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The dissociation dynamics of allene, propyne, and propyne-d3 at 193 nm were investigated
with photofragment translational spectroscopy. Products were either photoionized using
tunable VUV synchrotron radiation or ionized with electron impact. Product time-of-flight
data were obtained to determine centre-of-mass translational energy (P(ET)) distributions,
and photoionization efficiency (PIE) curves were measured for the hydrocarbon products. The
two major product channels evident from this study are atomic and molecular hydrogen loss,
with a H:H2 branching ratio of 90:10, regardless of precursor. The P(ET) distribution for each
channel is also largely independent of precursor. Both channels appear to occur following
internal conversion to the ground electronic state. The propyne-d3 results show that there is
extensive isotopic scrambling prior to H(D) atom loss, and that the H:D product ratio
is approximately unity. The PIE curves for H(D) atom loss from allene, propyne, and
propyne-d3 indicate that the dominant corresponding C3H3 product is the propargyl radical
in all cases. There is some evidence from the PIE curves that the dominant C3H2 products from
allene and propyne are propadienylidene (H2CCC:) and propargylene (HCCCH), respectively.

1. Introduction

Photodissociation studies of chemical isomers probe the
effects of initiating dynamics from various stable points
on the ground state potential energy surface. From these
studies, one can determine how the overall dissociation
mechanism depends on the initial structure of the
isomer, thereby probing the global topology of the
ground and excited electronic states of the species under
study. Unsaturated hydrocarbons are particularly suit-
able for experiments of this type, since they generally
exist in several isomeric forms and have multiple low-
lying electronic states accessible by a single UV photon.
UV excitation of these species typically deposits
sufficient energy for multiple isomerization and dis-
sociation pathways to be thermodynamically accessible,
and detailed photodissociation studies can reveal,
among other things, whether scrambling between the
two (or more) starting isomers becomes facile at any
point during the dynamics. For example, in our
laboratory very different primary photochemistry from

the 193 nm photodissociation of two C4H6 isomers,
1,2- and 1,3-butadiene [1,2] have been observed, even
though both species dissociate via internal conversion to
the ground state surface.

The current study focuses on the 193 nm dissociation
of allene (H2C¼C¼CH2) and propyne (HC�CCH3),
two isomers of C3H4, under collisionless conditions.
Propyne-d3 (HC�CCD3) has been studied to further
elucidate the dynamics of the dissociation process. The
issues that have been addressed here are the primary
product channels following dissociation, the relative
importance of these product channels, and the parti-
tioning of available energy following dissociation.
In identifying the primary product channels, we aim
to discriminate between isomeric photoproducts. This
study is a reinvestigation and extension of a previous
study of the 193 nm photodissociation of allene and
propyne conducted in this laboratory [3].

The UV and VUV photodissociation of allene and
propyne has been investigated by several other experi-
mental groups [4–13] while numerous theoretical studies
[14–21] have been conducted to characterize the ground
and excited states of both isomers. The photodissocia-
tion dynamics of allene at 193 nm were studied by
Jackson et al. [5] with molecular beam photofragment
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translational spectroscopy (PTS), using electron impact
(EI) ionization of the scattered photoproducts.
This work showed C3H3þH and C3H2þH2 to be the
major primary channels, with an H:H2 branching ratio
of 89:11, determined by measurement of the scattered
H and H2 signal, as opposed to the heavier, momentum-
matched fragments. The centre-at-mass flame transla-
tional energy (P(ET)) distributions showed little kinetic
energy release for the H-atom loss channel, while the
distribution for H2 loss peaked around 20 kcal/mol.
These results imply a dissociation mechanism in which
electronic excitation is followed by rapid internal
conversion and statistical dissociation from the allene
ground state, with no exit barrier with respect to pro-
ducts for H atom loss, but a nonzero exit barrier for the
H2 loss channel. The C3H3 product was reasonably
assumed to be the propargyl (H2CCCH) radical. The
identity of the C3H2 radical was less clear, but it was
proposed to be the propadienylidene (H2CCC) structure
formed by 1,1-H2 elimination from a terminal C atom.
Using 118 nm light to ionize reaction products, Ni et al.

[8] also found H atom loss to be by far the dominant
channel in the 193 nm dissociation of allene. In addition
to H2 loss, they detected signal suggesting a very small
amount of CH2þC2H2 production. The structural
assignments of C3H3 being formed as propargyl radical
and C3H2 being formed as propadienylidene were
supported by more recent work in our laboratory [3]
in which allene was photodissociated at 193 nm, and the
scattered products were photoionized by tunable

vacuum ultraviolet (VUV) synchrotron radiation; the
appearance energies for the C3H3 and C3H2 products
were in good agreement with the known ionization
potentials of the propargyl [22] and propadienylidene [23]
radicals. The H:H2 branching ratio and P(ET) distribu-
tion for the H2 channel reported in the photoioniza-
tion study differed from those reported by Jackson [5].
Based on the work presented here, the earlier results
appear to be correct.

A theoretical treatment of the allene (and propyne)
ground and excited states by Mebel and co-workers
[20, 21] supported the overall mechanism invoked to
explain the experimental results. They assigned the
193 nm excitation as a vibronically allowed transition to
the 1B1 state (in D2d) symmetry and demonstrated how
distortion of the nuclear framework in the upper state
leads to a crossing between the excited and ground
states, thereby providing a reasonably facile pathway for
internal conversion. The energetics from these calcula-
tions are summarized in figure 1. The dotted lines show
the calculated energetics for H and H2 loss from allene.
The H2 loss channel is less endothermic by 4 kcal/mol,
but it has a 9 kcal/mole barrier with respect to products
corresponding to the three-centre transition state for
1,1-H2 elimination, consistent with the lower yield for
this channel and its P(ET) distribution. Figure 1 also
illustrates the highest barrier along the allene-propyne
isomerization pathway (referenced to propyne), as
calculated at the G2(B3LYP) level of theory by Davis
et al. [24], is included as a dashed line. In fact, this
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Figure 1. Energy level diagram for allene and propyne dissociation following 193 nm excitation. � � � radical sites; –––– pathways
for propyne decomposition, - - - pathways for allene decomposition. All values were taken from theoretical work as described in
the text.
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pathway is quite complex [18, 24, 25] and involves
passage through cyclopropene as an intermediate.
The photodissociation dynamics of propyne are more

complex, because cleavage of the inequivalent methyl
and acetylenic C–H bonds can occur, resulting in
production of the propargyl and propynyl (CH3CC)
radicals, respectively. As shown in figure 1, the
acetylenic C–H bond is stronger by 42 kcal/mol, so
cleavage of this bond is likely only as a result of excited
state dynamics; if internal conversion to the ground
state were to occur prior to dissociation, then produc-
tion of the lower energy propargyl fragment would be
strongly favoured. Moreover, once on the ground state,
the competition between bond cleavage and isomeriza-
tion between propyne and allene presents an additional
dynamical issue.
The experimental record on C–H bond cleavage from

propyne dissociation is somewhat mixed. Bersohn [4]
studied the photodissociation of CH3CCD at 193 nm by
monitoring laser-induced fluorescence (LIF) from H and
D photolysis products. In this study, no LIF signal from
H atoms was detected, suggesting that the C–D bond
breaks preferentially. Sun et al. [3] found differing
photoionization efficiency (PIE) curves for the C3H3

products from the photodissociation of propyne and
allene at 193 nm; this finding was interpreted to indicate
that the C3H3 product from propyne was the propynyl
radical, in agreement with Bersohn’s results. In contrast,
Qadiri et al. [12, 13] found that the H atom translational
energy distributions from propyne photolysis at 193.3,
203.3, 209.0, and 213.3 nm were identical to those from
allene, suggesting production of the propargyl radical
from each C3H4 isomer. Furthermore, Chen et al. [11]
investigated CD3CCH by vibrationally exciting the
molecule with three quanta of the C–H stretch prior to
dissociation at 243.1 nm. Even though the C–H bond
was pre-excited, C–D bond fission was found to be the
dominant channel, with a reported branching ratio for
D loss/H loss of 2.0 � 0.5. At 157 nm excitation [10],
there is evidence for excited state dissociation of the
acetylenic bond, along with low energy products
attributed to statistical decay on the ground state.
Propyne can also undergo H2 loss when excited at

193 nm. Ni et al. [8] found this to be a minor (<10%)
channel, while Sun et al. [3] found the H:H2 branching
ratio to be 56:44. However, as was the case with allene,
the latter study appears to have overestimated the H2

loss channel. The mechanism for H2 loss is strongly
coupled to that for H atom loss; if acetylenic C–H bond
dissociation dominates, which can only occur on an
excited state surface, then H2 loss must also occur on
an excited surface, but if the H atom loss channel
corresponds to propargyl formation from ground state
dissociation, then H2 loss also most likely occurs on the

ground state. Figure 1 shows that if H2 elimination from
propyne does occur on the ground state, it can occur
via 1,1-H loss to form singlet propargylene (HCCCH),
or by 1,3-H loss to form propadienylidene. Although
the latter channel is lower in energy, the five-centre
transition state for 1,3-H loss is considerably higher in
energy than the three-centre TS for 1,1-H loss, so singlet
propargylene should be the favoured C3H2 isomer from
propyne [21]. On the other hand, any isomerization to
allene prior to H2 loss would result in propadienylidene
production.

The experiments reported in this paper on allene,
propyne, and propyne-d3 were undertaken in order to
gain a fuller understanding of the 193 nm photodissocia-
tion dynamics of propyne and to re-investigate some of
the claims made in the earlier paper from our group on
allene and propyne dissociation [3]. The work reported
here comprises new experiments carried out using a
molecular beam instrument on the Chemical Dynamics
Beamline at the Advanced Light Source (ALS) at the
Lawrence Berkeley National Laboratory, in which
tunable VUV synchrotron radiation is used to photo-
ionize the fragments, supplemented by experiments on
a molecular beam instrument based on electron impact
(EI) ionization. The photoionization (PI)-based instru-
ment enables one to greatly reduce the extensive
dissociative ionization associated with electron impact.
In addition, measuring the photoionization efficiency
yield for a particular fragment as a function of VUV
energy should allow one to discriminate between
isomeric photofragments based on ionization potential.
On the other hand, EI cross-sections well above thresh-
old are more available than near-threshold PI cross
sections, particularly for open-shell species, facilitating
branching ratio measurements on the EI instrument.
This capability was particularly useful in measuring
the H:H2 loss ratios from allene and propyne and the
H:D branching ratio from the photodissociation of
propyne-d3.

To understand the primary dynamics of the two
reaction channels, P(ET) distributions were deter-
mined using photofragment translational spectroscopy.
Additionally, PIE curves were measured for the C3H3

and C3H2 fragments, as well as their deuterated
analogues. The P(ET) distributions for H and D atom
loss from allene, propyne, and propyne-d3 all peak at
very low translational energy (45 kcal/mol), while those
for H2, HD, and D2 loss peak at 17–20 kcal/mol. The
H:H2 loss ratios were found to be about 9:1 for both
allene and propyne. The H:D branching ratio for
photodissociation of propyne-d3 was nearly unity,
indicating extensive isotopic scrambling prior to H(D)
atom loss. The PIE curves for H(D) atom loss are
essentially the same starting from allene, propyne, or

Dissociation dynamics of allene, propyne and propyne-d3 1767



propyne-d3, and indicate that the propargyl radical is
the dominant C3H3 product with no significant propynyl
formation, in contrast to our earlier report. The PIE
curves for the C3H2 product from allene and propyne
were slightly different, suggesting identification of the
preferred H2 loss product as propadienylidene from
allene and propargylene from propyne, while the PIE
curves for the C3HD and C3D2 products from propyne-
d3 were essentially the same.
Our data suggest that the overall photodissociation

dynamics comprise internal conversion to the ground
state followed by isomerization and dissociation. There
are relatively small differences between the photodisso-
ciation dynamics of allene and propyne. We consider
whether this result reflects similar potential energy
topologies for H and H2 loss from the two precursors,
or if instead isomerization between the allene and
propyne minima on the global potential energy surface
is sufficiently rapid to yield indistinguishable photo-
dissociation dynamics for the two molecules.

2. Experiment

2.1 PI instrument

The PI-based apparatus employed in this experiment
has been described previously [26, 27]. Briefly, a pulsed
photolysis beam crosses a pulsed molecular beam in a
rotating source/fixed detector configuration. Scattered
photofragments are photoionized by VUV undulator
radiation from the ALS after entry into a multiply-
differentially pumped detection region. These ions are
mass-selected prior to detection. The photofragment
time-of-flight (TOF) distribution can be determined at
a fixed scattering angle and VUV wavelength, or the
mass-selected ion yield can be measured as a function
of VUV wavelength to determine the photoionization
efficiency curve for a particular fragment.
A pulsed molecular beam of either 6% allene in

helium or 5% propyne in helium was generated with a
pulsed valve operating at 100Hz with s200–400 Torr
stagnation pressure, which was maintained using a
vacuum regulator. The pulsed valve, which had a
0.5mm diameter nozzle, was heated to s80�C to
minimize the presence of dimers. A beam of s5%
propyne-d3 in helium was generated using s220Torr
stagnation pressure. Propyne (98%) was obtained
from Aldrich, allene was obtained from Matheson,
and propyne-d3 (99þ%) was obtained from C/D/N
Isotopes. All three chemicals were used without further
purification. Typically, the section of the initial parent
beam that was intersected by the laser was characterized
as having a flow velocity V0¼ 1310m/s and a speed ratio
S¼ 10 for allene, V0¼ 1450m/s and S¼ 11 for propyne,

V0¼ 1570m/s and S¼ 10 for propyne-d3. Experiments
were also performed on propyne-d3 seeded in Ne, for
which V0¼ 915m/s and S¼ 9.

The molecular beam was skimmed either once or
twice and crossed with 193 nm light emitted by a
Lambda Physik LPX-200 or COMPex 110 ArF excimer
laser. The laser pulse, with a typical energy of 18mJ, was
focused to a 2� 4mm rectangle. The laser beam was
perpendicular to both the molecular beam and detector
axes, and the molecular beam source could be rotated
about the laser beam with respect to the fixed detector.
Laser power was controlled to ensure that the TOF
spectra were not the result of multiphoton processes.
Shot-to-shot background subtraction was employed for
spectra taken with photoionization energies above the
appearance potential of the species of interest from the
parent molecule, but in general, background subtraction
was unnecessary given that the ionization energy was
maintained below the threshold for the appearance of
daughter fragments.

Following dissociation, the neutral photofragments
travelled 15.1 cm from the interaction region to the
ionization region. Tunable VUV undulator radiation
from the Chemical Dynamics Beamline at the ALS was
used to ionize the scattered neutral photofragments,
and the ionized fragments were mass selected by a
quadrupole mass filter. The signal from the fragments
of interest was counted as a function of time by a
computer-interfaced multichannel scaler (MCS). The ion
flight constant (IFC) for the detector was 5.26 ms amu�1/2

for the allene and propyne measurements, and it was
5.54 ms amu�1/2 or 5.77 ms amu�1/2 for the propyne-d3
measurements (the IFC was confirmed prior to running
at the ALS; several separate runs were required). An
MCS bin width of 2 ms was used for all allene and
propyne spectra presented here, while an MCS bin width
of 1 ms was used for propyne-d3 product TOF spectra;
some propyne-d3 product TOF spectra were rebinned to
3 ms bin widths.

The properties of the VUV undulator radiation used
in these experiments have been described in detail [28, 29].
All measurements were conducted at 1.9GeV electron
beam energy, where the low end of the useable VUV
radiation range is below 8 eV. The bandwidth of the
radiation from the undulator is approximately 2.3%.
The higher harmonics of the undulator radiation are
removed by a differentially pumped gas filter [30].
In these experiments, the gas filter was maintained at
s25–30Torr of continuously flowing argon for product
TOF measurements. While the upstream mirrors and the
gas filter remove the higher harmonics of the undulator
radiation, a small blue tail remains on the fundamental.
To reduce the effects of this component of the radiation,
an MgF2 window, which transmits no light above
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11.2 eV, could be inserted into the path of the undulator
radiation. A VUV calorimeter was employed to con-
tinuously monitor the VUV radiation flux.
Angle-resolved TOF profiles were obtained by select-

ing the mass-to-charge ratio (m/e) for the ion of interest,
fixing the source angle, and setting the undulator gap
to deliver the appropriate photoionization energy. The
source angle was changed and more spectra were taken
to get a set of spectra for each m/e. PIE curves for
specific photofragments were obtained by selecting m/e,
fixing the source angle, and scanning the undulator
photon energy. In constructing the curve, the scattering
signal for each fragment was integrated, background
subtracted, and normalized.

2.2 EI instrument

A fixed-source, rotating-detector apparatus based on
EI detection was used for additional photodissociation
experiments [2, 31]. In general, operating conditions
were similar to those described above. A pulsed
molecular beam (with a nozzle heated to s90�C) of
s5% allene, propyne, or propyne-d3 in helium was
crossed orthogonally with 193 nm light emitted by a
Lambda Physik LPX-220i ArF excimer laser. The 12mJ
laser pulse was focused to a 2� 4mm rectangle. The
detector could be rotated in the plane defined by the
molecular beam and the laser beam. Shot-to-shot
background subtraction was used to remove the
contribution from the parent molecular beam from
the TOF spectra. The neutral photofragments traveled
20.8 cm prior to ionization with s180 eV electrons. The
ionized fragments were mass selected by a quad-
rupole mass filter, and the signal from the fragments
of interest was counted as a function of time by a
computer-interfaced MCS. The ion flight constant
for the detector was 4.9 ms amu�1/2. An MCS bin
width of 1 ms rebinned to 3 ms was used for the spectra
presented here.

3. Results

3.1 PI TOF spectra

Product TOF spectra from allene dissociation
were collected for ions with m/e¼ 39 ðC3H

þ
3 Þ, 38

ðC3H
þ
2 Þ, 26 ðC2H

þ
2 Þ, and 14 ðC2H

þ
2 Þ; TOF spectra from

propyne dissociation were collected for ions with
m/e¼ 39, 38, 26, 25, 15, and 14. Only the TOF spectra
for m/e¼ 39 and 38 showed clear evidence for primary
dissociation channels, corresponding to the reactions

C3H4 þ hv ! C3H3 þH ðR1Þ

C3H4 þ hv ! C3H2 þH2 ðR2Þ

TOF spectra for m/e¼ 39 and 38 were taken at several
laboratory angles. None of the lighter masses that were
probed showed appreciable signal that would have
supported other dissociation pathways. To check for
the presence of dimers in the molecular beam, TOF
spectra at m/e¼ 40 were collected at a source angle
of �LAB¼ 7�. However, no noticeable signal was
detected.

For allene, m/e¼ 39 TOF spectra were collected at
�LAB¼ 7�, 10�, 12�, and 18�, and m/e¼ 38 TOF spectra
were collected at �LAB¼ 10�, 15�, and 20�. For propyne,
m/e¼ 39 TOF spectra were collected at �LAB¼ 5�, 7�,
10�, 12�, and 15�, and m/e¼ 38 TOF spectra were
collected at �LAB¼ 8�, 10�, 15�, and 20�. By selecting
multiple undulator settings for different scans, a series
of TOF spectra at different VUV photon energies were
generated. Figure 2 shows TOF spectra for mass 39
photoproducts from allene at �LAB¼ 7� and 10� and
propyne at �LAB¼ 7� at two different photon energies,
9.9 and 11.4 eV, chosen to lie below and above the onset
for ionization of the propynyl radical (see below). The
MgF2 window was used at 9.9 eV but not at 11.4 eV. The
TOF spectra at the two photon energies are essentially
identical; the implications of this observation are
discussed below. Figure 3 shows mass 38 photoproduct
TOF spectra for allene and propyne at �LAB¼ 10� and
20�, at a photon energy of 11.7 eV.

For propyne-d3 measurements, TOF spectra were
collected for ions with m/e¼ 43, 42, 41, 40, and 39.
Each channel of interest leads to primary products
with different masses, i.e. 42þ 1, 41þ 2, 40þ 3, and
39þ 4 correspond to H, D, HD, and D2 loss,
respectively, and primary products from all four
channels were detected. For the helium-seeded beam,
TOF spectra for m/e¼ 42 and 41 were collected at
�LAB¼ 5�, 7�, 10�, 12�, and 15�, while TOF spectra
for m/e¼ 40 and 39 were collected at �LAB¼ 7�, 10�,
15�, 20�, and 25�. For the neon-seeded beam, TOF
spectra for m/e¼ 42 and m/e¼ 41 were collected at
�LAB¼ 7�, 10�, and 15�; additional spectra were
collected for m/e¼ 42 at �LAB¼ 13�. Figure 4 presents
sample H and D loss (m/e¼ 42 and m/e¼ 41, respec-
tively) TOF spectra for beams of propyne-d3 seeded
in helium at photon energies of 9.5 and 11.5 eV. TOF
spectra for HD and D2 loss (m/e¼ 40 and m/e¼ 39,
respectively) are presented in figure 5.

3.2 EI TOF spectra

Product TOF spectra for allene and propyne were
collected on the EI instrument for ions with m/e¼ 39–36
and for several smaller masses, at �LAB¼ 7�, 10�, and
15�. Sample spectra for m/e¼ 39–36 from propyne are
shown in figure 6. In contrast to the PI TOF spectra, the
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spectra for m/e<39 have significant contributions from
dissociative ionization of the mass 39 C3H3 photoprod-
uct, the dominant dissociation channel (see below),
particularly at smaller scattering angles. In addition
there appears to be a contribution from dissociative
ionization of parent dimer in all the TOF spectra. The
various contributions to the EI TOF spectra are assessed
in section 4.
Product TOF spectra from propyne-d3 dissociation

were collected for ions with m/e¼ 42 and 41 at

�LAB¼ 5�, 7�, 9�, 10�, and 11�. TOF spectra at
�LAB¼ 7� and 10� are shown in figure 7.

3.3 PIE measurements

Figure 8 shows PIE curves for the scattered C3H3

fragments from allene and propyne dissociation taken
at �LAB¼ 7� with the MgF2 window in place, as well as
PIE curves for C3H2 photoproduct at �LAB¼ 20�

without the MgF2 window. The higher appearance
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Figure 6. TOF spectra from propyne photodissociation using EI detection at �LAB¼ 10� and �LAB¼ 15� for m/e¼ 39 ðC3H
þ
3 Þ

(a and b), m/e¼ 38 ðC3H
þ
2 Þ (c and d), m/e¼ 37 (C3H

þ) (e and f ), and m/e¼ 36 ðCþ
3 Þ (g and h). In all spectra, � � � represent the data

and –––– represents the total forward convolution fit to the data. - - - - represents the contribution from m/e¼ 39 photoproduct
using the P(ET) distribution in figure 10(c). -�-�-�- represents the contribution from m/e¼ 38 photoproduct using the P(ET)
distribution in figure 10(d ). � � � � represents the contribution from a small amount of dimer dissociation, using the P(ET) distribution
shown in figure 12.
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energy for them/e¼ 38 products, as evidenced by the PIE
spectra in figure 8, necessitates removal of the window,
which only transmits light below 11.2 eV. Collection of
the data for m/e¼ 38 at �LAB¼ 20� minimizes the
contribution to the PIE curve from dissociative ioniza-
tion of C3H3 product (see section 4.1). For comparison
purposes, the PIE curves for fragments with the samem/e
from allene and propyne are superimposed in figure 8.
Relative scaling of the allene and propyne data was
chosen to minimize differences between PIE curves from
the two parent species.
The PIE curves show ‘tails’ that extend to low photon

energy, which are characteristic of hot bands from
vibrationally excited neutrals. The existence of these
tails, combined with the low S/N of the C3H2 PIE
curves, does not help extraction of accurate IPs from
these PIE curves, so only photoionization onsets where
the first signal is observed are reported. These onsets are
7.6� 0.4 eV for C3H3 from allene, 7.6� 0. eV for C3H3

from propyne, 9.0� 0.5 eV for C3H2 from allene, and
8.8� 0.5 eV for C3H2 from propyne. The PIE curves for
the C3H3 products (m/e¼ 39, figure 8(a)) from allene
and propyne are quite similar, in contrast to those
reported by our lab previously, [3] which are now
believed to be incorrect. The PIE curve for C3H2

(m/e¼ 38, figure 8(b)) products from propyne show
more intensity below 10 eV than the corresponding

curve from allene, while the allene curve shows more
intensity above 10 eV. However, the error bars are larger
for these curves because the signal is considerably lower
for m/e¼ 38.

Figure 9 presents the PIE curves for fragments
produced in the photodissociation of propyne-d3.
The PIE curves for m/e¼ 42 and m/e¼ 41 (H and D
loss) are superimposed in figure 9(a), while those for
m/e¼ 40 and 39 (HD and D2 loss) are superimposed in
figure 9(b). As in figure 8, relative scaling was chosen to
minimize differences between the superimposed curves.
There appear to be no significant differences between
the superimposed curves in figure 9(a) or 9(b). In
figure 9(a), each PIE curve shows a photoionization
onset of 8.0� 0.4 eV. The PIE curves in figure 9(b) show
photoionization onsets of 8.0� 0.4 eV for m/e¼ 40 and
8.5� 0.4 eV for m/e¼ 39.

3.4 Electronic structure calculations on the propynyl
radical

Interpretation of the PIE curves for the C3H3 fragment
for allene and propyne in figure 8 requires knowledge
of the ionization potentials (IPs) for the various C3H3

isomers. The IP of propargyl has been determined by
ZEKE spectroscopy to be 8.763 eV [22], while the IP for
the cyclopropenyl radical is reported to be 6.6 eV [32].
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Figure 7. TOF spectra from propyne-d3 photodissociation using EI detection for m/e¼ 42 ðC3D
þ
3 Þ at (a) �LAB¼ 7� and

(b) �LAB¼ 9� and for m/e¼ 41 (C3D2H
þ) at (c) �LAB¼ 7� and (d) �LAB¼ 9�. � � � data; –––– forward convolution fit to the

data using the P(ET) distribution shown in figure 11(a) for m/e¼ 42 spectra and the P(ET) distribution shown in figure 11(c)
for m/e¼ 41 spectra.
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The adiabatic and vertical IP’s of propargyl are very
similar, given that the largest peak in its photoelectron
spectrum is the transition to the ionic ground vibra-
tional state [33]. No experimental determination of the
ionization potential of the propynyl radical (CH3CC)
has been performed to date. Therefore, electronic
structure calculations were performed to determine the
vertical IP of the propynyl radical.
Calculations were performed using the

GAUSSIAN98 suite of programs [34] on a dual
PIII-Xeon system and a dual 400MHz IP30 SGI
Octane system. Geometry optimizations and vibrational

frequency calculations were carried out as performed by
Mebel [21]. Following an initial geometry optimization
using B3LYP/6-311G(d,p), a subsequent optimization
and frequency calculation was performed at the MP2/
6-311G(d,p) level of theory, to ensure that the calculated
ground state structure was stable. The vertical ionization
potentials calculated using the UCCSD(T) method with
6-311G(d,p), cc-pVTZ, and aug-cc-pVTZ basis sets
are presented in table 3. For consistency, no correction
was made for the zero point energy. The highest level
calculation yields a vertical IP of 10.75 eV to the
CH3CC

þ triplet state, consistent with the value of
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Figure 8. (a) Photoionization efficiency curves for m/e¼ 39 ðC3H
þ
3 Þ photoproduct at �LAB¼ 7� for allene and propyne

photodissociation, using the MgF2 window for reduction of a residual high-energy tail in the undulator radiation.
(b) Photoionization efficiency curves for m/e¼ 38 ðC3H

þ
2 Þ photoproduct at �LAB¼ 20� for allene and propyne photodissociation,

also using the MgF2 window. The curves are scaled to one another for comparison. The solid squares with a solid line represent
the allene data points with 2� error bars, while the solid triangles with a dashed line represent the propyne data points with
2� error bars.
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approximately 11 eV previously reported as an unpub-
lished reference by Sun et al. [3]

4. Analysis

4.1 Translational energy distributions

In this section, centre-of-mass translational energy
distributions used to fit the TOF spectra obtained on
the two instruments are presented. It is considerably
easier to fit the data obtained on the PI instrument,
owing to greatly reduced dissociative ionization, so
the procedure previously used in our analysis of

1,3-butadiene [2] was followed, in which distributions
are fit to the PI data and then used to obtain branching
ratios from the EI data.

The joint photofragment energy and angular distribu-
tion, P(ET, �), is given for each dissociation channel by

PðET , �Þ ¼ PðET ÞTð�Þ, ð1Þ

where P(ET) and T(�) are the uncoupled centre-of-mass
translational energy and angular distributions, respec-
tively. The excimer laser used in these experiments was
not polarized. Thus, T(�) will appear isotropic in the
detection plane, given the rotating-source/fixed-detector
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Figure 9. Photoionization efficiency curves for (a) m/e¼ 42 ðC3D
þ
3 Þ and m/e¼ 41 (C3D2H

þ) photoproducts at �LAB¼ 7� and for
(b) m/e¼ 40 ðC3D

þ
2 Þ and m/e¼ 39 (C3DHþ) at �LAB¼ 22� from propyne-d3 photodissociation. The solid squares and solid triangles

represent the (a) m/e¼ 42 and m/e¼ 41 data points respectively and the (b) m/e¼ 40 and m/e¼ 39 data points respectively using the
MgF2 window for reduction of a residual high-energy tail in the undulator radiation. The unfilled squares and unfilled triangles
represent the (a) m/e¼ 42 and m/e¼ 41 data points respectively and the (b) m/e¼ 40 and m/e¼ 39 data points respectively without
using the MgF2 window. The curves are scaled to one another for comparison. The data points are shown with 2� error bars.
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geometry used on the PI instrument, where the direction
of laser propagation is perpendicular to the plane
defined by the molecular beam and the detector. The
P(ET) distribution for each channel is determined
through forward convolution, in which an assumed
P(ET) distribution is convoluted over the various
instrument parameters to simulate each of the TOF
spectra. [35, 36] The P(ET) distributions are adjusted
point-wise until the best simultaneous fit of the
simulation to the TOF data at all observed angles is
obtained.
Figure 10(a), (b) shows the P(ET) distributions used

to fit the laboratory data for the allene photodissociation
experiments, and figure 10(c), (d ) shows the distributions
used to fit the data from the propyne experiments. The
contributions to the laboratory TOF data obtained
from P(ET) distributions are shown in figures 2 and 3
(see captions for details). Figure 11 presents the P(ET)
distributions used to fit the data from propyne-d3
photodissociation; the same distributions were used to
fit TOF spectra taken with either He or Ne as the carrier
gas. There is an additional contribution to the propyne
TOF data from photodissociation of a small amount of
(C3H4)2 present in the section of the propyne beam that
was dissociated by the laser into two C3H4 fragments and
appears as a dissociative ionization (DI) component in
lower mass spectra; figure 12 shows the P(ET) distribu-
tion from propyne dimer dissociation used to fit this
contribution. The calculated contributions of the P(ET)
distributions for the various channels to the TOF spectra

are indicated in figures 2–5; details are given in the figure
captions.

From figures 10 and 11, the P(ET) distributions for
the atomic hydrogen loss channels are peaked near zero,
while the P(ET) distributions for the molecular hydrogen
loss channels are peaked well away from zero and
extend more toward the energetic limit. The relevant
quantities that can be extracted from the P(ET)
distributions to characterize and compare them are
listed in table 1, including the value of ET at the peak
of the distribution (ET,peak), the maximum value of ET in
the distribution (ET,max), the average translational
energy release (hETi), the maximum available energy
for each channel (Eavl), and the fraction of available
energy released into translation ( fT). The distributions
for H-atom loss from allene and propyne are essentially
identical, as are the distributions for H and D-atom loss
from propyne-d3. The distributions for H2 loss from
allene and propyne are also very similar. However, the
values of Eavl and fT in table 1 assume the identity of
the C3H2 fragment be the three-center elimination
product in each case, i.e. propadienylidene from allene
and propargylene from propyne, a point covered further
in the next section. The P(ET) distribution for D2 loss
from propyne-d3 peaks at slightly lower ET than that for
HD loss. Energetics for deuterium-substituted propar-
gylene are not available.

In figure 3, the TOF spectra for m/e¼ 38 at
�LAB¼ 10�, taken at a photon energy of 11.7 eV, have
a significant contribution from dissociative ionization of
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Figure 10. CM translational energy distribution for atomic hydrogen loss from (a) allene and (c) propyne dissociation.
CM translational energy distribution for molecular hydrogen loss from (b) allene and (d ) propyne dissociation.
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C3H3 products, but there is virtually no DI contribution
at the larger scattering angle, �LAB¼ 20�, because of
kinematic factors and the fact that the P(ET) distribu-
tions for H2 loss peak at significantly higher transla-
tional energies. In figure 5, where results for HD and D2

loss from propyne-d3 are presented at �LAB¼ 15�, the

contribution from DI is significantly lower at the lower
photon energy, 9.5 eV, than at 11.5 eV. In our earlier
paper [3], the DI contribution to the TOF spectra at
m/e¼ 38 was incorrectly assigned to primary C3H2

signal for both allene and propyne photodissociation.
As a result, the P(ET) distributions in that paper for the
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C3H2þH2 channel were shifted toward very low
translational energy, compared to those in figures 10
and 11. Thus, the extent of C3H2þH2 production was
overestimated, resulting in an H:H2 branching ratio that
was too low.
Figures 6 and 7 show the fits to the EI TOF data using

the P(ET) distributions in figures 10–12. The configura-
tion of the EI instrument, in which the direction of laser
propagation is in the plane defined by the molecular
beam and the detector, allows for an anisotropic
photofragment angular distribution to be used in the
joint distribution, equation (1), but a satisfactory fit was
obtained assuming an isotropic distribution. The TOF
spectra in figure 6 from allene and propyne dissociation
at m/e¼ 39 are relatively straightforward to fit, but
those at m/e¼ 38 are dominated by dissociative ioniza-
tion of mass 39 product and also have a significant
contribution from DI of either allene or propyne dimer
(the allene dimer P(ET), obtained by measuring TOF
spectra at m/e¼ 40, is very similar to the propyne
distribution in figure 12). Nonetheless, the various
contributions to TOF spectra for m/e¼ 38 and lower
mass ions can be determined, yielding branching ratios
for H versus H2 loss given below. In figure 7, only TOF
spectra for H and D atom loss from propyne-d3 are
fitted and reported because the contributions from DI
at the lower masses are too complex to sort out.

4.2 Intrachannel branching ratios

Product branching ratios for allene and propyne can be
obtained from the PI TOF spectra only if relative

photoionization cross sections are known for the
various products. While our group has recently
measured the absolute photoionization cross-section
for the propargyl radical [37], cross-sections for the
other species of interest (propynyl and the C3H2

products) are not known. Thus the EI data is used to
extract branching ratios for H versus H2 loss from
allene and propyne. The same procedure is used as that
employed for 1,3-butadiene [2] in which TOF spectra
are measured at the parent ion m/e values and all ion
masses where significant fragmentation from the parent
ions occurs. Electron impact cross sections for the
primary products are estimated using additivity rules
[38] and result in cross sections of 6.56� 10�16 cm2

for C3H3 and 5.83� 10�16 cm2 for C3H2. These
cross-sections, in conjunction with the fragmentation
patterns, yield product branching ratios to within an
accuracy of about 25%. Through this procedure, an
H versus H2 loss branching ratios of 90:10 was found
for both allene and propyne photodissociation. The
allene result agrees quite well with the ratio reported
by Jackson et al. [5], whose experiments probed the
H and H2 fragments directly.

From the propyne-d3 photodissociation experiments,
intrachannel branching ratios can be obtained from the
data for H loss versus D loss and for HD loss versus
D2 loss at different photoionization energies. These
branching ratios can be obtained from the signal levels
in the laboratory TOF spectra, following normalization
by VUV intensity and number of laser shots. The fitting
program using to simulate the TOF spectra returns the
relative weights of the P(ET) distributions needed to
reproduce the relative signal intensities of the TOF
spectra for each channel.

Branching ratios for H loss versus D loss from
the photodissociation of propyne-d3 at 193 nm using
different photoionization energies, 9.5 and 11.5 eV, are
presented in table 2, using m/e¼ 42 and 41 TOF spectra
at �LAB¼ 7� and 10�. For these values, no correction
has been made for absolute photoionization cross-
sections for the heavy mass fragments. From the table,
a product branching ratio for H loss to D loss of s1:1
is obtained. The two photoionization energies
were chosen to lie below and above our calculated
vertical IP for propynyl radical. The value for the H:D
branching ratio that was obtained using EI detection
is s1:1. Furthermore, branching ratios for HD loss
versus D2 loss are presented in table 2, using m/e¼ 40
and 39 TOF spectra at �LAB¼ 10� and 15�. From these
values, one can see that the HD:D2 branching ratio
is larger at 11.5 eV than at 9.5 eV; these energies
lie above and below the IP of propadienylidene,
10.43 eV. [23]

Table 1. Relevant quantities characterizing CM translational
energy distributions used to fit the laboratory frame data.
Parameters are defined in text. All energies are in kcal/mol.

Channel ET, peak ET,max hETi Eavl fT

allene R1: C3H3þH 5 34 7.7 60.2a 0.13

propyne R1: C3H3þH 5 34 8.5 58.5a 0.15

allene R2: C3H2þH2 15 48 18.7 65.0a 0.29

propyne R2: C3H2þH2 16.5 49.5 20.1 53.7a 0.37

propyne-d3 R1:

C3D3þH

3 26 6.2 58.9b 0.11

propyne-d3 R1:

C3D2HþD

4 29 6.8 56.0b 0.12

propyne-d3 R2:

C3D2þHD

18 46 19.9 – –

propyne-d3 R2:

C3DHþD2

14 42 16.7 – –

aEnergies from [20] and [21].
bEnergetics calculated in GAUSSIAN98 and described in
the text.
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5. Discussion

5.1 Allene

The allene photolysis results and analysis presented in
this paper are in agreement with the main features of the
earlier work by Jackson et al. [5] The major products
arising from one photon absorption correspond to losing
atomic and molecular hydrogen, and our P(ET) distribu-
tions for those two channels are similar to those obtained
by Jackson. We see no evidence for the CH2þC2H2

channel observed by Ni et al. at 193 nm [8] (and by
Harich et al. at 157 nm [9]), possibly reflecting poorer
kinematics in our experiment for the detection of
fragments where the masses are relatively close, com-
pared to H or H2 loss. The P(ET) distributions are
consistent with internal conversion to the ground state
followed by statistical decay to products. For H atom
loss, the P(ET) distribution is concentrated at very
low translational energy, consistent with ground state
dissociation to two radical species (C3H3þH), for
which no barrier to the reverse reaction is expected.
On the other hand, the distribution for the minor
C3H2þH2 channel (figure 10(b)), which peaks well
away from ET¼ 0, is consistent with dissociation over
an exit barrier, as expected for a molecular elimination
channel.
The P(ET) distribution C3H2þH2 shows no intensity

for ET<9kcal/mol. This value is close to the calculated
exit barrier height of 9.4 kcal/mol with respect to C3H2

(propadienylidene)þH2 products [20] (see figure 1),
consistent with a ‘late’ transition state in which
the energy gained from passing over the barrier is

channelled almost exclusively into product translation
rather than the internal degrees of freedom. The
calculated transition state geometry for 1,1-H2 elimina-
tion shows the geometry of the C3H2 moiety to be very
similar to that calculated for the asymptotic C3H2

product, consistent with our experimental observations.
The PIE curve in figure 8(a) supports past assignments

of the C3H3 species as the propargyl radical. The curve
in figure 8(b) for C3H2 from allene rises sharply above
10 eV, but there is a significant tail, i.e. nonzero signal,
extending below 9 eV. Chen and co-workers [23, 39] used
VUV photoionization mass and photoelectron spectro-
scopy to determine adiabatic IPs for cyclopropenylidene
and propadienylidene to be 9.15� 0.03 eV and 10.43�
0.02 eV, respectively. These values were compared to
corrected additivity and scaled ab initio results. This
group also predicted a value of 8.76 eV for the IP of
triplet propargylene, which was supported by their
experimental results [22]. The singlet-triplet splitting for
propargylene was calculated to be 15.1 kcal/mol using
B3LYP-DFT and 17.0 kcal/mol using CASPT2 [40]
suggesting an IP of approximately 8 eV for singlet
propargylene.

The clear rise in the PIE curve in figure 8(b) above
10 eVcertainly suggests propadienylidene production, the
expected molecular product via three-centre elimination
from allene (see figure 1). The PIE signal below 10.4 eV
may all be from vibrationally excited propadienylidene.
However, it is also possible that some isomerization
to propyne occurs, given that the isomerization barriers
[18, 24, 25] are substantially lower than the photon
energy and the barriers to dissociation. In this case, the
favouredmoleculareliminationproductwouldbe(singlet)
propargylene, which would exhibit PIE signal at lower
photon energies. Cyclopropenylidene is the most stable
C3H2 isomer, with a heat of formation calculated to be
13.5 kcal/mol lower than that of propadienylidene [21].
The calculated barrier to formation of this product
from cyclopropene, an intermediate along the allene-
propyne isomerization pathway, is 102 kcal/mol (with
respect to propyne) [25], so it is an additional candidate
as a primary photodissociation product, though less
favourable thanpropadienylidene.

5.2 Propyne

Regardless of whether allene or propyne is photodisso-
ciated, the P(ET) distributions and PIE curves for the
m/e¼ 39 products are very similar. In addition, for
propyne dissociation, the same P(ET) distributions
fit the experimental data for C3H3 production regardless
of whether the photon energy was below or above
the calculated vertical IP of propynyl. The P(ET)

Table 2. H/D and HD/D2 branching ratios for propyne-d3
dissociation from fits to m/e¼ 42 and 41 TOF spectra at

�LAB¼ 7� and 10� and fits to m/e¼ 40 and 39 TOF spectra
at �LAB¼ 10� and 15�; the electron impact H/D branching

ratio for propyne-d3 dissociation is from fits to m/e¼ 42 and 41
TOF spectra at �LAB¼ 7� and 9�.

Channel Photoionization

energy (eV)

Contribution Per cent

C3D3þH 9.5 0.97 49

C3D2HþD 9.5 1.00 51

C3D3þH 11.5 1.01 50

C3D2HþD 11.5 1.00 50

C3D2þHD 9.5 1.09 52

C3DHþD2 9.5 1.00 48

C3D2þHD 11.5 1.50 60

C3DHþD2 11.5 1.00 40

C3D3þH Electron impact 1.00 48

C3D2HþD Electron impact 1.07 52
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distribution for H loss from propyne extends beyond
the energetic limit for propynylþH production (i.e.
18 kcal/mol). Finally, the PIE curves for m/e¼ 39 in
figure 8(a) are essentially the same. These comparisons
suggest that the C3H3 species formed by H-atom loss
from propyne is predominantly the propargyl radical, a
conclusion also drawn by Qadiri et al. [12, 13] on the
basis of H-atom time-of-flight measurements on allene
and propyne at 193.3, 203.3, 209.0, and 213.3 nm. Such
a result would be expected if electronically excited
propyne were to undergo internal conversion to the
ground state before dissociating, because cleavage of the
much stronger acetylenic C–H bond would be highly
unfavourable from the perspective of statistical ground
state decay. The similarity between the P(ET) distribu-
tions for H atom loss from allene and propyne is
consistent with similar energetics and reaction path
topologies for H atom loss from both species. As shown
in figure 1, the two relevant C–H bond dissociation
energies for propargyl formation differ by less than
1 kcal/mol, and dissociation on the ground state in both
cases proceeds without a reverse barrier.
These points of comparison are reasonably compel-

ling, but do not rule out entirely the possibility that
there is some production of propynyl from propyne.
For example, because there is only 18 kcal/mol available
to propynylþH products, excited state dissociation to
form this channel might result in a P(ET) distribution
that is not so different than that for ground state
dissociation to propargylþH. Nonetheless, it appears
that propargyl is the dominant product from H-atom
loss. Further insight into H-atom loss is provided by the
propyne-d3 results discussed in the following section.
Next, consider H2 loss from propyne. As was the

case for allene, this channel is relatively minor, and
the P(ET) distribution peaks well away from zero. These
results are largely consistent with ground state dissocia-
tion followed by internal conversion; H2 loss is
disfavoured by the tighter transition state associated
with molecular elimination as opposed to bond fission,
and the P(ET) distribution is consistent with dissociation
over an exit barrier with respect to products. The
identity of the C3H2 product is of considerable interest.
Based on the energetics in figure 1, propargylene is
anticipated to be the favoured C3H2 product from
propyne, and propadienylidene to be the favoured
product from allene. In figure 8(b), the larger signal
below 10 eV at m/e¼ 38 from propyne compared to
allene is consistent with this prediction. On the other
hand, the H:H2 branching ratios and P(ET) distributions
for H2 loss are the same for allene and propyne, even
though the barrier heights for the two 1,1 elimination
pathways are somewhat different (i.e. 7.3 kcal/mol
higher for propargylene formation from propyne).

These results raise the issue of how much isomerization
occurs between propyne and allene prior to dissociation,
a point more directly addressed by the propyne-d3
results. Several measurements of isomerization between
allene and propyne have been reported at temperatures
corresponding to considerably lower internal energies
than used in this work [24, 25, 41–43].

5.3 Propyne-d3

5.3.1 H-atom loss channel. The propyne-d3 results
allow the issues of dissociation mechanism and product
identity to be probed in more detail. If there were a
combination of excited and ground state dissociation
producing propynyl and propargyl, respectively, then
one would expect different PIE curves and P(ET)
distributions for the m/e¼ 42 and 41 channels corres-
ponding to H and D loss, respectively. Instead, no
significant difference was found in either type of
measurement. In particular, both mass channels are fit
by essentially the same P(ET) distribution, regardless of
whether Ne or He was used as a seed gas (with Ne, the
results of which are not shown, we are more sensitive
to slower products) or whether the VUV photon energy
was at or above the calculated vertical IP of propynyl.
In addition, the D:H branching ratio is approximately
1:1 at the two VUV photon energies. Moreover, using
EI detection, the D:H branching ratio was also found
to be s1:1. Thus, it appears that H atom loss from
propyne-d3 does not result from excited state dissocia-
tion to CD3CCþH.

The results then raise the issue of why H atom loss is
observed at all from propyne-d3, and, more specifically,
why the D:H branching ratio is approximately 1:1,
because statistical decay of ground state CD3CCH
formed by internal conversion should result in D atom
loss only. H atom loss can only occur through isotopic
scrambling on the ground state prior to dissociation,
either through isomerization to cyclopropene and back
to propyne, resulting in CD2HCCD, which could then
lose an H atom to form propargyl-d3, or by isomeriza-
tion to allene-d3, CD2CCDH, in which all D and H
atoms are chemically equivalent. The maximum calcu-
lated barrier height [18, 25] along the isomerization
pathway from propyne to cyclopropene is 61 kcal/mol,
while that for isomerization from cyclopropene to
allene is 66 kcal/mol, so these scrambling processes are
energetically accessible subsequent to internal conver-
sion. Evidence for scrambling in propyne was also seen
at 157 nm excitation [10].

If isotopic scrambling of propyne-d3 were complete
prior to dissociation, then there would be three times
as much CD2HCCD as CD3CCH. Moreover, if only
dissociation to propargyl occurred from C–H(D)
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cleavage on the methyl group, then one would expect, at
first glance, a D:H branching ratio of 3.3:1 rather than
1:1. However, assuming that both D and H loss are
statistical with no exit barriers, RRKM theory predicts
the branching ratio will also be influenced by the sum of
vibrational states available to the various propargyl
isotopomers for dissociation at 193 nm, which, in turn,
depend on their zero point energies and vibrational
frequencies. Each possible deuterated propargyl product
from the dissociation of propyne-d3 (or allene-d3) was
considered, i.e. CD2CCH, CDHCCD, and CD2CCD.
Vibrational frequencies and zero point vibrational
energy (ZPVE) corrections were determined using the
GAUSSIAN98 suite of programs [34] on a dual Intel
PIII-Xeon system. Vibrational frequencies were scaled
based on the recommendations of Bauschlicher and
Partridge [44]. Structures were optimized at the

B3LYP/6-311G(d,p) level of theory and vibrational
frequency calculations were carried out at B3LYP/6-
311þ G(3df,2p). For this basis set and method, vibra-
tional frequencies were scaled by 0.989, and these scaled
frequencies were used to calculate the ZPVE correction.
The state sums were calculated using the Beyer–
Swinehart algorithm for direct count of vibrational
states [45, 46] and the Whitten–Rabinovich method [47].
A bin width of 1 cm�1 was used for the sum of states
direct count calculation.

The calculated vibrational frequencies are shown in
table 4. Calculations for propyne and propyne-d3 yielded
a difference in ZPVE of 5.83 kcal/mol, and calculations
for the propargyl radical (CH2CCH) yielded differences
in ZPVE of 3.50 kcal/mol (CD2CCH), 3.43 kcal/mol
(CDHCCD), and 5.45 kcal/mol (CD2CCD). Thus,
the energy available following 193 nm photolysis to
produce propargyl radical and a hydrogen atom
would be 20 746.4 cm�1 for propyne and 19 620.3 cm�1

(CD2CCHþD), 19 596.1 cm�1 (CDHCCDþD), and
20 612.7 cm�1 (CD2CCDþH) for propyne-d3. Table 5
shows the densities of states for the possible reactions
to form propargyl radical and atomic hydrogen or
deuterium. At these energies, the density of states
for CD2CCDþH is three times that for either
CHDCCDþD or CD2CCHþD, thereby almost exactly
compensating for the 3.3:1 D:H ratio expected without
considering product densities of states. It thus appears
that isotopic scrambling of the hydrogen atoms on
propyne competes effectively with H atom loss. The
question remains, however, as to whether H atom scram-
bling results in significant allene population prior to
dissociation. This point is considered in the next section.

5.3.2 H2 loss channel. The H2 loss channel for
propyne-d3 offers further insights into the competition
between dissociation and isotopic scrambling. According
to figure 1, if no isomerization were to occur, then
molecular hydrogen elimination from propyne-d3 would
result solely in D2þDCCCH production via a three-
center transition state; production of HDþCCCD2

through a five-centre transition state [21] involves
passage over a considerably higher barrier. However,
as shown in table 2, HD:D2 branching ratios are
observed to be between 1:1 and 1.5:1, depending on the
photon energy, implying again that there is significant
isotopic scrambling in propyne-d3 prior to molecular
hydrogen loss. The question then arises as to the identity
of the C3HD and C3D2 fragments, and the related issue
of whether this channel comes exclusively from propyne
or from a mixture of propyne, cyclopropene, and allene.

The P(ET) distributions for HD versus D2 loss in
figure 11 are similar but not identical, with slightly more
product translational energy seen for HD loss. On the

Table 4. Vibrational frequencies (in units of cm�1) for
deuterated propargyl radicals, scaled as mentioned in the text.

CD2CCD CHDCCD CD2CCH

304.92 318.87 317.77

334.54 340.97 379.97

407.14 416.35 477.04

493.64 494.26 562.72

562.32 626.77 631.15

832.48 861.95 833.92

926.28 1052.88 934.35

1170.46 1318.08 1179.82

1891.98 1893.71 1985.75

2253.90 2313.30 2254.04

2379.29 2611.07 2379.30

2433.05 3153.15 3417.01

Table 3. Results from vertical ionization potential calcula-
tions (in units of eV) for the propynyl radical optimized
using MP2/6-311G(d,p) following B3LYP/6-311G(d,p).

Species UCCSD(T)

6-311G(d,p)

UCCSD(T)

cc-pVTZ

UCCSD(T)

aug-cc-pVTZ

CH3CC
þ (singlet) 13.12 13.23 13.26

CH3CC
þ (triplet) 10.57 10.71 10.75

CH3CC (neutral) 0 0 0

Table 5. Densities of states for deuterated propargyl radicals
produced by propyne-d3 dissociation.

Reaction products Beyer–Swinehart Whitten–Rabinovich

CD2CCDþH 1.28� 109 1.34� 109

CHDCCDþD 4.65� 108 4.71� 108

CD2CCHþD 4.10� 108 4.15� 108
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other hand, the PIE curves in figure 9(b) are identical
within their error bars, indicating no difference between
the C3HD and C3D2 fragments. Moreover, these curves
are more similar to the PIE curve H2 loss from propyne
than the corresponding curve for H2 loss from allene,
with all three propyne PIE curves showing more signal
below 10 eV. Taken together, it appears that the HD and
D2 loss channels are very similar, and that, overall, there
is a preference for forming C3H2 species with lower IP’s
from propyne (i.e. propargylene and cyclopropadi-
enylidene) than from allene.
The last conclusion is particularly important, as it

represents the only real evidence that isotopic scram-
bling is not so rapid as to completely eliminate any
differences between the photodissociation of allene and
propyne. However, given the relatively large error bars
on the PIE curves for H2 elimination, this conclusion is
tentative and in need of further experimental confirma-
tion, perhaps by performing state-resolved measure-
ments on the H2 fragment from allene, propyne, and
propyne-d3.

6. Conclusions

Allene, propyne, and propyne-d3 have been photodisso-
ciated at 193 nm under collisionless conditions, and the
photoproducts have been probed via the technique of
photofragment translational spectroscopy coupled with
both tunable VUV and electron impact ionization
detection. Each species shows atomic and molecular
hydrogen (or deuterated analogues thereof ) elimination
channels, with molecular hydrogen a minor channel
(s10%) for allene and propyne. Product P(ET) dis-
tributions are very similar for atomic or molecular loss
channels, independent of precursor, and are consistent
with a dissociation mechanism dominated by internal
conversion to the ground state prior to dissociation. The
P(ET) distributions for H atom loss peak at very low
translational energy (<5kcal/mol), while those for H2

loss show considerably greater translational energy
release, consistent with passage over a barrier with
respect to products.
Photoionization efficiency (PIE) curves for H atom

loss from allene and propyne are essentially identical,
indicating the C3H3 product is primarily the propargyl
radical in both cases. In addition, the PIE curves for H
and D atom loss from propyne-d3 were found to be
identical, and the branching ratio for H:D loss to be
approximately unity. These results show that extensive
isotopic scrambling occurs prior to dissociation, and
that loss of either an H or a D atom produces the
propargyl radical; if any propynyl radical is produced
following loss of an H atom, then it is a relatively

insignificant process. The extensive isotopic scrambling
must occur either through a cyclopropene intermediate
or by (reversible) formation of allene.

If substantial isomerization between allene and
propyne does occur prior to dissociation, one would
expect the photodissociation dynamics of the two
molecules to be indistinguishable, and indeed, the
P(ET) distributions and H:H2 branching ratios are
largely independent of parent compound. On the other
hand, the PIE curves for C3H2 products from allene
and propyne differ enough to suggest identifying the
dominant isomers as propadienylidene and (singlet)
propargylene, respectively; the PIE curves for C3HD
and C3D2 from propyne-d3 are very similar to one
another and to the PIE curve for C3H2 from propyne.
Taken together, these PIE curves offer the only
evidence of differences between the photodissociation
dynamics of allene and propyne, suggesting that
isomerization between allene and propyne is not
complete prior to dissociation. However, this observa-
tion must be regarded quite tentatively, owing to the
relatively low signal levels for molecular hydrogen loss
from all precursors.
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