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ABSTRACT A combination of experimental and theoretical work strongly impli-
cates the production of vinylidene in the photodissociation of the allyl radical,
CH2CHCH2, an important intermediate in hydrocarbon combustion. The evidence
comes froma studyof the dissociation of 2-d1-allyl, whichyields distinctly different
translational energy distributions andmechanisms for the products HCCHþ CH2D
and DCCH þ CH3. In one mechanism, a 1,3 hydrogen shift takes place to give the
CH3CDCH intermediate, which then dissociates to yield CH3 þ DCCH, whereas in
the second, one of two branches occurs after a 1,2 hydrogen shift. The shift forms
CH2D-C-CH2, which either dissociates directly to CH2D þ CCH2 (vinylidene) or
undergoes a second 1,2 shift to give CH2D-CH-CH, which subsequently dissoci-
ates to CH2D þ HCCH.

SECTION Kinetics, Spectroscopy

V inylidene, the high-energy isomer of acetylene, is an
important, highly reactive carbene that plays a central
role in synthetic organic chemistry.1 As such, it has

attracted the attention of physical chemists who have tried,
largely unsuccessfully, to isolate and detect vinylidene spec-
troscopically. Several experimental reports of the fleeting
existence of vinylidene have appeared,2-4 even as the spec-
troscopic search for vinylidene continues.5-8 Guided by the
first experiment,2 early theoretical work assumed a transient
existence for vinylidene and estimated a lifetime for it.9

However, later work based on an accurate full-dimensional
potential energy surface and vibrational analysis has demon-
strated the existence of molecular eigenstates with clear
characteristics of stable vinylidene.10-12 Therefore, from this
work, there is a degree of confidence in its existence and
stability. In this Letter, we present strong evidence from
recent theory and experiment on the photodissociation of
2-d1-allyl,

13 implicating vinylidene as a product of this dis-
sociation. In addition, this Letter resolves a puzzle related to
the translational energy distributions of the two sets of
products observed in these experiments.

As noted, the experiment that motivated the present
theoretical work reported different translational energy dis-
tributions, denoted P(Etrans), of the molecular products
CH3 þ DCCH and CH2D þ HCCH following photoexcitation
of CH2CDCH2 (2-d1-allyl) at 248 nm.13 It was found that
P(Etrans) for the former peaks at about 15 kcal/mol, and that
for the latter was at about 6 kcal/mol. This result was
surprising because both pathways would be expected to
pass through an intermediate of the form (for the nondeut-
erated species) CH3-CH-CH. The conventional description

of the dissociation, based on thewidely usedRRKM theory,14

is that energywill be randomized in the potential energywell
of this intermediate before dissociation, so that one would
expect the two isotopicallydifferent products to havenearly the
same kinetic energy distributions, contrary to observation.

Thus, we undertook a full-dimensional dynamical study of
this unimolecular reaction by first developing a global poten-
tial energy surface (PES) for CH2CHCH2, including a descrip-
tion of the H-atom elimination channels. The construction of
the PES employs procedures developed previously in our
group.15,16 It is made explicitly invariant under all permuta-
tions of like nuclei, and this property is expressed by the
polynomial basis used for the fitting.16 The invariant poly-
nomials, of maximum degree five, are functions of Morse-
type variables yij given by yij = exp(-rij/λ)}, where rij is the
internuclear distance between nuclei i and j. The associated
3308 coefficients were obtained by standard linear-least-
squares fitting to a data set of 97 418 ab initio energies,
computed at the coupled cluster single, double, and perturba-
tive treatment of triple excitations (CCSD(T)) with the aug-
mented correlation-consistent polarized triple basis set
(aug-cc-pVTZ) as implemented in MOLPRO.17 The configura-
tions include regions of the complex C3H5, the separated
CH3þC2H2, and the product channels for each of the C3H4

isomers and hydrogen. Additional energies of about 20000
fragment configurations were obtained by separating the
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fragments by about 8 bohr, and assigning the energy as
the sum of their fragment energies. The rms fitting error is
2.4 kcal/mol for energies up to 63 kcal/mol.

Previous ab initio calculations of various stationary points
of the potential have been reported.13,18,19 These calculations
and additional ones that we performed were used to check
the fitted PES in Table 1 of the Supporting Information (SI). As
seen there, the PES faithfully represents these stationary
points and describes the various products well, both in terms
of geometry and harmonic frequencies. Of particular rele-
vance to the present study are the stationary points and
product channels shown schematically in Figure 1, where
the migrating H (or D) atom is colored red. The local minima
and transition states are indicated below as LMn and TSm

where n andm are used in the figure (and as explained in the
caption). We can use this notation to indicate the two path-
ways for the molecular channel noted above as

Pathway (1): single 1,3 shift

CH2CDCH2ðGMÞ f TS1 f LM2 f TS3 f CH3 þDCCH ð1Þ

Pathway (2): double 1,2 shifts

CH2CDCH2ðGMÞ f TS2 f LM1 f TS4 f LM2 f TS3 f CDH2

þHCCH ð2Þ
The difference between the two pathways is whether or
not the dissociation samples the potential energy well

Figure 1. Schematic diagram of the configurations of stationary points of the allyl potential energy surface relevant to the CH3 þ HCCH
channel. Energies and harmonic frequencies of these configurations are given in the SI. Also shownabove red, solid lines are the geometries
and energies of vinylidene, and the barrier for the acetylene/vinylidene isomerization from the PES and from direct ab initio calculations is
in parentheses. The energy scale at the left is in kcal/mol relative to GM.
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around LM1. Those that sample the potential well were
counted as contributing to the double 1,2 hydrogen-shift
channel in Stranges et al.,13 whereas those that bypass
this potential energy well were counted as contributing to
the 1,3 hydrogen-shift channel. These were distinguished
by different products when starting with the 2-d1-allyl
radical.13

Also, anticipating the results of the trajectory calculations,
we indicate in Figure 1 the geometries and energetics of the
isomerization of acetylene to vinylidene from the PES and
from high-level ab initio calculations.19 As seen, the PES does
describe this isomerization quite accurately, and therefore,
the possibility to form vinylidene in this dissociation is at least
not precluded in the PES.

Trajectory Calculations. The quasi-classical trajectory calcu-
lations were performed using methods similar to those used
previously.20 Calculations were done in a space-fixed frame
using microcanonical sampling of initial momenta subject to
the zero total angular momentum constraint. Roughly 19000
trajectories were initiated at the global minimum, with a total
energy corresponding to 248 nm excitation plus harmonic
zero-point energy. The integration was done using time steps
of 0.1205 fs, and trajectories were run for typically 200000
steps or 24.1 ps (in some cases, 100000 steps or about 12 ps).
For mechanistic analysis, roughly 2750 trajectories were also
initiated from LM1, and roughly 500were initiated fromLM2,
at this total energy.

Analysis Methods. Trajectories were analyzed by first as-
signing a structure to the products. A program automatically
classified the final configuration into several categories, such
as H þ allene, H þ propyne, H þ other C3H4 products, and
CH3 þ C2H2. Since the trajectory keeps track of the identities
of the different carbons and hydrogens, it is possible to further
categorize the results. Thus, for the CH3 þ C2H2 category, the
products were examined to seewhether they were consistent
with a 1,3 hydrogen shift mechanism (eq 1) or a double 1,2
hydrogen shift mechanism (eq 2). There aremultiple variants
for each reaction depending on which hydrogen(s) are trans-
ferred. Once the final structure has been determined, it is a
simple matter to determine the relative velocity of the two
fragments in the center-of-mass frame. This velocitywas used
to determine the kinetic energy distribution.

The methyl elimination channels starting from C3H5 and
CH2CDCH2 are very similar; the P(Etrans) distributions are
nearly identical, except for a slight shift to smaller energies for
the deuterated compound, as expected from the slightly
larger mass.

Methyl elimination channels were identified by examining
the final products to see whether they were consistent with a
1,3 hydrogen shift mechanism (eq 1) or a double 1,2 hydro-
gen shift (eq 2). The kinetic energy distributions for these two
groups can then be determined separately and compared to
the data of Stranges et al.13 The top panel of Figure 2 shows
that, indeed, the distribution for the dissociation of C3H5 via
pathway 1 peaks at a higher kinetic energy (about 14 kcal/mol)
than does the distribution for dissociation via pathway 2. The
distributions from the trajectory results are in reasonable
agreement with the experimental data. As noted before,
this is particularly surprising on RRKM grounds since the

presumed pathways 1 and 2 both traverse LM2 before disso-
ciation. The reason for the difference will be made clear
below.

In order to investigate the methyl elimination channels in
more detail, we ran trajectories starting from LM1 and LM2.
For all of the trajectories that produced methyl, we deter-
mined the kinetic energy distribution in each case. These are
plotted in themiddle panel of Figure 2. As can be seen from a
comparison of the top and middle panels, the distributions
obtained starting in these local minima are similar to those
found for trajectories starting at the global minimum. Thus,
for diagnostic purposes, it is sufficient to run trajectories from
LM1 and LM2.

Trajectories that start from LM1 and proceed via a second
1,2 shift (and isomerize to LM2) produce, as expected, a
nearly identical kinetic energy distribution to that for trajec-
tories producing products but starting from LM2. Both dis-
tributions have average energies of about 18 kcal/mol. It thus
appears that the RRKM assumption is correct; trajectories
passing through the LM2 potential energy well do produce
nearly identical kinetic energydistributions, regardless of how
they get to this potential energy well.

The surprising result, which explains the paradox of why
the two kinetic energy distributions are not identical, came
from close examination of the trajectories starting from LM1.

Figure 2. Top Panel: The solid curves give the experimental
kinetic energy distributions for HCCH (blue) and DCCH (red) from
ref 13. The dashed curves give the corresponding distributions for
trajectories starting at the allyl global minimum for C3H5 and
producing HCCH (blue, �3) and DCCH (red). Middle Panel: The
heavy smooth curves are as in the top panel. The dashed curves
are for methyl-producing trajectories starting in LM1 (blue) and
LM2 (red). Bottom Panel: Comparison of the translational energy
distributions for methyl-producing trajectories starting from LM2
(red) or LM1 (blue, �4), where the latter trajectories include only
those that undergo a second1,2 shift; that is, vinylidene-producing
trajectories are eliminated from the distribution.
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Those producing methyl were of two kinds, the ones that
underwent the second 1,2 hydrogen shift and those that
dissociated directly to vinylidene, representing a third
pathway:

CH3CCH2 f CH3 þCCH2 ð3Þ
In more than half of the trajectories starting from LM1
(CH3CCH2), the C-C bond broke well before a hydrogen
from the CH2 groupmigrated to the center carbon. Although
the trajectories typically stopped soon after the C-C bond
was broken, the CCH2 clearly had sufficient energy to
rearrange to HCCH. On the other hand, the acetylene
produced from vinylidene was created with a very large
degree of vibrational energy, leaving much less energy
available as kinetic energy of recoil. The kinetic energy
distribution for the products of a configuration consistent

with pathway 2 is therefore peaked at lower energy than that
for products of a configuration consistent with pathway 1.
Thus, the trajectory results strongly suggest that the distribu-
tion attributed to eq 2 actually consists of a mixture of
trajectories, those that undergo the second 1,2 shift (eq 2)
and those that produce vinylidene (eq 3). Most of those that
produce vinylidene do isomerize to highly excited acetylene.
The kinetic energy distribution for those C3H5 trajectories
starting in LM1 that produce vinylidene peaks near zero and
has an average kinetic energy of only 6.4 kcal/mol. Those
that produce acetylene via the second 1,2 shift have a
translational energy distribution nearly identical to that for
trajectories producing products but starting from LM2, as
shown in the bottom panel of Figure 2.

Figure 3 shows frames of a trajectory, with the times
indicated, that starts from LM1 and that forms vinylidene

Figure 3. Frames of a classical trajectory initiated from local minimum LM1 leading to formation of vinylidene plus CH3.
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and yields a small relative translational energy of the H2CC
and CH3 products. This particular trajectory proceeds
“promptly” to the products. By contrast, trajectories that start
at the global minimum take much longer to form the mole-
cular products. Frames of a trajectory initiated there are
shown in the SI.

As noted above, trajectories were also run for (experimen-
tally relevant) CH2CDCH2. As expected based on the results
for CH2CHCH2, both pathways 2 and 3 produce products
in which the deuterium ends up in the methyl fragment and
the acetylene has two hydrogens. Thus, detection of the
kinetic energy distributions by mass spectrometry would
associate the detection of C2H2 to both reactions 2 and 3
while associating the detection of C2HD to reaction 1.

It is important to investigate why the vinylidene channel
is so important, even though this channel is 26.7 kcal/mol
higher than the transition state TS4. As a first step to elucidate
this, we ran trajectories starting at LM1 as a function of total
energy. We determined the total rate of reaction from LM1
and the quantum yields for dissociation to methyl via the
vinylidene channel and the channel requiring a second 1,2
hydrogen shift. (The rate for a specific channel is given by the
product of the overall rate and the quantum yield for that
channel.) From this analysis, it is clear that the 1,2 shift
channel dominates at very low energies, but at the higher
energies (relevant to the 248 nm photodissociation), the
vinylidene channel dominates. This suggests that entropic
effects play a decisive role as the energy increases, and these
favor the “loose” transition state of the vinylidene channel
over the relatively “tight” transition state TS4. As such, it is
possible that standard statistical approaches may be able to
describe this unusual dissociation.

From a broader perspective, the allyl dissociation has
similarities to a number of dissociations recently character-
ized by “roaming” mechanisms.21-29 For example, in both
formaldehyde and acetaldehyde, it was found that, in addi-
tion to direct dissociation over the lowest-energy barrier to
form H2 þ CO or CH4 þ CO, a second channel opens up at
somewhat higher energy in which the nearly dissociating
fragment, H or CH3, respectively, returns to abstract a hydro-
gen fromHCO. The sameproducts are formedbut bydifferent
detailed reaction paths and with different internal energy
distributions. In a similar way, the allyl radical here dissociates
by two “conventional” channels at low energy (reactions
1 and 2), but a third channel (reaction 3) opens at higher
energy, producing the same CH3þ HCCH products but with a
very different internal energy distribution. What the third chan-
nel for allyl dissociation has in common with the “roaming”
channels in formaldehyde and acetaldehyde is a very loose
transition state. As soon as the energy is sufficient to reach
this barrier, most of the trajectories dissociate via the path
over that barrier, even though it is of higher energy.

In conclusion, the high-energy vinylidene radical is strongly
implicated in a pathway for methyl elimination by excited
allyl radicals. This previously neglected route to products is
the cause of the difference in kinetic energy distributions
observed by Stranges et al.13 Although the threshold for the
vinylidene route is higher than those for other channels, it
can still play an important role because the transition state is

relatively loose. The vinylidene pathway is similar to the
roaming channels observed previously for dissociation of
formaldehyde21-24 and acetaldehyde.25-29 It is also clear
from the present study that the role of high-energy isomers
of stable molecules should be kept in mind when inter-
preting high-energy dissociation processes.

SUPPORTING INFORMATION AVAILABLE Full schematic
of the potential energy surface of C3H5 (including additional
minima and transition states describing the H-atom channels),
figures and tables comparing the properties of the fitted PES with
direct ab initio calculations, a table of principal moments of inertia
at stationary points, and frames of a trajectory starting at the global
minimum and leading to CH3 þ vinylidene, after first isomerizing
to LM1. This material is available free of charge via the Internet at
http://pubs.acs.org.
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