicals were formed stable and others dissociated
and suggested that this might be due to a portion of the radicals
being formed in conjunction with spin�orbit excited Br atoms.
The electron bombardment detection method did not allow
them to separately resolve the velocity distributions of the
Br(2P1/2) and Br(2P3/2) cofragments, which prohibited them
from pursuing a quantitative analysis of the distribution of stable
radicals. Sapers and Hess subsequently photodissociated
BrCH2CH2OH at 202 nm and monitored the production of
OH radicals.30 The linear increase in OH signal upon increasing
laser power confirmed that OH radicals formed as a result of a
secondary dissociation of internally excited CH2CH2OH radi-
cals, not as a result of the absorption of a second photon, in
agreement with Hintsa et al.’s assignment of their spectrum at
m/e = 17.31

In our previous work, we studied the product branching of the
internally excited CH2CH2OH radicals generated by the dis-
sociation of the photolytic precursor 2-bromoethanol.35 Among
the product channels detected in the dissociation of the vibra-
tionally excited radicals were H2O +C2H3 and CH3 +CH2O and
fragments detected with a mass-to-charge ratio of 44, attributed
largely to the ethenol + H pathway. In an effort to better
characterize these product channels, we have begun a compre-
hensive study of theOH+C2D4 reaction, beginning with the first
radical adduct CD2CD2OH, to elucidate the various products
based on their mass, photoionization spectra, and velocity
distributions. We generate this radical in a range of internal
energies by dissociating the parent molecule 2-bromoethanol-
1,1,2,2-d4, BrCD2CD2OH, at 193 nm, and then probe the nascent
stable radicals with either VUVphotoionization or 200 eV electron
bombardment ionization. Reisler and co-workers33 recently
studied the product pathways of the CD2CD2OH radical, in

particular, the pathways leading to D products. They used [1 + 10]
resonance enhanced multiphoton ionization (REMPI) to
detect deuterium, which is formed in conjunction with ethenol
or with acetaldehyde. While they were unable to experimentally
distinguish between the CD2CDOH + D and CD2HCDO + D
pathways, they were able to confirm the presence of at least one
D-loss channel that is the result of secondary dissociation of
vibrationally excited CD2CD2OH radicals. Their RRKM calcula-
tions suggested that at all energies, the acetaldehyde channel
should be a minor contributor compared to the ethenol channel.

To accurately compare these product branching studies on the
partially deuterated system to theoretical predictions, it is
important to characterize the vibrational energy distribution of
the nascent CD2CD2OH radicals. This paper reports the deter-
mination of that nascent vibrational energy distribution. We
determine the total internal energy distribution by measuring
the spin�orbit state selected velocity distributions of the bromine
cofragment, then use a recently introduced model32 to model the
partitioning of the total internal energy to rotation and vibration.
We test the model by comparing its prediction to our measured
velocity distribution of stable CD2CD2OH radicals. We find the
model accurately predicts that distribution with no adjustable
parameters.

II. EXPERIMENTAL DETAILS

We use two methods to characterize the distribution of
translational energies imparted to the Br and CD2CD2OH
radical fragments following the dissociation of 2-bromoetha-
nol-d4; a velocity map imaging apparatus, using [2 + 1] REMPI
and VUV photoionization detection and a crossed laser-
molecular beam scattering apparatus in conjunction with 200 eV
electron bombardment ionization. In both apparatuses, we
photodissociate the precursor, measure velocity distributions of
the two fragments under collision-free conditions, and invoke
conservation of momentum to determine a center-of-mass
translational energy distribution, P(ET), of the dissociation
events. The primary dissociation of 2-bromoethanol-d4 leaves
the CD2CD2OH radical fragments with a range of internal
energies spanning the energetic barriers to secondary dissocia-
tion. Thus, the velocity distribution obtained by detecting the Br
atoms allows us to derive a P(ET) of all dissociation events. The
velocity distribution obtained by detecting the CD2CD2OH
radicals determines the portion of the P(ET) of the dissociation
events that resulted in radicals with low enough vibrational
energy to be detected as stable radicals on the time scale of the
measurement. The neutral radicals are ionized 40 ns after the
photodissociation in the imaging apparatus, and at least 100 μs
after the photodissociation in the crossed laser-molecular beam
apparatus.

The crossed laser-molecular beam has been a widely used
method for detecting time-of-flight spectra of photoproducts.
The benefit of its detection scheme, 200 eV electron bombard-
ment, is that essentially any product formed may be detected.
The major drawback of this “universal” detector is that many
products undergo dissociative ionization to form smaller ions
instead of parent ions, often making identification of the neutral
product difficult. The velocity map imaging apparatus, on the
other hand, utilizes a “soft” photoionization detection scheme,
largely eliminating the problem of dissociative ionization and
thus confirming the identity of certain products. Additionally, the
velocity map imaging apparatus utilizes [2 + 1] REMPI, allowing
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for the state-selective detection of bromine. For these reasons, it
is beneficial to complement the time-of-flight spectra of the
fragments obtained on the crossed laser-molecular beam appa-
ratus with the velocity distributions of the fragments obtained on
the velocity map imaging apparatus.
A. VelocityMap ImagingApparatus.The velocitymap imag-

ing apparatus, modeled on the design of Eppink and Parker36,37

has been described in detail elsewhere.32 In short, a 1.2%
molecular beam of 2-bromoethanol-1,1,2,2-d4 (Sigma-Aldrich,
98% D atoms, used without further purification) was generated
by seeding the vapor pressure of the liquid sample (heated to
40 �C) in helium to a total backing pressure of 500 Torr. The
gaseous mixture was supersonically expanded through a General
Valve Iota One pulsed valve operating at 20 Hz, mounted in a
vacuum chamber maintained at 10�7 Torr. The nozzle was heated
to 80 �C to minimize the formation of molecular clusters in the
beam. A supersonic expansion in a light seed gas such as helium
typically results in the cooling of the relative translational and
rotational degrees of freedom but only minimal cooling of the
vibrational degrees of freedom of the molecule.38,39 After passing
through a skimmer, the beam of BrCD2CD2OH molecules
intersected the vertically polarized 193.3 nm output of a pulsed
GAM EX10 excimer laser. The photon excites the 2-bromoetha-
nol-d4 molecule to a repulsive excited state, cleaving the C�Br
bond. The rectangular cross section of the laser beam initially
measured 8 by 4 mm, and was focused into the vacuum chamber
by a UV fused silica focusing lens to a point approximately 3 cm
before the interaction region with the molecular beam. The
photolysis laser and the photoionization laser propagated perpen-
dicularly to themolecular beam, and antiparallel to each other. The
photolysis laser pulses typically had energies below 1 mJ/pulse.
The recoiling Br and CD2CD2OH radical fragments were photo-
ionized approximately 40 ns later, and the spherically expanding
cloud of ions was accelerated down the grounded time-of-flight
tube by an electrostatic lens assembly. This assembly consisted of a
repeller plate and an extractor plate maintained at a voltage ratio of
1.4:1. All radicals created with the same velocity vector were
mapped to nearly the same point on the detector, regardless of
initial position.
The Br atoms were ionized via [2 + 1] REMPI, using the

frequency-tripled output of a Lambda-Physik dye laser pumped
by the second harmonic of a Nd:YAG Continuum Powerlite
laser. The ground (2P3/2) and excited (

2P1/2) spin�orbit state Br
atoms were state-selectively ionized by three 233.681 nm
photons (5p 4P1/2 r 4p 2P3/2) and three 234.021 photons
(5p 2S1/2 r 4p 2P1/2), respectively. Complete signal was
obtained by scanning over the Doppler profile 0.008 nm from
center in both directions. The CD2CD2OH radicals were ionized
by the 118 nm light generated by tripling the 355 nm output of an
Nd:YAG Continuum Surelite I-20 laser in a xenon cell main-
tained at 25 Torr. A MgF2 lens (focal length = 80 mm at λ =
118 nm) separated the xenon cell from the vacuum chamber and
focused the 118 nm light.
The detector consisted of a position-sensitive Chevron micro-

channel plate (MCP) coupled to a P20 phosphor screen. A�750 V
gate was applied to the front of the MCP, timed to coincide
with the arrival of the fragments with the desired mass. The
arrival of the positive ions at the front plate of the MCP triggered
an electron cascade and a cooledCCDcamera (LaVision Imager 3)
recorded the images as they appeared on the phosphor screen,
which was maintained at 3.3 kV above the potential of the rear of
the MCP. The images were accumulated, summed, and processed

using the DaVis software program and Houston’s ion-counting
method.40 The sphere of ions is pancaked into a flat disk as it travels
down the time-of-flight tube, in the same direction as the initial
molecular beam, but the resulting two-dimensional projection of
the sphere possesses cylindrical symmetry about the axis defined by
the direction of the laser polarization.41,42 Thus, the velocity
distribution and angular distribution of the fragments can be
obtained by extracting the three-dimensional distribution
using an inverse Abel transform and integrating over all solid
angles.43 The BASEX44 computer program was used to do these
calculations. Invoking conservation of momentum between the
two fragments, and correcting for the appropriate Jacobian factor
yields the center-of-mass recoil translational energy distribution,
P(ET), of the C�Br fission events.
B. Scattering Apparatus. The crossed laser-molecular beam

apparatus has been described in detail elsewhere45�47 so only a
brief description will be provided here. A 1.7% molecular beam
was generated by seeding the vapor pressure of the liquid
2-bromoethanol-d4 sample (heated to 40 �C) in helium to a
total backing pressure of 350 Torr. The gaseous mixture was
expanded through a pulsed nozzle mounted in a rotating-source
chamber maintained at 10�5 Torr. The nozzle operated at
100Hz andwas heated to 96 �C tominimize clusters in the beam.
The molecular beam passed through two skimmers and inter-
sected the 193 nm output of an unpolarized Lumonics PM-848
excimer laser in themain chamber of the apparatus, maintained at
10�6 Torr, cleaving the C�Br bond. The source chamber rotates
to allow collection of data at a range of angles. The laser beam
propagated in a direction perpendicular to the plane defined by
the rotating molecular beam and the fixed detector axis. The laser
beam was focused to a cross-sectional area measuring 6 mm2 in
the interaction region. The laser pulses typically had energies of
13�15 mJ/pulse to minimize multiphoton absorptions.
The C�Br bond photofission imparts a distribution of ve-

locities in the center-of-mass reference frame to the Br and
CD2CD2OH photofragments. The net velocity of the detected
fragments is the vector sum of the initial velocity of the parent
molecule and the recoil velocity imparted to the fragment upon
the dissociation of the C�Br bond. The initial velocity distribu-
tion of the 2-bromoethanol-d4 molecules in the beam was
characterized by measuring beam time-of-flight (TOF) spectra
at a source angle of 0� as the molecular beam passed through a
chopper wheel spinning at 300 Hz. These beam TOF spectra
were taken twice a day, as the beam velocity changes as a function
of experimental conditions. The number density speed distribu-
tion of the molecular beam peaked at 1.19� 105 cm/s with a full-
width at half-maximum (FWHM) of 11.0% when the m/e = 79
TOF spectrum was taken and peaked at 1.59 � 105 cm/s with a
FWHM of 6.0% when the m/e = 33 TOF spectrum was taken.
Those neutral fragments that scattered with a net velocity

vector pointing into the 1.5� acceptance angle of the differentially
pumped detector entered the ionizer, where they were ionized by
200 eV electron bombardment ionization. The ions were accel-
erated and focused by high-voltage plates and weremass-selected
by a quadrupole mass spectrometer and detected by a Daly
detector. The signal, which is proportional to the number of ions
detected, was counted by a multichannel scaler and recorded as a
function of arrival time after the laser fires. The data were
accumulated in 2 μs channel bins. The arrival time is the sum
of two flight times: the flight time of the neutral fragments from
the interaction region with the laser beam to their arrival at the
ionizer, and the flight time of the ions through the quadrupole
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region. The flight time of the neutral fragments depends on the
magnitude and direction of the recoil velocity imparted during
the dissociation. The flight time of the ions is proportional to the
square root of the mass-to-charge ratio of the ionized fragments.
The distribution of center-of-mass recoil translational energies
imparted during the dissociation is obtained by a forward
convolution fit to the TOF spectrum of the Br fragments. The
mass-to-charge ratio of the ionized fragment, the angle at which
each spectrum was taken, and the total number of accumulated
laser shots are all denoted in the top right-hand corner of
each plot.
A time-of-flight spectrum was taken at m/e = 79 (Br+) but

no signal was detected above the baseline at m/e = 49
(CD2CD2OH

+) after 1.5 � 106 laser shots. Signal at m/e = 33
(CD2OH+), however, represents those stable CD2CD2OH
radicals that have a net velocity vector pointing into the
acceptance angle of the detector but dissociatively ionize to
CD2OH

+when bombarded with 200 eV electrons. Thus, it yields
the same recoil translational energy distribution as the m/e = 49
spectrum would, once the fit has been shifted by the apparatus’s
ion flight constant of 4.5 μs amu�1/2 to account for the shorter
flight time of the m/e = 33 ions through the quadrupole region.
The P(ET) used to fit the m/e = 33 data thus characterized the
C�Br bond fission events that produced stable radicals.
C. ComputationalMethods.The geometries and single point

energies of 2-bromoethanol-d4 and the stationary points on the
potential energy surface of the OH + C2D4 reaction were
calculated at the G4//B3LYP level of theory, using the GAUSS-
IAN09, version A.02, electronic structure package.48 The ge-
ometries were optimized until they converged to a root-mean-
square force and a root-mean-square displacement of 1 � 10�5

and 4 � 10�5 (in atomic mass units), respectively. The 6-311+
+G(3df,2p) basis set was utilized, with a spin-restricted wave
function for the closed-shell systems and a spin-unrestricted
wave function for the open-shell systems. The optimized ge-
ometries for the hydrogenated analogues calculated by Senosiain
et al.23 were used as the initial guesses for the geometries of the
deuterated molecules. Single-point energies were zero-point
corrected at 0 K. The B3LYP/6-311++G(3df,2p) vibrational
frequencies were scaled by 0.9854.49 Force constants and nor-
malized displacement vectors for the normal modes of vibration
of the parent molecule were calculated using the same basis set.
In several instances on the PES, the transition state could not be

optimized using the B3LYP method, likely due to the flat nature
of the potential energy surface in these regions. This problemwas
also noted in the calculation of the OH + C2H4

23 and the OH +
C3H6

50 PES’s. For these cases, we assume that there is essentially
no barrier beyond the endoergicity.

III. RESULTS

In this section, we present the velocity map imaging and
scattering data for the photodissociation of 2-bromoethanol-d4.
We begin with a discussion of the electronic structure calcula-
tions of the parent molecule and potential energy surface for the
OH + C2D4 reaction. Section IIIB details the center-of-mass
translational energy distributions obtained from the detection of
bromine atoms in both apparatuses, as well as the anisotropy
parameters derived for the primary dissociation. Section IIIC
describes the detection of stable CD2CD2OH radicals. In section
IIID, we utilize energy conservation to obtain a distribution of
internal energies of the radicals, and in section IIIE, we use a
modified impulsive model to determine a distribution of vibra-
tional energy of the radicals, validating our model by using it to
accurately predict the measured translational energy distribution
of stable radicals.
A. Electronic Structure Calculations. It has been previously

determined that 2-bromoethanol has five stable conformers.51,52

Our calculations characterized the five analogous stable confor-
mers of 2-bromoethanol-1,1,2,2-d4. The conformers, denoted
Tt, Tg, Gt, Gg, and Gg0, are categorized by two terms. The first
describes the dihedral angle between the Br and OH group as
either T (trans) or G (gauche). The second term describes the
dihedral angle of the hydrogen in the OH group and the rest of
the moiety as either t (trans) or g (gauche). There are two
conformers with a gauche C�C�O�H bond, denoted Gg and
Gg0. The zero-point level of the Gg conformer is slightly lower in
energy than that of the trans conformers, due to the energeti-
cally favorable interaction between the hydroxyl H and the
bromine. The single-point energies were calculated at 0 K and at
353.15 K (the nozzle temperature) and the relative populations
of the five conformers are calculated assuming a thermal
distribution at the nozzle temperature, accounting for the
degeneracy of the gauche conformers. These values are shown
in Table 1. If no isomerization is occurring on the excited state,
seventy percent of the parent molecules are expected to
dissociate from a G-conformer, leading to a highly rotationally
excited radical. This will be discussed in further detail in section
IIIE.
The CD2CD2OH radical has several stable conformers. How-

ever, upon dissociation of the C�Br bond, the radical is formed
with significant internal energy, so it may easily interconvert
between these conformers. Thus we calculate bond energies
relative to the lowest energy conformer of the radical. The bond
dissociation energies for C�Br bond fission, shown in Table 1,
were calculated by subtracting the sum of the zero-point cor-
rected G4 energies of the lowest energy CD2CD2OH conformer
and Br(2P3/2) from the zero-point corrected G4 energy of each
parent molecule conformer.
The calculated stationary points on the potential energy

surface of the OH + C2D4 reaction are shown in Figure 1 along
with the P(Evib) determined experimentally as described in
section IIIE. The zero-point energies shown relative to the
CD2CD2OH radical are reported in kcal/mol. When multiple
stable conformers are calculated, the energy of the lowest-energy

Table 1. Single-Point Energies, Relative Populations, and
Bond Dissociation Energies of the Five Stable Conformers of
2-Bromoethanol-d4

a

conformer

energy (0 K;

kcal/mol)

energy

(353.15 K;

kcal/mol)

relative

population

(%; 353.15 K)

bond

dissociation energy

(kcal/mol)

Tt 1.25 6.08 7.4 70.71

Tg 1.31 6.02 15.2 70.65

Gt 2.01 6.80 7.2 69.95

Gg 0 4.59 65.4 71.96

Gg0 2.50 7.21 4.8 69.46
aThe single-point energies are calculated at the G4//B3LYP/6-311+
+G(3df,2p) level of theory at 0 and 353.15 K, and reported relative to the
energy of the lowest energy conformer, Gg, at 0 K. The bond dis-
sociation is obtained by subtracting the sum of the G4 energy of the
CD2CD2OH radical and Br(2P3/2) from the G4 energy of each
conformer.
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conformer is reported. In most cases, the energy of the deuter-
ated molecules varies from the hydrogenated analogue by no
more than a kcal/mol. Reisler and co-workers33 calculated the
stationary points of several of the deuterated pathways, shown in
Figure 1 in black solid line, at the B3LYP/6-311++G(d,p) level of
theory.While our calculated G4 endoergicities of the C2D4 +OH
asymptote and the barrier to isomerize from CD2CD2OH to
CD2HCD2O were similar to the prior B3LYP predictions, the
three B3LYP barriers reported in ref 33 to form CD2CDOH+D,
CD2HCDO + D and CD2H + CD2O were substantially higher
(by 1.2�2.5 kcal/mol) than our G4 barriers in Figure 1. In
addition to these pathways, we also calculated the energies of
the product pathways accessed by the α-hydroxyethyl radical
(CD2HCDOD or CD3CDOH). These pathways are shown in
black dashed line in Figure 1. We explored those pathways to
predict the likelihood of observing H atom products in addition
to D atom products. The results in Figure 1 suggest that the H
atom product channels would not be important, because they
require surmounting high energy isomerization transition states
when lower energy bond fission transition states are available.
This conclusion is in agreement with the assignment in ref 33 of
the H atom signal to impurities.
The most significant difference between the deuterated PES

and the undeuterated PES23 is the presence of these two isotopic
variants of α-hydroxyethyl (CD3CDOH, which is the product of
the isomerization from CD2CD2OH, and CD2HCDOD, which
is the product of the isomerization of the partially deuterated
ethoxy radical, CD2HCD2O). Additionally, there are three
isotopic variants of the ethenol + H product channel. The four
cases in which the TS could not be optimized with B3LYP were
the transition state between CD2CD2OH and [C2D4] 3 3 3OH,
and the three transition states leading from the two α-hydro-
xyethyl isotopes to ethenol + H. The geometries of the local
minima and transition states on the PES and the five parent
conformers are reported in the Supporting Information.
B. Translational Energy Distributions Imparted in C�Br

Bond Photofission. Figure 2 shows ion images of Br(2P1/2) and
Br(2P3/2) atoms obtained on the imaging apparatus in the upper
and lower panels respectively. The arrow indicates the direction
of the photolysis laser polarization. Both images display a clear

anisotropy, which originates from the fact that a molecule is more
likely to absorb a photon when the electric vector is aligned with
the electronic transition moment vector. The Br(2P1/2) image
displays a top-bottom anisotropy, indicating the transition mo-
ment vector lies parallel to the C�Br bond, while the Br(2P3/2)
image displays an angular distribution with a negative anisotropy
parameter, implying that the transition moment vector lies
perpendicular to the C�Br bond. The exact anisotropy param-
eters were obtained by fitting the angular distributions derived
from the detection of Br(2P1/2) and Br(

2P3/2) to 1 + βP2(cosθ)
and 1 + β2P2(cosθ) + β4P4(cosθ) respectively, where P2 and P4
are second- and fourth-order Legendre polynomials, θ is the
angle between the electric vector of the photolysis laser and the
radical’s recoil velocity vector, and β is the anisotropy
parameter.41 In this case, β4 was nearly zero, and so β2 can be
treated as the angular anisotropy parameter β. The anisotropy
parameter β ranges from�1 to 2, where β =�1 corresponds to a
strongly perpendicular transition and β = 2 corresponds to a
strongly parallel transition. β and β2 show a significant velocity
dependence, with both values becoming more parallel at higher
velocities. The β(v) spectra are shown in the Supporting Infor-
mation, andweighted-average values are displayed in Table 2. The
values listed are similar to those reported for 2-bromoethanol

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. The pathways from the CD2CD2OH intermediate shown in
black solid line were calculated in ref 33 at the B3LYP/6-311+G(d,p);
the additional pathways calculated in this work are shown in dashed line.
The P(Evib) of CD2CD2OH radicals, determined in section IIIE, is
shown in red. The energies are shown in kcal/mol, relative to the zero-
point energy of the CD2CD2OH radical intermediate.

Figure 2. Background-subtracted ion images obtained on the velocity
map imaging apparatus. The upper frame shows Br(2P1/2) atoms and
the lower frame shows Br(2P3/2) atoms. In both frames the arrow
indicates the direction of the laser polarization. Each figure measures
840 � 840 pixels. The ion image of Br(2P1/2) appears to have a faint
inner ring. These highly positive (red) and negative (blue) values in this
inner ring are noise resulting from subtracting a large photoionization
laser background signal in this region.
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photodissociation,32 confirming that Br(2P1/2) is produced via a
transition to the 3Q0 excited state and that Br(

2P3/2) is produced
via a transition to the 1Q1 or the

3Q1 excited states.
53

Translational energy distributions, shown in Figure 3, were
separately obtained for dissociation events resulting in Br(2P1/2)
+ CD2CD2OH radicals and Br(2P3/2) + CD2CD2OH radicals via
the state-selective detection of Br. The P(ET) derived from the
velocity distribution of Br(2P3/2) atoms peaks at 35 kcal/mol,
while the P(ET) derived from the velocity distribution of Br(2P1/2)
atoms peak at 32 kcal/mol. The two distributions are normalized
and weighted by the spin�orbit branching ratio,

N½Brð2P1=2Þ�
N½Brð2P3=2Þ�

¼ k
S½Brð2P1=2Þ�
S½Brð2P3=2Þ�

ð1Þ

which corrects for the relative detection efficiencies of the
spin�orbit states of Br. Here, S[Br(2P1/2)]/S[Br(

2P3/2)] is the
ratio of integrated signal intensity of the spin�orbit states,
determined by accumulating bromine signal while scanning over
the Doppler profile of each spin�orbit state. It was calculated as
0.756 ( 0.199 after 15 trials. The REMPI line strength k was
determined for bromine to be 0.32 ( 0.02.32 The resulting
branching ratio, N[Br(2P1/2)]/N[Br(

2P3/2)], is 0.242 ( 0.065.
The weighted P(ET)s are added together to yield the total P(ET)
of all dissociation events, shown in black in Figure 3. The P(ET)
peaks near 34 kcal/mol and has an average value of ÆETæ =
33.6 kcal/mol.

Figure 4 shows the time-of-flight spectrum of fragments with
m/e = 79 (Br+) obtained in the scattering apparatus. The data are
shown in open circles, and the solid black line shows the forward
convolution fit. The P(ET) used to fit these data is shown in solid
line in Figure 5 with the smoothed P(ET) obtained on the
imaging apparatus shown in gray dashed line for comparison. It
peaks at 35 kcal/mol, with an average ÆETæ of 34.0 kcal/mol. The
maximum value of the P(ET)s from the scattering apparatus and
the imaging apparatus agree within 1 kcal/mol, which is within
the calibration error for each apparatus.54 Any small inconsis-
tencies between the two P(ET)s may result from the different
expansion conditions of the molecular beam.
In an upcoming manuscript, we consider two additional

primary dissociation channels of 2-bromoethanol-d4, HBr and
DBr elimination.55 These channels were detected at a mass to

Table 2. Weighted-Average Anisotropy Parameters for the
Angular Distributions of the Photodissociation Channels
Leading to Br(2P1/2) + CD2CD2OH and Br(2P3/2) +
CD2CD2OH

spin�orbit state anisotropy parameter

Br(2P1/2) β = 0.47

Br(2P3/2) β2 = �0.27

β4 = 0.05

Figure 3. Center-of-mass recoil translational energy distribution of Br +
CD2CD2OH following the photodissociation of 2-bromoethanol-d4 at
193 nm. The distributions, obtained on the imaging apparatus by state-
selectively detecting the ground and excited spin�orbit states of Br, are
weighted by the spin�orbit branching ratio and summed to yield the
total P(ET) shown in black.

Figure 4. Total time-of-flight spectrum of fragments with a mass-to-
charge ratio of 79 following the dissociation of 2-bromoethanol-d4,
detected on the crossed laser-molecular beam scattering apparatus with
200 eV electron bombardment ionization. The data are shown in open
circles, and the black line represents the forward convolution fit to the
data from the P(ET) shown in Figure 5.

Figure 5. Center-of-mass recoil translational energy distribution,
P(ET), of the photodissociation of 2-bromoethanol-d4. It was derived by
a forward-convolution fit to them/e = 79 (Br+) scattering apparatus data
shown in Figure 4. The smoothed P(ET) obtained on the imaging
apparatus from Figure 3 is shown in gray dashed line for comparison.
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charge ratio of 82 and 83, respectively, using tunable VUV
photoionization and a crossed-laser molecular beam apparatus.
The resulting P(ET)s show that the DBr elimination channel
imparts less than half the amount of kinetic energy to the
resulting fragments than the HBr channel. We consider the
possibility that some Br+ signal is in fact from the dissociative
ionization of HBr and DBr. However, we experimentally deter-
mined a branching ratio for the C�Br bond fission channel to
both the HBr and DBr elimination channels as 168:1 for the HBr
channel and 236:1 for the DBr channel. Thus, it is unlikely that a
significant portion of the Br+ signal comes from dissociative
ionization.
C. Translational Energy Distributions of Stable CD2CD2OH

Radicals. Upon photodissociation, Br atoms and CD2CD2OH
radicals are formed with a range of energies. Br atoms cannot
dissociate or isomerize to other products, so the P(ET) derived
from the detection of Br is an effective measurement of all dis-
sociation events. But with sufficient internal energy, CD2CD2OH
radicals may dissociate to products on a faster time scale than the
detection scheme. Thus, the P(ET) derived from the detection of
CD2CD2OH radicals is a measurement of the dissociation events
that result in radicals that are stable to further dissociation. The
comparison of the two P(ET)s provides a measure of the thresh-
old energy at which the radicals can surmount the barrier to
dissociation.
The dissociations that result in Br + stable radicals are detected

in the imaging apparatus by setting the negative voltage gate to
coincide with the arrival of ions with a mass-to-charge ratio of 49
(CD2CD2OH

+). The resulting ion image is extracted and
integrated to yield a velocity distribution of CD2CD2OH frag-
ments. Reproducible underlying background signal was apparent
in the velocity distribution at nonphysical velocities. This back-
ground was attributed to the photoionization laser beam hitting
the ion optics assembly and was fit to a Gaussian curve and
subtracted out. The raw data and Gaussian curve used are shown
in the Supporting Information. Conservation of momentum is
used to derive a P(ET) from the background-subtracted velocity

distribution using 80 as the mass of the bromine, to reflect
the nearly 50/50 natural isotopic ratio between 79Br and 81Br.
Figure 6 shows the P(ET) of Br + stable CD2CD2OH radicals in
blue with the P(ET) of Br + all CD2CD2OH radicals shown in
black for comparison. The two distributions match closely at high
ETs, because radicals that have been formed with higher recoil
translational energy have significantly less internal energy and are
thus stable to further dissociation. Radicals formed in low ET
C�Br fission events, on the other hand, have much more energy
available in internal degrees of freedom and therefore a signifi-
cant fraction have sufficient energy to dissociate and are not
detected. The threshold translational energy at which the radicals
begin to dissociate is given by the energy at which the two P(ET)s
begin to diverge, 39.4 kcal/mol. However, there is a significant
portion of stable radicals formed with translational energies
below this threshold, due to the creation of rotationally meta-
stable radicals. This will be discussed in further detail in section
IIID. A predicted P(ET) for Br + stable radicals, calculated in
section IIIE, is shown in red.
Figure 7 shows the TOF spectrum of m/e = 33 fragments

obtained in the scattering apparatus. This signal is attributed to
CD2OH

+, which results from the dissociative ionization of stable
CD2CD2OH radicals. The data are shown in open circles, and
the forward convolution fit is shown as a solid line. No signal was
detected above the baseline at m/e = 49 (CD2CD2OH

+), even
after 1.5 � 106 laser shots. This is to be expected, as the
appearance energy of m/e = 33 (CD2OH

+) from stable
CD2CD2OH radicals is 12.02 eV. This appearance energy was
calculated as the difference between the zero-point corrected
energies of the CD2CD2OH radical and the sum of the neutral
CD2 fragment and the CD2OH

+ ion, calculated at the G4//
B3LYP/6-311++G(3df,2p) level of theory. Electron bombard-
ment at 200 eV provides more than enough energy to dissocia-
tively ionize stable radicals into smaller ion fragments. Them/e =
33 signal thus represents CD2CD2OH radicals that are stable
enough to survive until reaching the ionizer but then undergo
dissociation upon electron bombardment ionization. The P(ET)
used to fit them/e = 33 data, shown in Figure 8, is the same as the

Figure 6. Distribution of recoil translational energies imparted in all
C�Br photofission events, shown in black, and of just the photofission
events that result in stable CD2CD2OH radicals, shown in blue. The two
distributions, obtained on the imaging apparatus, were each normalized
and scaled such that the fast edges match. The predicted P(ET) of Br +
stable radicals is shown in red, calculated via a modified impulsive model
in section IIIE.

Figure 7. Total time-of-flight spectrum of fragments detected at a mass-
to-charge ratio of 33, attributed to CD2OH

+ ions formed in the
dissociative ionization of stable CD2CD2OH radicals. The data, ob-
tained on the scattering apparatus, are shown in open circles, and the
black line represents the forward convolution fit to the data from the
P(ET) shown in Figure 8.
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one that would be used to fit any stable m/e = 49 data. It has an
average value of ÆETæ = 36.2 kcal/mol and peaks at ET = 36 kcal/
mol. The smoothed P(ET) obtained on the imaging apparatus at
m/e = 49 is shown in gray dashed line for comparison. The major
portions of the two P(ET)s match within 1 kcal/mol.
D. Derivation of the Internal Energy Distribution of

CD2CD2OH Radicals. As further studies of the product channels
of the OH + C2D4 reaction depend on the internal energy of the
CD2CD2OH radicals, eq 2 is used to derive an internal energy
distribution for the nascent radicals from the measured P(ET) of
all C�Br fission events. Conservation of energy requires that the
sum of the energy of the photon and the energy of the parent
molecule prior to dissociation must be equal to the energy
partitioned into the product fragments. Some of this energy is
consumed in breaking the C�Br bond, and the remaining energy
is distributed among recoil translational energy in the center-of-
mass reference frame, ET, and internal energy of the fragments,
Eint,Br + Eint,radicals.

Ephoton þ Eint;parent ¼
D0ðC-BrÞ þ ET þ Eint;Br þ Eint;radicals ð2Þ

Here, Ephoton is 147.8 kcal/mol, the energy of the 193.3 nm
photon used to break the C�Br bond. The supersonic expansion
of the molecular beam effectively cools the rotational degrees of
freedom of the parent molecule, so Eint,parent consists of the
vibrational energy of the parent, calculated by a direct count of
eigenstates. The average values of Eint,parent for each conformer of
2-bromoethanol-d4 are approximately 2.5 kcal/mol. D0 is calcu-
lated at the G4//B3LYP/6-311++G(3df,2p) level of theory, as
described in section IIIA and the values for each conformer are
listed in Table 1. As D0 is defined here as the difference between
the zero-point energies of each of the 2-bromoethanol-d4 con-
formers and the lowest energy CD2CD2OH conformer, the zero
of internal energy calculated in eq 2 is set as the zero-point energy
of the CD2CD2OH radicals. The range of translational energies,
ET is experimentally determined, as described in section IIIB,
and Eint,Br is either 0 or 10.54 kcal/mol, depending on which

spin�orbit state of bromine is detected. A range of Eint,radicals is
calculated using these values.
We calculate an approximate lower bound to the range of

internal energies accessible to the CD2CD2OH radicals. The
radicals formed in conjunction with Br(2P1/2) and with the maxi-
mum amount of translational energy have about 20 kcal/mol of
internal energy. The majority of the radicals have significantly
more than 20 kcal/mol of internal energy; some have as much as
60 kcal/mol. The lowest calculated energy barrier for the
dissociation of CD2CD2OH is the pathway that leads to OH +
C2D4 and it was calculated to lie 26.3 kcal/mol above the zero-
point level of the radical. Therefore, nearly all the radicals are
calculated to have internal energy higher than this barrier height.
However, the large number of stable radicals that were never-
theless detected, coupled with our previous work32 which
detailed the large amount of rotational energy partitioning that
occurs in the dissociation of the analogous 2-bromoethanol,
indicate that these internally excited CD2CD2OH radicals are
similarly stabilized by partitioning internal energy into rotational
energy, rather than vibrational energy.
Absorption of a 193 nm photon by the 2-bromoethanol-d4

molecule excites a transition nominally assigned to promoting an
electron from a nonbonding orbital of the bromine to a σ*
antibonding orbital of the C�Br bond, as discussed in ref 56 and
references within.56 The potential energy surface of the excited
state accessed by an nf σ* absorption band, such as that for the
260 nm absorption band of CH3I, has been shown to be quite
steep in the Franck�Condon region,57,58 so the reaction should
occur in less than a picosecond. This is experimentally confirmed
by the marked anisotropy of the angular distributions. The rapid
dissociation of the C�Br bond thus generates an impulsive kick
to the radical fragment. The resulting force on the radical is
positioned far away from the center of mass of the radical,
imparting a large amount of rotational energy to the radical.
Conservation of angular momentum dictates that little of this
energy is available to surmount the energetic barriers of the
dissociation pathways. In their study of the photodissociation of
2-bromoethanol, Hintsa et al.31 noted that an impulsive dissocia-
tion of the gauche conformer with an ET of 33 kcal/mol (the
median value) and with an impact parameter of b = 1.36 Å would
partition 38 kcal/mol to rotation, but that such a dissociation
would violate conservation of energy at higher ETs. This lead
them to suggest that the C�C�Br angle widened during
dissociation, a widening that also might result in their observed
photofragment angular distribution being isotropic. However,
later experiments by Ratliff et al32 separately resolved the angular
distributions of the Br(2P1/2) and Br(2P3/2) cofragments and
both are strongly anisotropic, so the isotropic angular distribu-
tion measured by Hintsa et al. is simply a weighted average of
those two angular distributions. Ratliff et al.32 developed a
modified impulsive model, described in the next section, ac-
counting for zero-point motion in the C�C�Br bend and the
thermal distribution of internal energy in the photolytic pre-
cursor that correctly modeled the distribution of stable radicals
due to partitioning of energy to rotation, if one assumed that
many of the 2-bromoethanol molecules isomerized to a trans
geometry on the excited state surface prior to the impulsive
dissociation. We now use this model to characterize the analo-
gous partitioning to the CD2CD2OH radical.
E. Modeling Rotational Energy Partitioning to the CD2CD2-

OH Radicals. The model described in this section is based on an
impulsive model,59�62 which assumes that the impulsive force on

Figure 8. Center-of-mass recoil translational energy distribution of the
photodissociation of 2-bromoethanol-d4 that resulted in stable
CD2CD2OH radicals. This distribution was obtained by a forward-
convolution fit to them/e = 33 (CD2OH

+) data shown in Figure 7. The
smoothed P(ET) obtained on the imaging apparatus from Figure 6 is
shown in gray dashed line for comparison.
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the repulsive excited state of 2-bromoethanol-d4 acts in the Franck�
Condon region. Unlike classical rigid radical impulsive models,
which assume little to none of the energy imparted to the fragments
during the dissociation is distributed among the vibrational degrees
of freedom, our model uses an experimental distribution of kinetic
energies rather than predicting ET as part of the model. This
modeled rotational energy, derived from themeasured P(ET) using
conservation of angular momentum, is then subtracted from the
calculated distribution of internal energy to determine the vibra-
tional energy imparted to the nascent radicals.
The model has been described in greater detail elsewhere.32,63

Briefly, conservation of angular momentum requires that the
classical orbital angular momentum of the fragments be equal in
magnitude but opposite in direction to the rotational angular
momentum of the radical. The angular momentum of the photon
is neglected here. Substitution of the definitions of rotational and
translational energy yields

Erot ¼ μb2

I
ET ð3Þ

where μ is the reduced mass of the Br + radical system, b is the
impact parameter in the C�Br bond fission, and I is the moment
of inertia of the CD2CD2OH radical fragment about an axis of
rotation perpendicular to the plane defined by the center of mass
of the radical and the C�Br bond. The μb2/I factor is calculated
by a series of vector calculations,54 given the Cartesian coordi-
nates of the atoms of the parent molecule at equilibrium geometry.
The model assumes that the geometry of the CD2CD2OH
moiety of the 2-bromoethanol-d4 molecule is preserved upon
dissociation.
One key factor included in this model is accounting for the fact

that in the low lying vibrational states of the parent molecule, a
range of impact parameters and moments of inertia is accessed as
the molecule vibrates. The likelihood of the molecule dissociat-
ing with a certain μb2/I factor is given by the square of the
harmonic wave function at the displacement from equilibrium
that yielded that geometry. The majority of the normal modes of
vibration of the parent molecule involve only hydrogen or
deuterium motion, which makes little difference to the impact
parameter. Taking into consideration only the normal vibrational
mode that results in the widest range of μb2/I factors, a dis-
tribution of rotational energies can be calculated for a given ET
using eq 3. The relevant normal modes used for each of the
conformers of 2-bromoethanol-d4 are ν3 = 201.37 cm�1 for Tt,
ν2 = 194.99 cm�1 for Tg, ν14 = 1109.61 cm�1 for Gt, ν13 =
1068.05 cm�1, and ν13 = 1068.31 cm

�1. Using the relation Eint =
Evib + Erot and substituting eq 3 into eq 2 yields eq 4.

Evib ¼ Ephoton þ Eint;parent � D0ðC-BrÞ � Eint;Br � 1 þ μb2

I

 !
ET ð4Þ

Evib is solved for using the values defined in section IIIC.
Rather than use the average value for Eint,parent, however, a direct
count of states yields a distribution of internal energies of the
parent molecule, P(Eint,parent). A complete distribution of vibra-
tional energies partitioned to the radicals, P(Evib), is obtained by
convoluting the experimental P(ET) of all radicals over the
distribution of μb2/I factors and over the P(Eint,parent). A separate
P(Evib) is calculated for each of the stable conformers of
2-bromoethanol-d4, using the appropriate values for D0 and
P(Eint,parent). The five distributions are scaled according to the
thermal population percentages listed in Table 1 and summed to

yield the resulting total P(Evib), shown in Figure 1 overlaid on the
potential energy surface of the OH + C2D4 reaction.
The calculated P(Evib) spans energies above and below the

theoretically predicted 26.3 kcal/mol barrier height to the OH +
C2D4 dissociation pathway. In an effort to characterize the
accuracy of our model, we apply a vibrational energy cutoff of
26.3 kcal/mol to the calculated P(Evib) and assume that all
nascent radicals formed with vibrational energy above this cutoff
will not be detected because they rapidly undergo secondary
dissociation. For every ET in the P(ET) of all dissociation events,
a distribution of vibrational energies is calculated from eq 4, and
the fraction of events that leave the CD2CD2OH with low
enough Evib to remain stable to further dissociation is calculated
by integrating the P(Evib) up to the vibrational energy threshold.
In this way, we obtain a predicted P(ET) of Br + stable radicals.
The three G-conformers of 2-bromoethanol-d4, Gt, Gg, and

Gg0, have a much larger impact parameter than the two T-con-
formers, and thus, the dissociation of the C�Br bond in these
molecules imparts a larger amount of energy into rotation,
stabilizing those radicals. A predicted P(ET) of Br + stable
radicals is obtained for each of the five conformers and weighted
according to their relative thermal populations at the nozzle
temperature. The total predicted spectrum is the sum of these
predictions and is shown in red in Figure 6. The close match
between the predicted spectrum and the experimental spectrum
affirms, within 2 kcal/mol, the accuracy of our model and the
theoretically calculated barrier height for the dissociation of the
radical to OH + C2D4.

IV. DISCUSSION

In this study, we photodissociated a precursor, 2-bromoetha-
nol-d4, to yield momentum-matched bromine atoms and
CD2CD2OH radical fragments. Using a velocity map imaging
apparatus and a crossed laser-molecular beam scattering appara-
tus, we obtained translational energy distributions for all dis-
sociation events, and for just those events that result in radicals
that are stable to further dissociation on the time scale of the
measurement. Using conservation of energy and a model for
approximating rotational energy partitioning, we determined a
distribution of vibrational energies of the nascent CD2CD2OH
radicals. This distribution, shown in Figure 1, peaks at 19.5 kcal/
mol, with 30.7% of the radicals having a vibrational energy larger
than the 26.3 kcal/mol threshold needed to access the OH +
C2D4 product channel, and 16.6% having vibrational energy
higher than the 31.8 kcal/mol needed to access the isomerization
pathway to CD2HCD2O.

The study of this partially deuterated system provides an
opportunity to probe the effect of specific deuterium-hydrogen
replacements on energy partitioning to the CD2CD2OH radicals.
There are several key differences between this work and our
previous study of the dynamics of the CH2CH2OH radical. In the
hydrogenated system, the translational energy distributions peak
approximately 2 kcal/mol faster than in the deuterated system.32

Additionally, while the photodissociation of BrCH2CH2OH
partitions energy into the radical such that 60% of the radicals
formed with vibrational energy below that required to dissociate
toOH+ ethene; the analogous number for the photodissociation
of BrCD2CD2OH is 76%. This marked increase in the percen-
tage of dissociation events that result in stable radicals is due to
the fact that the P(Evib) for the CD2CD2OH radicals peaks at
19.5 kcal/mol, whereas that for CH2CH2OH radicals peaks
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7 kcal/mol higher, at 26.5 kcal/mol. In addition, while energy and
angular momentum conservation allows the gauche conformer
of the BrCD2CD2OH molecule to dissociate impulsively from
equilibrium geometry, the data on the hydrogenated system
indicated the many of the gauche conformers had to isomerize
prior to dissociation.

Furthermore, this system allows further testing of our recently
proposed rotational model. The model has been assessed in
systems in which the excitation of the parent molecule occurs
on a potential energy surface that is not repulsive in the
Franck�Condon region,46,63 as well as systems that are repul-
sive, and thus generate a large recoil kinetic energy in the
dissociation.32 In our studies of the 2-bromoethanol molecule,
assuming the excited state molecules dissociated from the ground
state thermal distribution of parent conformers resulted in a poor
prediction of the experimental stable radical spectrum.32 To
obtain a reasonable prediction, we instead assumed that a certain
percentage of the G-conformer parent molecules underwent a
conversion to the T-conformer upon excitation. In the deuter-
ated system, however, a good prediction can be attained assum-
ing a thermal distribution of parent molecules at the nozzle
temperature. Thus, with no adjustable parameters, the model
predicts the measured velocity distribution of stable radicals in
the partially deuterated system.

Themodel relies on the assumption that the torque generating
the radical’s rotational energy acts in the Franck�Condon
region. Though many prior theoretical papers, beginning with
studies of triatomic photodissociation by Schinke,64 have em-
phasized the importance of considering torques along the entire
dissociative trajectory on the excited state potential energy to
accurately predict rotational energy partitioning in the photo-
fragments, the present system does not require including such
effects to get good agreement with the experimentally measured
distribution of stable radicals. Although Hintsa et al. rationalized
their isotropic Br angular distribution by concluding that widen-
ing of the C�C�Br angle occurs on the potential surface,
reducing the torque,31 later experiments showed the isotropic
distribution results from the weighed sum of the highly aniso-
tropic Br(2P1/2) and Br(2P3/2) distributions.

32 In analogy with
the excited states of methyl bromide,65 we expect that the excited
states of 2-bromoethanol accessed at 193 nm are steeply repul-
sive in the C�Br bond in the Franck�Condon region, making
the present model a useful one.

We note one simplification in the implementation of the
current model. We have assumed that 100% of radicals with
vibrational energy above the barrier will dissociate and 0% of
those below the barrier will dissociate. This assumption ignores
the possibility of tunneling, as well as the possibility of unstable
radicals remaining stable during the detection time scale. Though
including these effects is important, due to limits in resolution
and calibration error, the present experimental data are not
sensitive to these small differences. Our results from the two
apparatuses with detection time scales of 40 ns (imaging) and
>100 μs (scattering) result in similar spectra within these
limitations. Plots in the Supporting Information show that
changes in the vibrational threshold of up to 2 kcal/mol in either
direction do not have a dramatic effect on the shape of the
predicted stable radical spectrum.

The calculation of an accurate vibrational energy distribution
of CD2CD2OH radicals is key to probing the subsequent
dissociation channels of the radical as a function of its energy.
In our upcoming study,55 we detect the products formed by the

dissociation of the unstable radicals in an effort to characterize
the product branching of the reaction. Comparison to the
product branching study of the CH2CH2OH radical35 will offer
insight into how the product branching changes as a result
of partial deuteration. In particular, indication of a frustrated
dissociation to OH + ethene leading instead to a vinyl + H2O
channel was evident in our previous study. This product channel,
traditionally assigned to a direct hydrogen abstraction reaction by
the hydroxyl radical, was previously thought to be inaccessible to
the CH2CH2OH radicals. Trajectory calculations by Bowman
and co-workers have recently suggested a roaming mechanism
for this product channel,66 so it will be interesting to detect the
analogous pathway to C2D3 + HDO from the radical intermedi-
ate of the OH + C2D4 reaction.
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