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ABSTRACT: Dissociation of the allyl radical, CH2CHCH2, and its
deuterated isotopolog, CH2CDCH2, have been investigated using
trajectory calculations on an ab initio ground-state potential energy
surface calculated for 97 418 geometries at the coupled cluster single
and double and perturbative treatment of triple excitations, with the
augmented correlation consistent triple-ζ basis set level (CCSD(T)/
AVTZ). At an excitation energy of 115 kcal/mol, corresponding to
optical excitation at 248 nm, the primary channel is hydrogen loss
with a quantum yield of 0.94 to give either allene or propyne in a ratio
of 6.4:1. The total dissociation rate for CH2CHCH2 is 6.3� 1010 s-1,
corresponding to a 1/e time of 16 ps. Methyl and C2H2 are produced
with a quantum yield of 0.06 by three different mechanisms: a 1,3
hydrogen shift followed by C-C cleavage to give methyl and
acetylene, a double 1,2 shift followed by C-C cleavage to give
methyl and acetylene, or a single 1,2 hydrogen shift followed by C-C
cleavage to give methyl and vinylidene. In this last channel, the
vinylidene eventually isomerizes to give internally excited acetylene,
and the kinetic energy distribution is peaked at much lower energy (6.4 kcal/mol) than that for the other two channels (18 kcal/
mol). The trajectory results also predict the v-J correlation, the anisotropy of dissociation, and distributions for the angular
momentum of the fragments. The v-J correlation for the CH3þHCCH channel is strongest for high rotational levels of acetylene,
where v is perpendicular to J. Methyl elimination is anisotropic, with β = 0.66, whereas hydrogen elimination is nearly isotropic. In
the hydrogen elimination channel, allene is rotationally excited with a total angular momentum distribution peaked near J = 17. In
the methyl elimination channel, the peak of the methyl rotational distribution is at J ≈ 12, whereas the peak of the acetylene
rotational distribution is at J ≈ 28.

’ INTRODUCTION

Although the allyl radical (C3H5) is important in the combus-
tionmechanisms of hydrocarbons, in planetary atmospheres, and
in atmospheric chemistry,1-6 little is known about the competing
dissociation channels for allyl radicals excited with a specific
internal energy. Chen and his co-workers advanced the field by
developing a pyrolysis source that could dissociate allyl iodide to
produce a molecular beam of allyl radicals. Building on early
spectroscopic work by Sappey and Weisshaar,7 the Chen group
identified the B[12A1], C[2

2B1], and D[12B2] states of allyl
and some of its deuterated isotopologs using two-photon
ionization.7-10 Subsequent work using similar techniques has
characterized several Rydberg states of allyl.11,12 More recently,
some of the original assignments have been revised.13,14

Thefirst photodissociation studyof the allyl radicalwas performed
by Stranges et al.,15 who used photofragment translational spectros-
copy to examine the products following excitation of allyl at

248 and 351 nm. At 248 nm, the primary dissociation channel
was H-atom loss (84%), but CH3 elimination (16%) was also
observed (corrected to 5% subsequently16). On the basis of the
energy release, the authors proposed that the CH3 was elimi-
nated directly from a four-center cyclic transition state. Subse-
quent work16 with similar techniques, but using CH2CDCH2,
suggested that there are actually two mechanisms for produc-
tion of methyl products, each associated with a distinguishable
velocity distribution. The theoretical analysis by Davis et al.17

when compared with the isotopic composition of the measured
products16 suggested an identification of the two methyl elimination
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channels. In one, a 1,3 hydrogen shift takes place to give the
CH3CDCH intermediate, which then dissociates to yield CH3þ
DCCH, whereas in the second, two 1,2 hydrogen shifts take
place, the first to form CH2D-C-CH2 and the second to form
CH2D-CH-CH, which subsequently dissociates to CH2D þ
HCCH. These reactions can be summarized as

CH2CDCH2 f CH3CDCH f CH3 þCDCH ðR1Þ
and

CH2CDCH2 f CH2DCCH2 f CH2DCHCH

f CH2DþCHCH ðR2Þ
Stranges et al.16 found that the kinetic energy distributions for the
DCCH and HCCH were different, with the former peaking at
about 16 kcal/mol and the latter peaking at about 6 kcal/mol.
This result is surprising because both pathways go through an
intermediate of the form (for the nondeuterated species) CH3-
CH-CH. A key assumption of the RRKM theory is that energy
will be randomized in the potential energy well corresponding to
this intermediate before dissociation so that one would expect
the two isotopically different products to have nearly the same
kinetic energy distributions.

Other photodissociation studies have focused on the hydro-
gen elimination channel. The Fischer and Chen groups have
excited allyl and some deuterated isotopologs near 240 nm and
probed the H or D product using picosecond time-resolved laser
fluorescence.18-23 Appearance rates for the H or D products
were in the 5� 107 s-1 tog1� 108 s-1 range. Themeasurements
suggest that H or D is produced on two time scales, but the
resolution was not sufficient for measurement of the faster appear-
ance rate. Since the electronically excited states decay nonradia-
tively within 9-20 ps,21,22 it is likely that dissociation occurs on
the ground electronic state.

Finally, two groups24-27 have studied the dissociation of allyl
by preparing radicals whose internal energy spans the energy
barriers to various dissociation channels. In one case, the excited
allyl was prepared by dissociation of allyl iodide at 193 nm,
whereas in the other, an isomer, the 2-propenyl radical, was prepared
by dissociation of 2-bromopropene at 193 nm. By measuring the
translational energy distribution of the iodine or bromine product,
the researchers were able to determine the internal energy
distribution of the allyl product. Then, by comparing this distribu-
tionwith that measured for the surviving allyl products, they were
able to determine the energy distribution of those allyl radicals
that dissociated on the time scale between the preparation and
detection. Surprisingly, some allyl radicals with energies up to
15 kcal/mol greater than the barrier to H elimination remained
stable.24,25 This stability was attributed to a centrifugal barrier
caused by the large amount of rotational energy imparted to the
allyl radical from the dissociation of the allyl iodide. Szpunar et
al.24 also measured the H velocity distribution using Rydberg
time-of-flight methods.

Theoretical work on the allyl radical has also advanced. As
previously mentioned, Davis et al.17 calculated a dozen stationary
points on the allyl surface at the B3-PW91/6-311G(d,p) level
and provided energies and RRKM parameters. Electronic struc-
ture calculations were also reported by Deyerl et al.19 to obtain
vibrational parameters to perform RRKM calculations. Most of
the geometries were optimized using fourth-order perturbation
theory including single, double, and quadruple excitations and
employing a 6-31G* basis set. Other stationary points on the

surface were calculated by Stranges et al.16 at theQCISD(T) level
and by Calstiglione, Bach, and Chen23 at the CCSD(T) level.

In this paper, we reexamine the dissociation of the allyl radical
using trajectory calculations on a full-dimensional ab initio potential
energy surface for the ground electronic state of allyl. Our results
provide branching ratios for the various H þ C3H4 products as
well as for the CH3 þ C2H2 products. The time scale for the
dissociation is found to be∼16 ps (1/e), and the results provide
translational, internal energy, angular momentum, and vector
correlation distributions for the products. Most importantly, the
trajectories suggest that the cause of the lower kinetic energy
distribution for the CH2D þ HCCH products observed in the
experiments of Stranges et al.16 is that there is a third channel that
contributes to these products, the production of methyl plus
vinylidene, CH2DþCCH2. A preliminary account of this aspect
of the dynamics has recently been reported by us.28

’COMPUTATIONAL METHODS

Construction of the Potential Energy Surface. The con-
struction of the PES employs procedures developed previously in
our group.29-31 The PES is made explicitly invariant under all
permutations of like nuclei, and this property is expressed by the
polynomial basis used for the fitting. The polynomials 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 perturbative treatment of
triple excitations (CCSD(T)) with the augmented correlation-
consistent polarized triple basis set (aug-cc-pVTZ) as implemen-
ted in MOLPRO.32 The configurations include regions of the
C3H5 complex, the separated CH3 þ C2H2, and the product
channels for each of the C3H4 isomers and hydrogen. The energies
of∼20 000 fragment channel data are obtained by separating the
fragments by ∼8 Bohr and assigning the energy as the sum of
their fragment energies. The rms fitting error is, as expected,
a function of the total energy. Because the trajectories sample
potential values from zero to the total energy of the trajectories,
the most relevant potential to consider is actually where the
distribution of potential values is a maximum. It turns out for this
system (and for every complex molecular system we have exam-
ined), this value is roughly on half of the total energy. In the present
case, this is roughly 78 kcal/mol, and the rms fitting error at this
energy is 2.6 kcal/mol.
As previously mentioned, Stranges and co-workers16 calculated

part of the PES, mainly stationary points describing CH3þC2H2

formation. Castiglione et al.23 provided a more comprehensive
description of stationary points covering the C3H4 þ H region.
Those points were used to check our fitted PES. Figure 1 shows
the schematic representation of the C3H5 PES. It contains a
global minimum (GM), three local minima (LM), nine saddle
points (TS), and four fragment channels (CH3 þ C2H2, and H
elimination to produce the C3H4 isomers allene, propyne, and
cyclopropene).
The hydrogen loss channels are not barrierless but, rather, have

saddle points connecting local minima and fragment configurations.
In the CH3þC2H2 channel, there exist two possible pathways to
reach the fragment region. The difference between the two
pathways is whether the dissociation samples the potential
energy well around LM1. Those that do are counted as con-
tributing to the double 1,2 hydrogen shift channel described in
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Stranges et al. (R2),16 whereas those that bypass this potential
energy well are counted as contributing to the 1,3 hydrogen shift
channel (R1). These were distinguished by different products
when starting with the 2-deuteroallyl radical.16

In addition to these two channels, from the molecular dynamics
on our PES, we find an unusual mechanism starting from LM1 in
which the CH3CCH2 dissociates directly to CH3 þ CCH2; the
highly excited vinylidene then easily isomerizes over a small
barrier to produce internally hot acetylene. The PES describes
the isomerization of vinylidene to acetylene via the known saddle
point.33 Overall, the stationary points in our fitted PES agree
quite well with ab initio results in terms of geometry, potential
energy, and harmonic frequencies. Table 1 give the potential
energy comparison between our PES and the ab initio
results.16,23,33 The PES thus seems quite suitable for the quasi-
classical trajectory calculations described below. Further details
about the PES are given in the supplemental online material for
ref 28.
Trajectory Calculations. The quasiclassical trjaectory calcu-

lations were performed using methods similar to those used
previously.34 The experimental excitation of the allyl radical
produces an excited state that then evolves before internal conver-
sion to the ground PES, and it is not currently known at what
geometries this internal conversion takes place. Thus, without
further information, we have started most of the trajectories at
the geometry of the global minimum of the allyl PES.
Calculations are done in a space-fixed frame usingmicrocanonical

sampling of initial momenta subject to the zero total angular
momentum constraint. The integration was performed using
time steps of 0.1205 fs and were run for typically 200 000 steps or
24.1 ps (in some cases, 100 000 steps or∼12 ps). Approximately
19 000 trajectories were run for CH2CHCH2 starting from the
global minimum, and∼35 000 trajectories were run for CH2CD-
CH2 from the global minimum. In addition, for CH2CHCH2,
mechanistic analysis was facilitated by 2750 trajectories initiated
from LM1 and 500 initiated from LM2.
AnalysisMethods. Trajectorieswere analyzedby first assigning

a structure to the products. A program automatically classified
the final configuration into several categories, such as Hþ 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 see whether they were consistent with a 1,3 hydrogen
shift mechanism (R1) or a double 1,2 hydrogen shift mechanism
(R2). There aremultiple variants for each reaction, depending on
which hydrogens are transferred.
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 velocity is used to determine the
kinetic energy distribution.
The total orbital angular momentum is determined from the

final value of r� p in the allyl center of mass frame. In addition,
the angular momentum of each fragment in its own framemay be
similarly determined, and all angular momenta can then be
converted into units of p. Since the starting angular momentum
is zero, the vector sum of the orbital momentum and the two
fragment angular momenta must also be zero.
It is also possible to determine from the trajectory the projection

of the angular momentum of each molecular fragment onto the
direction of recoil, since this direction is known from the directions
of the linear momenta of the fragments. This projection is some-
times called the v-J correlation; it ranges from v )J for helicopter-
like motion to v^J for frisbee-like motion. Mathematically, it
is useful to express the result in terms of the bipolar moment
β0
0(22) = P2(cos θ), where θ is the angle between J and the recoil

direction, v, and P2 is the second Legendre polynomial. Note that
if one of the fragments, such as H, carries no angular momentum,
then J for the second fragment must be antiparallel to the orbital

Figure 1. Schematic representation of the allyl potential energy surface.

Table I. Comparison of the Fitted Potential Energy Surfaces
and Ab Initio Benchmark Electronic Energy Calculations for
Selected Stationary Points (A) on the C3H5 Surface Relative
to Allyl Global Minimum (kcal/mol) and (B) on the Part of
C3H5 Surface Describing Vinylidene and Acetylene Isomer-
ization Relative to Vinylidene Minimum (kcal/mol)

A QCISD(T)a CCSD(T)b PES

GM 0 0

LM1 19.9 20.4

LM2 23.3 25.0

LM3 32.1 29.5

TS1 67.4 69.6

TS2 67.5 67.2 70.5

TS3 60.8 62.5

TS4 72.0 70.9

TS5 66.9 69.4

TS6 65.1 66.4

TS7 64.3 63.5

TS8 53.2 51.9

TS9 86.1 86.7

HCCH þ CH3 52.6 52.4

allene þ H 62.4 62.9

propyne þ H 61.1 58.4

cycolopropene þ H 84.5 83.5

B CCSD(TQ)/cc-pvtzc CCSD(T)/ANOc PES

H2CC þ CH3 0 0 0

H2CC TS þ CH3 2.67 2.87 2.26

HCCH þ CH3 -45.61 -44.10 -45.1
aRef 16. bRef 23. cRef 33.
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angular momentum, L. Since L by definition is perpendicular to
the recoil velocity, J must be, as well. In this case, θ = π/2, and
P2(cos θ) = P2(0) = -0.5. Thus, β0

0(22) = -0.5 for v^J. In the
case when v )J, β00(22) = 1.0.
Another vector property that can be determined from the

trajectories is the anisotropy of fragment recoil in the limit when
dissociation is faster than parent rotation. The anisotropy param-
ater,β, gives the distribution of recoil angles, I(θ)� 1þ βP2(cosθ),
where θ is the angle between the fragment recoil and the
polarization of the dissociation light. The excitation at 248 nm
has been assigned by Minsek et al.8 as being due to a parallel
transition with the transition moment along the long or A axis of
the molecule, the axis about which the moment of inertia is
smallest. The trajectories are performed in a space-fixed frame
where the A axis is initially located parallel to the space-fixed z
axis. Each trajectory identifies a recoil velocity that makes a
specific angle, R, with respect to the A axis. The value of the
anisotropy parameter, β, to which this angle corresponds is given
byβ= 2P2(cosR). Finally, the distribution of trajectories for each
product channel gives a distribution of values for β, from which
an average may be determined. This value of β would be observed
experimentally in the case when the product recoil is fast compared
with rotation about an axis perpendicular to that of the transition
dipole moment. If the molecule rotates before dissociation, then
I(θ) will becomemore isotropic, that is, βwill be decreased. If the
molecule makes three to four rotations about the axis perpendicular
to that of the transition dipole moment before dissociation, the
distribution will be nearly isotropic.

’RESULTS AND DISCUSSION

General Overview. A general overview of the results is taken
from a summary of 18 627 trajectories for C3H5 and 35 398
trajectories for CH2CDCH2 starting from the global minimum.
The trajectories were stopped when a dissociation occurred or
when they had run for 24 ps. Of these trajectories, ∼18%/28%
did not react for C3H5/CH2CDCH2, respectively, whereas 72%/
59% dissociated to give identifiable products. The other 10%/
13% visited problematic regions of the potential surface or gave
products not easily identified by our computer algorithm. The
potential energy surface does contain unphysical regions, usually
associated with short internuclear distances. In these very high
energy regions, ab initio data may be very sparse or nonexistent,
and the nature of the fit may yield unphysical deep negative
values. These regions are usually very isolated; however, a small
fraction of trajectories do find them. Such trajectories are discarded.
Of the trajectories that did dissociate to identifiable products,
80%/75% gave allene, 12%/15% gave propyne, 5%/8% gave
methylþ acetylene via an apparent 1,3 hydrogen shift mechanism,

1%/1% gave methyl þ acetylene via an apparent double
1,2 hydrogen shift mechanism, and another 1%/2% prduced a
C3-containing product that was not readily identified as allene or
propyne. In some cases for this last group, the structure was that
of cyclopropene, whereas in others, it was simply a stretched
version of allene or propyne. An exponential fit of the number of
trajectories undissociated as a function of time gave a 1/e decay
time for the dissociation of 16 ps for C3H5 and 23 ps for
CH2CDCH2.
The trajectory results are generally in very good agreement with

experimental data, although there may be some significant differ-
ences. The quantum yields (and branching ratios) for hydrogen
and methyl elimination have previously been reported as 95%
and 5% (BR = 19.0) for C3H5,

16 in excellent agreement with the
trajectories, which gave 94% and 6% (BR= 15.7) for C3H5 and 91%
and 9% (BR = 10.1) for CH2CDCH2. Minsek et al.10 measured
the ratio of allene to propyne formation by dissociating the
CH2CDCH2 allyl isotopolog and measuring the ratio of D to H.
Under the assumption that most of the allene is formed by loss of
the D, they estimated the allene to propyne ratio to be between 2:1
and 3:1. The trajectory results forD elimination vsH elimination for
CH2CDCH2 give a ratio of 2.9:1, also in excellent agreement with
experiment. The trajectory results indicate that∼88%/87%of allene
formed from C3H5/CH2CDCH2 dissociation is produced via loss
of the central hydrogen. From CH2CDCH2, 10.8% of the trajec-
tories that yield propyne also produce deuterium elimination. For
the methyl elimination channel, the ratio of reaction R1 to reac-
tion R2 was found experimentally to be ∼1:1/1.6:1,16 whereas
the trajectory results give 5.6:1/6.1:1 for C3H5/CH2CDCH2. If
acetylene produced via the vinylidene channel were more easily
ionized than acetylene because of greater internal excitation, the
experiment would underestimate this ratio. A summary of these
results is provided in Table II.
The one experimental area where it is not easy to reconcile the

trajectory results with experiment concerns the dissociation time
scale. The trajectories give a 1/e time of 16 ps and a dissociation
rate of 6.3� 1010 s-1 for C3H5 and 23 ps and 4.4� 1010 s-1 for
CH2CDCH2 (figures summarizing these data are provided in the
Supporting Information). In contrast, Deyerl et al.18,19 measure
and calculate a rate on the order of 4.8� 108 s-1 and see changes
in the H-vs-D ratio for dissociation of 2-deuteroallyl at times as
long as 100 ns. Although there is no obvious way to reconcile
these measurements, which differ by several orders of magnitude,
it should be noted that the trajectories are run on the ground-
state surface, whereas the initial excitation is to an excited surface.
From the widths of rotational lines in the excitation spectra,8-10

Minsek et al. estimate that the internal conversion takes on the order
of 20 ps. It is conceivable that some fraction of the population
proceeds through intersystem crossing to a long-lived quartet

Table II. Comparison of Trajectory Results with Previous Experimental Results

property C3H5 trajectories CH2CDCH2 trajectories exptl ref

allene QY 0.80 0.75 0.50-0.75 10

propyne QY 0.12 0.15 0.50-0.25 10

methyl elim (1,3) 0.05 0.08
0.05 16

methyl elim (apparent 1,2) 0.01 0.01

dissociation Time (ps) 16 23 1000-100,000 18, 19

H vs CH3 elim 94:6 91:9 95:5 16

D vs H elim 2.9:1 2:1-3:1 10

1,3 vs apparent 1,2 elim 5.6:1 6.1:1 1:1 16
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state and dissociates on the time scale measured by Deyerl et al.
However, to give a hydrogen signal that is still small on the
nanosecond scale, the fraction of dissociations that follow this
hypothetical path must be close to 100%. This explanation would
be at odds with the observations that dynamics on the ground
state surface correctly predict branching ratios. It should be noted
that the dynamics on the excited state are unknown, so that it is
unclear where population is transferred from the excited state to the
ground state. The trajectory calculations assume that the initial
geometry on the ground state is that of the global minimum.
H Elimination Channels. The majority of dissociations pro-

duce allene or propyne with H or D elimination. Figure 2 shows
the kinetic energy distribution for the hydrogen elimination
channels derived from the trajectory results for C3H5 along with
a distribution obtained from a previous experiment.16 Although
both the current trajectories and the experiments of Stranges et al.16

use an excitation energy of 115 kcal/mol, the experiments start
with allyl radicals that have a rotational temperature of ∼50 K
due to the use of a pyrolysis source, whereas the trajectories assume
that the allyl has zero angular momentum. Thus, this comparison
should be made with caution. Despite this difference, it is clear
from Figure 2 that the trajectory results are in reasonable agreement
with the experimental observation, except at the lowest energies.
Comparison between the trajectory results and two other

experiments by Szpunar et al.24,25 is probably not valid, both
because the starting conditions are different and because the total
excitation energies are different. The trajectories start with zero
angular momentum, whereas the allyl radicals in the experiments
of are highly rotationally excited. Szpunar et al.24,25 have argued
that the rotational angular momentum of the allyl radical generated
in the dissociation of allyl iodide is responsible for the observa-
tion that hydrogen elimination occurs only at energies signifi-
cantly above the energetic barrier. The trajectory studies are for
an excitation energy of 115 kcal/mol, whereas in the experiments
of Szpunar et al.,24,25 the excitation energy is much closer to the
threshold for H elimination.
The kinetic energy distributions for the various hydrogen

elimination channels from the C3H5 trajectories are similar, with
the H þ propyne and H þ other C3H4 channels peaking
at somewhat lower energy (6-9 kcal/mol) than the distribution
for H þ allene.

Because the hydrogen product carries no angular momentum,
the rotational angular momentum of the allene or propyne must
be equal and opposite to the orbital angular momentum, and both
rotational vectors must be perpendicular to the recoil velocity;
that is, β0

0(22) =-0.5. The angular momentum distributions for
both the allene and propyne channels peak at about J = 17.
Assuming that the allyl radical does not rotate prior to

dissociation, the average anisotropy parameters calculated from
the trajectories for the allene and propyne channels are -0.14
and -0.08, respectively. Although these values are consistent
with the small negative values reported experimentally,15 -0.05
( 0.02, the rotational temperature of the allyl in the experiment,
∼50 K, is likely to be large enough to influence the anisotropy.
CH3 Elimination Channels. The methyl elimination chan-

nels starting from C3H5 and CH2CDCH2 were very similar; the
P(E) distributions are nearly identical, except for a slight shift to
smaller energies for the deuterated methyl, 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 (1) or a double 1,2 hydrogen shift
mechanism (2). The kinetic energy distributions for these two
groups can then be determined separately and compared with the
data of Stranges et al.16 Figure 3 shows that, indeed, the distribution
for the dissociation of C3H5 via mechanism 1 peaks at a higher
kinetic energy (about 16 kcal/mol) than does the distribution for
dissociation via mechanism 2. The distributions from the trajec-
tory results are in reasonable agreement with the experimental
data. As noted before, this is particularly surprising, since the
presumed pathways for reactions R1 and R2 both traverse LM2
before dissociation. The RRKM theory would predict that energy
would be randomized in the LM2 potential energy well before
dissociation so that the kinetic energy distributions for the products
from these two mechanisms should be nearly identical. The
reason for the difference will become clear below.
To investigate the methyl elimination channels in more detail,

we ran trajectories for C3H5 starting from either LM1 or LM2. For
all the trajectories that produced methyl, we determined the kinetic
energy distribution in each case. The distributions obtained
starting in these local minima are similar to those found for the
two mechanisms from trajectories starting at the global minimum.

Figure 2. Kinetic energy distribution for hydrogen elimination from
C3H5. Solid histogram, trajectory results; dashed curve, experimental
results from ref 15.

Figure 3. The smooth heavy curves give the experimental kinetic
energy distributions for HCCH (dashed, �3) and DCCH (solid) from
ref 16. The light curves give the corresponding distributions for
trajectories starting at the allyl global minimum for C3H5 (the HCCH
distribution has been multiplied by 3).
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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. Those produ-
cing methyl were of two kinds: the ones that did the second 1,2
hydrogen shift and those that dissociated directly to vinylidene:

CH3CCH2 f CH3 þCCH2 ðR3Þ
In more than one-half of the trajectories starting from LM1
(CH3CCH2), the C-C bond broke well before a hydrogen from
the CH2 group migrated 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 mechanism (R2) is therefore peaked at lower energy than
that for products of a configuration consistent with mechanism
(R1). Thus, the trajectory results strongly suggest that the
distribution attributed to (R2) actually consists of a mixture of
trajectories consistent with (R2) and those consistent with R3.
Note that for both reactions R2 and R3 starting with
CH2CDCH2, the deuterium ends up in the methyl fragment
and the acetylene has two hydrogens. Thus, detection of the
kinetic energy distributions by mass spectrometry16 would associ-
ate the detection of C2H2 to both reactions (R2) and R3 while
associating the detection of C2HD to reaction R1.
The trajectories starting from LM1 may be separated into two

groups: those that produce vinylidene and those that undergo the
second 1,2 hydrogen shift. The kinetic energy distribution for
the products of the latter group is nearly identical to that for
trajectories producing products but starting from LM2, as
discussed elsewhere.28 Both distributions have average energies
of ∼16 kcal/mol. It thus appears that the RRKM assumption is
correct: trajectories passing through the LM2 potential energy
well do produce nearly identical kinetic energy distributions,
regardless of how they get to this potential energy well.
The kinetic energy distribution for those C3H5 trajectories

starting in LM1 and producing vinylidene is shown in Figure 4.
The distribution peaks near zero and has an average kinetic energy
of only 6.4 kcal/mol.
Trajectories starting from the GM and going to LM1 also

produced methyl elimination either via the vinylidene channel or
the second 1,2 hydrogen shift. Frames from a sample trajectory
are shown in ref 28.
It is interesting to investigate why the vinylidene channel is so

important, even though its barrier is 26.7 kcal/mol higher than the
transition state TS4. An obvious reason is that TS4 requires a very
tight configuration in which the hydrogen to be transferred is shared
between two carbon atoms. In contrast, themethylþ vinylidene exit
channel appears to be much looser. On the other hand, the
transition state TS8 to production of H þ propyne is also a loose
one, so it is surprising that the vinylidene channel can compete.
We attempted to find a transition state barrier between LM1

and CH3þ CCH2, but it appears that there is simply a monotonic
increase in energy between the former and latter. Direct but
limited ab initio calculations of the dissociation from LM1 to
CH3þ CCH2 indicate that this dissociation has no barrier beyond
that imposed by the endoergicity. Thus, a variational treatment of
this channel will be needed for future modeling of the dissociation.
Preliminary modeling of this channel by variational transition
state theory and use of the information from the PES to

determine remaining RRKM rate constants was used to integrate
the rate equations and predict branching ratios. The branching
ratio to vinylidine þ CH3 is found to be much smaller than that
found from the trajectory studies. For example, starting from
LM1, the variational RRKM treatment predicts 0.41% vinyli-
dene, whereas the trajectories predict 11%. It is thus clear that the
dissociation is nonstatistical at the energy of the dissociation.
Additional investigations concerning this somewhat surprising
point are underway.35

A methyl channel that was not prevalent was elimination of
methyl radicals containing the carbon atom that was originally
located in the center of the allyl molecule. Of 18 627 trajectories
for CH2CHCH2 starting form the GM, only 5 produced methyl
radicals containing the central carbon atom. As might be expected,
the mechanism for these 5 trajectories was formation of the
cyclical C3H5 intermediate LM3 via TS8, followed by H migra-
tion within LM3, breaking of the ring back through TS8 to GM,
and methyl elimination via one of (R1)-(R3). This rearrange-
ment and dissociation within LM3 does not compete well with the
elimination of a hydrogen atom from LM3 to form H þ
cyclopropene, a process that happened in ∼180 trajectories.
Interestingly, the H that was eliminated to form cyclopropene

was never the H attached to the central carbon, indicating that H
migration within LM3 is slow compared with H loss for our
surface. Surprisingly, the barrier to migration has been calculated35

to be at 75.6 kcal/mol when corrected for zero point energy,
somewhat lower than the 86.7 kcal/mol for H loss on our surface
to form cyclopropene from the cyclopropyl radical. We did
not explicitly examine our surface to determine this migration
barrier, so this is an area that will need some further exploration.
Experimentally,16 since there appears not to be scrambling of the
deuterium atom in the CH3CDCH3 system, it appears that
migration in cyclical C3H5 is not important.
The angular momentum distributions for methyl and acetylene

formed from trajectories traversing the LM2 potential energy
well are shown in Figure 5. Also shown are calculated values of
β0
0(22) for each of the two products. The acetylene is more

rotationally excited than the methyl. For rotational levels in which
the rotation of methyl does not contribute, the rotation of the
acetylene is balanced by the orbital angular momentum, so that
β0
0(22) ≈ 0.5, indicating that v and J are nearly perpendicular.

Figure 4. Kinetic energy distribution for those trajectories for C3H5

that start in LM1 and produce methyl and vinylidene. The average
kinetic energy of this distribution is 6.4 kcal/mol.
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The anisotropy parameter for dissociations producing methyl
and acetylene from trajectories traversing the LM2 potential
energy well is calculated to be β = 0.66. For dissociations producing
methyl and acetylene from trajectories traversing the LM1
potential energy well (those that produce vinylidene as well as
those that produce products via reaction R2), the value of the
anisotropy parameter is also calculated to be β = 0.66.

’CONCLUSIONS

The dissociation of allyl radicals has been investigated by
constructing a potential energy surface and performing quasi-
classical trajectory calculations. Results from the calculations are
in reasonable agreement with most available experimental data,
although some differences remain. The most important finding is
that there are actually three pathways to the methyl plus acetylene
products: the two reactions R1 and R2 proposed by earlier
research and a third, reaction R3, in which dissociation from LM1
directly to vinylidene takes place. It is this third channel that is
responsible for the observed difference in the kinetic energy
distribution between different isotopologs of methyl and
acetylene.16 Although this channel has a higher threshold than
others, it still plays an important role in the dissociation
trajectories, one that seems to be nonstatistical. The trajectory
results provide predictions for many properties that have not
yet been measured experimentally: specifically, angular mo-
mentum distributions, the anisotropy of dissociation, and the
v-J correlation.
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