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The unimolecular dissociation of the C3H4 isomers allene and propyne has been examined using two
complementary shock-tube techniques: laser schlieren (LS) and time-of-flight (TOF) mass spectrometry.
The LS experiments cover 1800-2500 K and 70-650 Torr, in 1, 2, and 4% propyne/Kr and 1 and 2%
allene/Kr, whereas the TOF results extend from 1770 and 2081 K in 3% allene or propyne in Ne. The
possible channels for unimolecular dissociation in the C3H4 system of isomers are considered in detail, using
new density functional theory calculations of the barriers for insertion of several C3H2 into H2 to evaluate the
possibility of H2 elimination as a dissociation route. The dominant path clearly remains CH fission, from
either isomer, as suggested in earlier work, although some small amount of H2 elimination may be possible
from allene. Rate constants for the CH fission of both allene and propyne were obtained by the usual model-
assisted extrapolation of LS profiles to zero time using an extensive mechanism constructed to be consistent
with both the time variation of LS gradients and the TOF product profiles. This procedure then provides rate
constants effectively independent of both the near-thermoneutral isomerization of the allene/propyne and of
secondary chain reactions. Derived rate constants show a strong, persistent pressure dependence, i.e., a quite
unexpected deviation (falloff) from second-order behavior. These rate constants are nearer first than second
order even forT > 2000 K. They are also anomalously large; RRKM rates using literature barriers and
routine energy-transfer parameters are almost an order of magnitude too slow. The two isomers show slightly
differing rates, and falloff is slightly less in allene. It is suggested that isomerization is probably slow enough
for this difference to be real. The anomalously large rates and falloff are both consistent with an unusually
large low-pressure-limit rate in this system. Extensive isomerization of these C3H4 is possible for energies
well below their CH fission barriers, and this can become hindered internal rotation in the activated molecule.
On the C3H4 surface we identify three such accessible rotors. State densities for the molecule including
these rotors are calculated using a previous general classical formulation. Insertion of these state densities
into the RRKM model results in rates quite close to the measured magnitudes, and showing much of the
observed falloff. The increase in the low-pressure rate is as much as a factor of 8; a necessary but nonetheless
remarkable effect of anharmonicity on the unimolecular rate. This again demonstrates the importance of
accessible isomerization and consequent hindered internal rotation on the rate of dissociation of unsaturated
species.

Introduction

In this paper we report a shock tube, laser-schlieren (LS)
investigation of the dissociation of the two most stable isomers
of the formula C3H4, allene and propyne. Of necessity, this
also involves a consideration of their mutual isomerization
and of the various minima and transition states which are
encountered in that process. The extensive isomerization in this
system opens a large number of possible dissociation channels
for these molecules, and these are fully considered. As part of
this consideration we present new density functional theory
(DFT) calculations of the barriers for some of the more
problematic routes. Finally, the paper contains an extensive
chain decomposition mechanism used in an attempt at modeling
the entire decomposition process initiated by this dissociation,
an effort supported by new time-resolved, time-of-flightf (TOF)
mass spectrometer measurements of stable species in the
reflected shock regime. Although the proposed mechanism does
describe the available experiments, the decomposition process

is very complex, and it is probably valid only in the early stages
of the reaction.
This study is motivated by both the practical importance of

the C3H4 system and its theoretical possibilities, which arise in
large part from the opportunity for interaction between isomer-
ization and dissociation. Besides, it is now believed that the
primary routes to aromatics in aliphatic flames, and thence to
soot formation, is through reactions of the propargyl radical,
C3H3, the primary dissociation/decomposition product of allene
and propyne.1-6 Despite the interest generated by this realiza-
tion, there have been only a few recent studies of this
decomposition.
The earliest investigation of the thermal reactions of allene

and propyne is that of Levush et al.,7 who examined both the
isomerization and decomposition in an atmospheric pressure
flow over 900-1150 °C. They were able to show that
isomerization was faster than decomposition for these conditions
but did not offer a detailed mechanism for either. Both
processes were subsequently observed in both allene and
propyne by Lifshitz and co-workers with the single-pulse shock
tube (1040-1470 K).8 They discussed the decompositionX Abstract published inAdVance ACS Abstracts,May 1, 1997.
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mechanism and suggested this was a straight chain initiated by
CH fission. The subsequent shock-tube, time-of-flight (TOF)
measurements of Wu and Kern, on allene, covered 1300-2000
K at lower pressures.1 They identified many of the same species
but also discovered that benzene was a major product. They
offered the first detailed quantitative modeling of this pyrolysis,
again assuming a straight chain initiated by CH fission. The
most recent study of the decomposition (and isomerization) is
that of Hidaka and co-workers,9,10 who confirm the benzene
formation and provide a quantitative mechanism similar to that
of Wu and Kern, again with initiation by CH fission. Some
features of these investigations are considered more fully in the
Discussion.
The C3H4 surface is quite complex, with many minima at

thermally accessible energies. This permits extensive isomer-
ization and opens up a large number of possible dissociation
routes. Much of the potential surface has been explored using
ab initio methods, the aim being to identify the minimum-energy
path for the mutual isomerization in allene and propyne.11-13

The essential results of this effor are exhibited in Figure 1, where
this process is seen to involve at least five such minima, which
may be identified as, from right to left, propyne, methylvi-
nylidene, cyclopropene, vinylmethylene, and allene. All of these
are evidently accessible to internal energies below 65 kcal/mol.
The figure shows both the theoretical energies and some slightly
different numbers suggested by the available isomerization
experiments. The latter come from a number of sources (see
refs 9 and 14-18), all of which are discussed in ref 19, where
a reversible RRKM model of the high-temperature mutual
isomerization data is presented. In accord with the theoretical
work13,15,16this model assumes passage through TS (transition
state) 1 is rate-controlling. The model is in good accord with
the lower temperature/higher pressure set of shock-tube experi-
ments but disagrees with the high-temperature results of Saito
et al.16 The problem evidently lies mainly in the falloff or
low-pressure-limit (LPL) behavior, where the Saito et al. data
require an extremely small〈∆E〉down. Kiefer et al.19 suggested

that these measurements may have been distorted by parallel
decomposition.
The single-pulse experiments of Lifshitz, Frenklach, and

Burcat8 clearly show the chain decomposition has a different
rate and product distribution in allene than in propyne. Thus it
is possible the rates and even the dissociation channels may
also be different for these two. To discern any such differences,
it is necessary to measure the dissociation rates before isomer-
ization has occurred, or at least before it is complete. Lifshitz
et al. were able to discern their differences in observations at
their lowest temperatures where isomerization was incomplete
in their heating time, but the very small amount of the slower
decomposition could still be detected.
The use of LS measurements for the dissociation rate has

the usual advantages. The measurements are made very early
in the process, essentially in the chain induction period, thereby
requiring minimal correction for chain multiplication. Such
corrections often present a serious problem in the derivation of
chain initiation rates from product yields. The chain should
have but little effect on the LS gradients in any case. The
earliest secondary processes are mainly near-thermoneutral
H-atom abstractions, and the radical formed by such abstraction
from C3H4 is the resonance-stabilized propargyl, which will not
easily release another radical to continue the chain. As with
toluene,20 the C3H4 thus tend to act as their own chain inhibitors,
and chain acceleration should be slight.
At least in principle, the LS technique should also be able to

distinguish any differences in dissociation rates between allene
and propyne. Here measurements are made within 1µs of shock
heating where the isomerization is very likely incomplete up to
quite high temperatures. In addition, the observed dissociation
density gradients will be virtually unaffected by the parallel
occurrence of the near-thermoneutral isomerization (∆H298 ∼
1 kcal/mol21), whose slight effect is overwhelmed by the much
more endothermic dissociation. The LS measurements are also
made at high temperatures where the reaction is fast, so any
possible impurity initiation is rendered insignificant by the rapid

Figure 1. Minimum energy route for the mutual isomerization of allene and propyne.13
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dissociation of the C3H4. All things considered, the LS
technique seems a remarkably good fit to this problem.

Experimental Section

The experimental apparatus and the procedures for initial data
analysis have been described in great detail for both the LS
and TOF techniques22,23 and were employed here in the usual
manner. Further details were as follows.
LS Experiments. Mixtures of allene and propyne with

krypton were prepared manometrically in a 50 L glass vessel
with a magnetic stirrer. Allene and propyne were obtained from
Solkatronic Inc., rated as 99% pure, and were used without
further purification. Krypton was spectra-gases excimer grade.
Some 157 LS experiments were analyzed in mixtures of 1%
allene-Kr (27 experiments), 2% allene-Kr (61), 1% propyne-
Kr (16), 2% propyne-Kr (37), and 4% propyne-Kr (17).
Refractivities of allene and propyne were taken as the mean of
the values given by Gardiner et al.24 and assumed constant
during isomerization/dissociation. Although this can only be
approximately correct, the Kr carries more than 90% of the
refractivity even in the 4% propyne mixture. All measurements
were made in incident shock waves produced by spontaneous
burst of Mylar diaphragms. Vibrational relaxation in these
molecules is too fast to resolve, even at lower pressures, so initial
conditions were calculated by solution of the one-dimensional
conservation equations assuming chemically frozen, vibra-
tionally relaxed ideal gases, using allene/propyne heat capacities
calculated from the vibrational frequencies given by Shiman-
ouchi.25 The LS experiments then covered post-shock frozen
conditions of 1700-2500 K and 100-650 Torr.
TOF Experiments. Four mixtures were prepared for the

TOF experiments: 3% allene-Ne, 3% allene-5% H2-Ne, 3%
propyne-Ne, and 3% propyne-H2-Ne. The two mixtures
containing H2 allowed a test of the effect of this reactant.
Reagents were purchased from Matheson and from Farchain
Laboratories Inc., and the C3H4 were double-distilled prior to
mixture preparation. All peak heights seen in mass spectro-
metric analyses were attributable to the reagents. The experi-
ments covered reflected-shock initial conditions of 1690-2090
K and 240-330 Torr.

Results

A. LS Experiments. Example LS density gradient profiles
which typify the entire set of 157 experiments analyzed are
shown in the semilog plots of Figures 2-5. With the exception
of some high-pressure, low-temperature experiments (see be-
low), these profiles show a consistent near-linear (exponential
gradient) to slightly concave shape as would be expected of a
very weak chain reaction. A strong chain will produce an
initially rising gradient leading to a convex profile, even a
maximum,26,27whereas a dissociation which does not initiate a
following chain, i.e., a molecular reaction,28-30 creates a strongly
concave shape; the single endothermic reaction slows as the
temperature drops. The behavior seen here is actually much
like that in toluene,20 and it is very likely the mechanistic
situation is also similar. Initiation is bond fission, but the
resulting radical chain is inhibited by the parent molecule. In
toluene it is the stability of the benzyl product which inhibits
chain propagation; here it is the fault of the propargyl radical.
They may not be decisive in themselves, but these simple
observations are certainly consistent with the earlier notion that
the initiation dissociation in the C3H4 is C-H bond fission. The
solid lines on these figures show the results of simulations with
the mechanism presented in the Analysis.
B. TOF Experiments. A representative set of TOF product

profiles is shown in Figures 6 and 7. These are similar to a set
previously published,1 again showing C2H2, CH4, C4H2, and
C6H6 as major products. The lines again show the results of
simulation with the mechanism detailed below.

Analysis

Although the above results seem to indicate initiation is
indeed through C-H fission, there are quite a number of
possible dissociation channels, and some of these may well
mimic such behavior. Thus it is appropriate to attempt a full
treatment of this issue. This discussion necessarily begins with
a consideration of the product thermochemistry, and the heats
of formation selected here for various possible dissociation
products are listed in Table 1. The origins of these either are
given in the table or are discussed below. Other properties,

Figure 2. Example semilog plots of density gradients from experiments in allene. Here measured points are (×), and the solid lines show simulations
with the mechanism of Table 2. The first set of rapidly falling points show beam-shock front interaction and should be ignored.
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entropies and heat capacities, were either taken from standard
sources32,36 or calculated from molecular properties given in
the references listed in Table 1. Given this thermochemistry,
the following seem to be all the channels which might possibly
be involved at LS and TOF temperatures. Starting from propyne
(P-C3H4), these are

The H2 eliminations are most favorable thermochemically but
are complex eliminations which are expected to have substantial
reverse barriers, i.e., to have forward barriers larger than the
endothermicity. To obtain a good estimate of the last two
barriers, we have performed DFT calculations of the transition-
state energies, calculations whose details are reported in the
Appendix. The result is a rather small reverse barrier of 3.6
kcal/mol for the channel involving H2 elimination from allene,

and a large barrier of 32.3 kcal/mol for elimination from
cyclopropene, a figure in close agreement with a much earlier
study of this reaction.40 We thus conclude that CH fission, with
no reverse barrier, or H2 elimination (from allene), are the only
feasible dissociation routes from C3H4.
Our best estimate of the barrier for H2 elimination from allene

is only 88.6 kcal/mol, 3.9 kcal/mol below the barrier for CH
fission. Unfortunately, the combined uncertainty in these figures
is larger than their difference, and it is impossible to make an
accurate estimate of their relative contribution to dissociation.
Nonetheless, the difference in barrier must be small, and the
entropy of activation should largely determine the dominant
channel for this pyrolysis. As long as the reaction remains in
the falloff region, and it does (see below), then bond fission
should certainly dominate. The available literature evidence1,8-10

also supports a dominance by CH fission, which may reflect
the much larger HPLA-factor expected from the very loose
transition state for such fission.
To extract accurate dissociation rate constants from LS

gradient profiles usually requires a secondary mechanism, so
that they can be extrapolated through the first 0.5-1 µs to the
time origin, where the state of the gas is unambiguous
(vibrationally relaxed, but chemically frozen) and only the initial
dissociation occurs. Here, of course, there is also the parallel,
and possibly faster, isomerization. But this is near thermoneutral
and contributes little to the gradient. In the present analysis, it
is assumed that isomerization is slow enough so that the
initial gradient is entirely from dissociation of a single isomer
(see below for further consideration of this issue). Thus the
analysis provides a separate rate for each of the two parent C3H4

isomers.
The mechanism can also be used to define both the secondary

reaction gradients and the state of the gas throughout the
observation, so that all the measured points are then used for
the dissociation rate. Either method normally requires iteration;
a complete description of the procedure has been given in
another context.30 In the present instance the near linearity of
the profiles allows a good first estimate of the initial gradient
by straight-line extrapolation, and only a slight increase in the
rate constants actually results from the detailed modeling
described in the following section.

Figure 3. Further examples of gradients in allene (see Figure 2).

1. C-H fission:

a. Direct: P-C3H4 f C3H3 + H
∆H°0 ) 92.5( kcal/mol

b. Via cyclopropene:

P-C3H4 f c-C3H4 f c-C3H3 + H ∼11238

2. C-C fission:

P-C3H4 f CH3 + C2H 124( 1

3. 1CH2 elimination:

P-C3H4 f 1CH2 + C2H2 111( 1

4. H2 elimination:

a. through allene:

P-C3H4 f CH2dCdCH2 f CH2dCdC: H2

85( 4

b. through cyclopropenylidene:
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The C-H fission rate constants derived as described here
are presented in the second-order Arrhenius plots of Fig-
ures 8 and 9. The rate constants are plotted second-order to
emphasize their pressure dependence when presented this way,
i.e., their strong deviation from the LPL. In propyne, these rate
constants are actually nearer first than second order. The
implications of this surprising behavior are considered in the
Discussion.
It is always difficult to set quantitative error limits on

dissociation rates derived from LS measurements because the
extrapolation, whose accuracy depends in part on the validity
of the pyrolysis mechanism, may well be the main cause of
any systematic error. This cannot be very large here both
because the semilog plots are close to linear, so that extrapola-
tion is almost independent of the modeling, and because the
mechanism, whatever its faults, is also an excellent fit of the

entire gradient profile quite generally. The greatest source of
random error in the LS experiments has already30 been identified
as the((1-2)× 10-6 g/cm4 accuracy of gradient determination.
Here this contributes in the vicinity of a(10% uncertainty in
rate constant in the center of the temperature range but is
somewhat larger at lower temperatures and smaller at the high
end. All things considered, the scatter seen in Figures 8 and 9
probably remains the best estimate of the uncertainty in these
rate constants.
These rate constants also accurately describe the decay of

the parent C3H4 and major product (C2H2) formation in the TOF
experiments, as exemplified in the simulations of Figures 6 and
7. Here there are minor discrepancies in the lesser products,
which is always a difficulty in a pyrolysis which ultimately
generates copious soot. For example, the overprediction of C4H2

may well indicate loss of this species to solid formation. The

Figure 4. Examples of density gradients measured in propyne. Refer to Figure 2 for details.

Figure 5. Further examples of gradients in propyne. Again see Figure 2.
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important point as concerns the dissociation rate is again the
very satisfactory description of parent decay and total product
generation. Here there is one significant change in the
interpretation. The simulation C3H4 concentrations now have
all the C3H3 added in, because we suspect it is not possible to
separate these masses in the experiments. There are significant
concentrations of C3H3 formed in this reaction, and they must
be included somewhere. Their inclusion in the C3H4 signal
extends the tail of this profile resulting in a much better accord
with the data. For the two examples illustrated in Figures 6
and 7, the C3H3 is negligible throughout the 1770 K experiment
but reaches 30% of the total C3 at 70% completion in the 2087
K example of Figure 7.

Secondary Reaction Mechanism.The full mechanism used
in the modeling of the LS and TOF data is given in Table 2.
This should be regarded as a “short version”, set up primarily
to deal with the pyrolysis at the early times, 0-2 µs, needed
for the extrapolation of LS gradients through the initial spike
caused by shock-front passage. Although this mechanism
provides a good fit to most of the LS profiles over their entire
length (Figures 2-5), and does quite well with the much longer
duration TOF data (see Figures 6 and 7), this is an extremely
complex decomposition when fully underway, and the mech-
anism cannot be much more than schematic. Nonetheless, it
appears to be more than adequate for its principal short-time
purpose. The mechanism is largely based on previous

Figure 6. TOF parent and product profiles from an experiment in 3% allene at 2081 K and 0.44 atm. The solid circles are the measured concentrations,
and the lines show simulations using the mechanism of Table 2.
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schemes.1,9,10 Some chosen variations and particularly important
segments are discussed here.
1. Isomerization. A fairly complete consideration of the

allene/propyne isomerization was previously published,19 and
this was discussed in the Introduction. The choice of rate
expression finally employed here is a compromise between the
high-temperature measurements of Kakumoto et al.16 and our
own RRKM modeling of the lower-temperature data. If the
largest proposed∆H°0, 1.4 kcal/mol,21 is used for propynef
allene, together with the fastest (RRKM) rate constants, a small
initial gradient of very short duration appears in the model
calculations. This is not observed and is thought to be artificial.
Reduction of either the heat of reaction or the rate will eliminate
this phenomenon, and we have chosen to reduce the rate. The

exact heat of reaction is also uncertain, with literature values
ranging from 0.3 to 1.4 kcal/mol.13,17,21

Unfortunately, it is not presently possible to set a fully
convincing LPL isomerization rate which would be applicable
for high temperatures and low pressures; the only data16 suggest
a rate so low that unreasonable parameters are required for an
RRKM fit.19 In this paper we shall assume that isomerization
is slow enough that the LS experiments can distinguish
independent dissociation rates in the two isomers. Our isomer-
ization rates are thus reduced from those used before19 to fit
the lower temperature measurements but are still faster than
those proposed by Kakumoto et al. This seems a reasonable if
somewhat unsatisfying compromise. However, as long as
isomerization is anywhere near this slow, it does not matter

Figure 7. TOF parent and product profiles for 3% propyne at 1770 K and 0.34 atm. See Figure 6.
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what rates are actually used in the modeling. Note that the
mechanism also contains a catalytic isomerization path through
addition and then loss of H atoms (reaction 2) with an estimated
rate.
2. Formation of Benzene and Phenyl Radical. Perhaps the

most important observation coming out of the earlier studies of
C3H4 pyrolysis is the TOF mass spectrometric identification of
benzene as a major product.1 This discovery has now motivated
numerous investigations of the origin of the benzene,2-6

including a detailed ab initio investigation of the paths available
beginning with C3H3 dimerization, which are reproduced in
Figures 10 and 11. It has even been suggested that this is the
principal route to aromatics in aliphatic flames.5 Westmore-
land41 has suggested that other C6H6 isomers might actually
dominate the 78 amu mass peak, but our modeling shows that
this is most unlikely at the present high temperatures. The three
high-entropy “linear” dimers (heats of formation are by group
additivity)

are found to be unstable with respect to redissociation into C3H3

radicals, and the most energetically stable isomer, fulvene, is
nowhere near stable enough. Thus the identification of this mass
as benzene seems quite unambiguous.
There are several possible routes to benzene in the pyroly-

sis of C3H4 isomers. The path through dimerization of C3H3

is solidly established, both experimentally2 and theoretically,6

but there are other possibilities that should be recognized.
One proposed in the original TOF paper1 is the addition/
elimination

Here the C6H6 would initially be one of the above linear isomers,
which again isomerizes to benzene as in Figures 10 and 11.
This process seems quite likely but is not included in the model
of Table 2 because it is still conjectural. Studies of the pyrolysis
of propagyl halides42,43 would, however, seem to suggest that
this could be an important route.

One example possibility for benzene formation, for which
there is some evidence,44,45begins with allene dimerization and
might proceed as follows:

This seems a rather good low-temperature path, but is unlikely
to contribute much under present conditions. Evidently this can
also generate C2H4 and C4H4 through17

TABLE 1: Heats of Formation and H°298-H0°

species
∆fH°298 (kcal/mol)

[source]
H°298- H0°
(kcal/mol)

A-C3H4 45.4 [21] 3.0131f [a]
P-C3H4 44.2 [11] 3.1442f [a]
c-C3H4 66.2 [21]
C3H3 85.9 [see text] 2.9862f [b]
H 52.1 [32] 1.4810 [32]
C2H 135.5 [32] 2.4987 [32]
CH3 35.6 [32] 2.4870 [32]
C2H2 54.5 [32] 2.3939 [32]
CH2 (singlet) 99.8 [32] 2.3747 [32]
C3H2 (propadienylidene) 127.5 [34,35] 2.9831f [c]
C3H2 (cyclopropenylidene) 114 [34] 2.5472f [d]
C3H2 (triplet propargylene) 123.6 [34, 35] 3.4778f [e]

aReferences 25 and 36.bReference 37.cReference 38.dReference
39. eReference 35.f Calculated using vibrational frequencies and
moments of inertia from literature values.

Figure 8. Arrhenius plot of second-order rate constants for the C-H
fission of allene. The measurements are grouped by pressures as (O)
70-200 Torr, (4) 201-500 Torr, and (b) 501-700 Torr. Composition
was found to have no discernible effect and is not specified. The dashed
lines show the results of the “standard” RRKM model calculation
specified in Table 6, and the solid lines that of the hindered-rotor model
of Table 7. Both sets show the results for the mean pressure cited in
the figure.

Figure 9. Arrhenius plot of second-order rate constants for the C-H
fission of propyne. The data are grouped into the same pressure ranges,
and the lines also have the same assignments as in Figure 8, for the
mean pressures on the figure. Again the composition was not found
to have a discernible effect.

∆fH°298 (kcal/mol)

CH2dCdCH-CHdCdCH2

(tail-to-tail propargyl) 92

CHtC-CH2-CH2-CtCH (head-to-head) 101

CHtC-CH2-CHdCdCH2 (head-to-tail) 95

C3H4 + C3H3 f C6H6 + H
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The reaction 2C3H3 f C6H6 (14) is 152 kcal/mol exothermic,
and it is probable only a small fraction of the benzene thus
formed can be stabilized at high temperatures. Most of the
reaction probably proceeds to C6H5 + H (15), which is still 38
kcal/mol exothermic. This is an important reaction at high
temperatures; in the present model phenyl decomposition is the
source of most of the dominant products, acetylene and
diacetylene (Figures 6 and 7). The treatment of this chemical
activation problem is extremely difficult because of the very
complex, many stage path to benzene. The main problem with
this process lies in setting the fractions of the numerous
intermediates which move forward toward benzene in the full

schemes shown here in Figures 10 and 11. In this schematic
mechanism we have reduced the transformation to two steps,
an initial combination followed by direct isomerization to
benzene. The TS properties for benzene CH fission and its
stabilization efficiency are both available27 and are listed in the
RRKM model detailed in Table 3. These were then used in a
further RRKM estimation of the stabilization (Table 4), thus
setting the branching between reactions 14 and 15.
Aromatic formation may well be the most important issue in

this pyrolysis, but it is a difficult problem and is at most
peripheral to the issue at hand, the extraction of an accurate
dissociation rate, so further discussion shall be left to another
place.
3. Propargyl Dissociation. At the high temperatures of the

present LS and TOF experiments, further reaction of otherwise
stable product species is possible. An important instance
introduced here is either dissociation or H-atom abstraction from
the propargyl radical, the dominant radical formed in this chain
decomposition. It is evidently one of the pair hydrogens which
is most easily removed forming triplet propargylene (∆H°298
values from Table 1)

or through abstraction

The properties of the propargylene were taken from the ab initio
calculations of refs 34 and 35. Although the cyclopropenylidene
is the most stable C3H2 energetically, the triplet propargylene
is by far the dominant isomer at equilibrium, as shown in Figure
12. The rates used for these were taken from those of similar
reactions for the abstraction, and standard-model RRKM

TABLE 2: Reaction Mechanism

reactiona logAb n E ∆H°298c source

(1) A-C3H4 + M f P-C3H4 + M see text -1.10 est
(2) A-C3H4 + H f P-C3H4 + H 13.40 0.00 0.00 -1.10 est
(3) A-C3H4 + M f C3H3 + H + M see text 92.65 pw
(4) P-C3H4 + M f C3H3 + H + M see text 93.75 pw
(5) P-C3H4 + H f C2H2 + CH3 5.12 2.50 1.00 -6.36 [10]
(6) A-C3H4 + H f C3H3 + H2 6.70 2.00 6.00 -11.55 est
(7) P-C3H4 + H f C3H3 + H2 14.30 0.00 15.00 -10.45 est
(8) A-C3H4 + CH3 f C3H3 + CH4 -3.18 5.00 8.30 -12.95 [65]
(9) P-C3H4 + CH3 f C3H3 + CH4 -3.66 5.00 8.30 -11.85 [65]
(10) CH4 + M f CH3 + H + M 17.33 0.00 88.40 105.60 [66]
(11) CH4 + H f CH3 + H2 4.34 3.00 8.70 1.40 [66]
(12) C4H3 + M f C4H2 + H + M 16.30 0.00 45.00 49.10 est
(13) C3H3 + M f C3H2 + H + M see text 89.65 est
(14) 2C3H3 f C6H6 see text -152.10 est
(15) 2C3H3 f C6H5 + H see text -38.00 est
(16) C6H6 f C6H5 + H 15.70 0.00 107.90 114.10 [67]
(17) C6H6 + H f C6H5 + H2 14.40 0.00 16.00 9.90 [27]
(18) C6H5 + M f C2H2 + C4H3 + M 15.60 0.00 37.00 86.52 [27]
(19) 2CH3 f C2H5 + H 13.10 0.00 11.30 7.36 [68]
(20) C2H4 + H + M f C2H5 + M 17.10 0.00 0.00 -38.14 [65]
(21) 2C2H2 f C4H3 + H 14.20 0.00 56.00 57.06 [33]
(22) C4H3 + H f C4H2 + H2 13.30 0.00 0.00 -55.10 [33]
(23) C3H3 + H f C3H2 + H2 13.00 0.00 0.00 -14.55 est
(24) C3H3 + CH3 f 2C2H2 + 2H 11.80 0.00 0.00 91.57 est
(25) 1CH2 + C2H2 f C3H3 + H 14.60 0.00 0.00 -16.15 est
(26) 1CH2 + H f 3CH2 + H 14.00 0.00 0.00 -7.43 est
(27) 2C3H2 f C2H2 + C4H2 12.30 0.00 0.00 -81.68 est
(28) 2(3CH2) f C2H2 + H2 13.00 0.00 0.00 -130.18 est
(29) C3H2 + 3CH2 f 2C2H2 12.30 0.00 0.00 -106.91 est

a The reverse of each reaction is included through detailed balance.bRate expressions are of the form: logk (cm3/mol s)) log A + n log T -
E/2.303RT (kcal/mol). c ∆H°298 in kcal/mol.

Figure 10. BAC-MP4 reaction pathway diagram6 for the molecular
rearrangement of C6H6 species involving 1,5-hexadiyne and 1,2,4,5-
hexatriene.

CH2dCdCH+ M f HCdCdCH+ H + M (89.8)
(13)

C3H3 + H f C3H2 + H2 (-14.4) (23)
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calculations (see Table 5) for the dissociation, about a factor 3
slower than the parent reaction.
4. Other Reactions. It is assumed that reaction with CH3 is

primarily the addition/dissociation of (24), which is the overall
result of a multistep process consisting of recombination to 1,2-
butadiene, followed by chemically activated CH fission, further
CH fission of the resulting C4H5, and finally C4H4 dissociation
into acetylenes.46

Some other overall recombination reactions included in the
model are presumed to follow the more detailed paths:

The last step requires two H-atom migrations.

For reaction 29 the dissociation is chemically activated:

and may involve a prior isomerization of the cumulene to
vinylacetylene.
This is a very complex decomposition, and the inadequacy

of the present mechanism must be emphasized. There are
numerous, and obvious, additional reactions of the above
radicals not recognized. For example, reaction of CH2 with
the parent or with other radicals as well as products such as
benzene. This mechanism merely performs its primary function,
the provision of a satisfactory description of the LS and TOF
profiles which can be used in a reliable extrapolation of the LS
gradients to the time origin.

Discussion

Given a bond energy for CH fission of 92.5 kcal/mol and
the known frequencies of both of the C3H4 and the C3H3 radical,
the only additional properties needed for a restricted-rotor Gorin
model RRKM calculation of the unimolecular rate are the
restriction parameter,η,47,48 and an average collisional energy
transfer; for example,〈∆E〉all.49,50 These last features are not

Figure 11. BAC-MP4 reaction diagram6 for the molecular rearrange-
ment of C6H6 species involving 1,2-hexadien-5-yne.

TABLE 3: RRKM Parameters for C 6H6 f 2C3H3

frequencies (cm-1)
benzenea 3062, 992, 1326, 673, 3068, 1010,

995, 703, 1310, 1150, 849, 849, 3063,
3063, 1486, 1486, 1038, 1038, 3047,
3047, 1596, 1596, 1178, 1178, 606, 606,
975, 975, 410, 410

TS1b 3310, 3310, 3105, 3105, 3010, 3010,
2107.8, 2107.8, 1445.4, 1445.4, 1044,
1044, 964.8, 964.8, 787.5, 787.5, 766.85,
766.85, 548, 548, 483, 483, 406, 406

active moments of
inertia (amu Å2)
benzenea TSb

175.76 1.7, 53.76, 55.46 (all degeneracy
of two)

I+/I 2.15(E0/kT)1/3

E0 ) ∆H°0 (kcal/mol): 149.52
〈∆E〉all (cm-1) -70
restriction parameter η ) 1.0- 2.5/T
reaction path
degeneracy

Lq ) 6

σ (Å) 4.776
ε/k (K) 638.31

aReference 36.bReference 37.

TABLE 4: RRKM Parameters for C 6H6 f C6H5 + H

frequencies (cm-1)
benzenea 3062, 992, 1326, 673, 3068, 1010,

995, 703, 1310, 1150, 849, 849,
3063, 3063, 1486, 1486, 1038, 1038,
3047, 3047, 1596, 1596, 1178, 1178,
606, 606, 975, 975, 410, 410

TS1a 3062, 992, 1326, 673, 3068, 1010, 995,
703, 1310, 1150, 849, 849, 3063,
1486, 1486, 1038, 3047, 3047,
1596, 1596, 1178, 1178, 606, 606,
975, 410, 410

active moments of
inertia (amu Å2)
benzenea TSa

175.76 83.05, 89.38, 172.43
I+/I 2.15(E0/kT)1/3

E0 (kcal/mol) 112b

〈∆E〉all (cm-1) -70
restriction parameter η ) 1- 10/T
reaction path
degeneracy

Lq ) 6

σ (Å) 4.776
ε/k (K) 638.31

aReference 36.bReference 37.

Figure 12. Equilibrium fractions of principal C3H2 isomers as
indicated.

2HCdCdCHf HCdC-CHdCH-CdCHf
C2H2 + C4H2 (27)

3CH2 + 3CH2 f H2CdCH2 f

H2CdC: + H2 f C2H2 + H2 (28)

3CH2 + HCdCdCHf

H2CdCdCdCH2 f 2C2H2 (29)
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available, so we begin by assuming values typical of hydro-
carbon-rare gas mixtures.51,52 The parameters of such a typical
or “standard” RRKM model is given in Table 6 for both allene
and propyne, where the reader should particularly note the
values chosen forη and〈∆E〉all. The molecular frequencies in
Table 6 are from Shimanouchi,25 and the Gorin TS frequencies
are those of propargyl radical.37 This model is thus “standard”
with only one other change. Now the “reversibility” of the
earlier isomerization model has been included; activated mol-
ecules can be deactivated to both allene and propyne. This
lowers the total rate but also increases the falloff from the LPL.
Of course it is also possible to deactivate to the other minima,
but these are unstable and should also revert to either allene or
propyne. The resulting expression for the unimolecular rate
from propyne is

The equivalent expression for allene is obtained on switching
all A’s and P’s. TheâcA/âcP is from deactivation to both allene
and propyne, assuming the collision frequencies nearly cancel.
In this expression theQ is the total molecular partition function,

G+(E) is the TS state count including rotations,F is a collection
of Troe factors,49,50theFWC is a broadening correction, and the
Lq are reaction-path degeneracies (symmetry numbers). The
weak-collision parameters,âc and theFWC, were calculated from
the formulas of ref 59. It is recognized that these may not be
appropriate for this situation (and that considered below), but
there does not appear to be any superior alternative.
The results of RRKM calculation of rate constants for both

isomers under LS conditions using the models of Table 6 are
shown together with the experimental data in Figures 8 and
9. Obviously the calculated second-order rates are uniformly
much too slow and do not show enough pressure dependence,
most notably in propyne. These two difficulties are both
consistent with a too small LPL rate in the calculations. In
fact, direct variation of the HPL rates by the simple expedient
of changing the restriction parameter can effect little im-
provement in the situation. Raising this increases the falloff
as desired but lowers the magnitude, whereas a decrease reduces
the falloff, the deviation from the LPL, while producing very
little increase in rate. The problem is clearly with the LPL rate,
and no acceptable modification of the HPL parameters can
resolve it.
A larger LPL rate is easily obtained from the RRKM

calculations by simply increasing the average energy transfer,
the other “free” parameter in the model. However, the required
increase is huge, up to〈∆E〉down∼ 1700 cm-1 at 2000 K (〈∆E〉all
∼ -700 cm-1), a value far larger than anything previously
encountered in hydrocarbon-rare gas systems. Of course, the
magnitude problem can also be ameliorated by using a smaller
barrier/CH bond energy. But this again requires a very large
change, far outside the error limits of the ab initio calculations.31

Undoubtedly some combination of parameters can be made to
get closer, but adequate changes are uncomfortably large, and
it seems best to look elsewhere for a solution.
It now appears that this may be a rather striking example of

the anharmonic enhancement in state density which can occur
in molecules where there is extensive isomerization accessible
to energies well below the dissociation barrier. If this isomer-
ization involves migration of atoms or groups, some or all of
the energized molecule’s degenerate bending modes can then
become active hindered internal rotations with an increase in
threshold state density and a corresponding increase in the LPL
rate constant.53,54 In C3H4 there are certainly many accessible
isomers, as is evident from those exhibited in the schematic of
Figure 1. Besides the minima shown there, cyclopropylidene11,55

and various vinylmethylenes, including two low-lying trip-
lets,12,13 are also well below the fission barrier.
The classical expression for the multiple, two-dimensional

hindered-rotor state density given by Kiefer et al.54 (their eq
10) is

HereV is the rotor potential andH(E - V) is the Heaviside
function which serves to clip anyE < V. There are many
problems in applying this to C3H4, but the two most serious lie
in the specification of the number of accessible hindered rotors
and their hindering potentials. These require far more knowl-
edge of this multidimensional surface than is presently available,
so we shall apply the much simpler Whitten-Rabinovitch56,57
(WR) type estimate discussed at length in ref 54. It is most

TABLE 5: RRKM Parameters for C 3H3 f C3H2 + H

frequencies (cm-1)
propargyla 3310, 3105, 3010, 2107.8, 1445.4,

1044, 964.8, 787.5, 766.85,
548, 483, 406

TS1b 3156, 3153, 1480, 1081, 510, 380,
348, 338, 278

active moments of
inertia (amu Å2)
propargyla TSb

55.46 0.59, 49.26, 49.85
I+/I 2.15(E0/kT)1/3

E0 ) ∆H°0 (kcal/mol) 87.71
〈∆E〉down (cm-1) 500
restriction parameter η ) 1.0-2/T
reaction path degeneracy Lq ) 2
σ (Å) 4.742
ε/k (K) 261

aReference 37.bReference 35.

TABLE 6: Standard RRKM Model for C -H Fission in
Allene/Propyne

allenea 3015, 1443, 1073, 865, 3007, 1957, 1398,
3086, 3086, 999, 999, 841, 841,
355, 355

propynea 3334, 931, 2918, 2142, 1382, 3008, 3008,
1452, 1452, 1053, 1053, 633, 633,
328, 328

TS (Gorin)b 3310, 3105, 3010, 2107.8, 1445.4, 1044,
964.8, 787.5, 766.85, 548.0, 483.0, 406

Active Moments of Inertia (amu-Å2):
allenec propynec TSb

3.34 3.18 1.7, 53.7, 55.5

I+/I 2.15(E0/kT)1/3

E0 (kcal/mol): 92.5d (from propyne) 91.3e (from allene)
〈-∆E〉all (cm-1): -60 for each
restriction parameter:

η ) 1.0- 2/T

aReference 25.bReference 37.cReference 36.dReference 31.
e ∆H°0(A f P) ) -1.2 kcal/mol.

kuni
P ) LP

qFP
WC

exp(-
E0
P

kT)∫0∞
G+(E)

hQP
exp(- E

kT) dE

1+ (LPq G+(E)

hFP(E+ E0
P)( 1

âc
PZL-J

P [M]FP)) +
âc
A

âc
P

FmHR(E) )
1

σ(m- 1)! [∏
i)1

m 2πIi

h2 ]∫02π∫-11 ...∫02π∫-11 (E-

V)m-1H(E- V) d cosθ1 d φ1 ... d cosθm dφm
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convenient to use their final expression for the state density
increase over the harmonic density, which is expressed there
as anFint-rot, their eq 31, which includes a convolution with the
remaining oscillators:

Heres is the total number of internal modes withm2-D rotors,
leavings - 2m oscillators. Thefc is a factor which corrects
for interaction between rotors,Qm is the classical free-rotor
partition function for the 2m rotors, andVb is a constant or
average hindering potential. The rest is standard WR form, and
Kiefer et al. recommended the factora, which corrects for the
overcount of states in the Marcus-Rice approximation, be taken
from the usual formulas58 with

The above result is a simple extension of the WR formulas
to the case ofm hindered 2-D rotors moving in a constant
hindering potential. When such a constant potential is appropri-
ate for the rotors, it should be quite accurate in RRKM
calculations, where it will be used only for the molecular density
at high energies. This works well on HCN and acetylene,53,54

using an average potential forVb in the first instance and the
vinylidene energy in the latter. As is evident from Figure 1,
the potential for configurational isomerization is, however, by
no means constant here. Our problem thus devolves to a
specification of the number of rotors,m, and some kind of
averageVb.
An identification of the lowest-energy routes for isomeriza-

tion, routes which lead to hindered rotation in C3H4, is illustrated
here. The first two rotors are independent rotations of CH3

and H:

Another H-atom provides a third rotor:

Here the first two rotors are fairly obvious, involving rotation
of the acetylenic H-atom in propyne to propenylidene, and

rotation of the methyl group to the same result. Fortunately,
the barrier for direct methyl rotation in propyne has been
calculated by Yoshimine et al.13 as 61.3 kcal/mol, and it may
be 1-2 kcal lower, as before. Note that rotation of the methyl
can also be accomplished through cyclopropene via TS4 and
TS3 of Figure 1 with a nearly identical barrier of 60.8 kcal/
mol (59.5). The third rotor in the above scheme is much less
obvious. This is taken to be a second H-atom, one of the methyl
hydrogens in propyne, whose motion accesses allene and
cyclopropylidene, cyclopropene, and the vinylmethylenes. Again
there is more than one path for this rotation, and two possibilities
are shown. One can also initiate rotation of an H-atom or a
methyl from allene through cyclopropylidene,13 but this has a
higher barrier, above 70 kcal/mol. The direct 1,3-hydrogen shift
from allene to propyne evidently has a barrier as high as that
for CH fission and can be ignored. Thus this third rotation is
not an independent motion like the other two; it can be effected
only through complex routes which involve simultaneous motion
of the other rotors. To what extent this will restrict its
contribution to the threshold state density is unclear, but it would
be expected to reduce the accessible phase space through
increased rotor interaction. Nonetheless, a third rotor is clearly
necessary; without it much of the configuration space, including
allene and cyclopropene, would be lost. Also note that there
are three degenerate bends available in both allene and propyne.
Having settled on three rotors, it remains to specify the

average restriction potential,Vb. Here we have used two
potentials, 52 kcal/mol for propyne and 63 kcal/mol for allene.
The reason for this is clear from Figure 1: most of the isomers
are accessible to lower energies when one starts from propyne.
The chosenVb ) 63 is just below the barrier to any isomer-
ization from allene, and that for propyne is simply an average
of the barriers to H-atom and to methyl rotation, both forming
propenylidene. This all seems conservative; certainly theVb
from allene cannot be larger, and from propyne there is also
the other more complex route for methyl migration which
involves passage through TS3 of Figure 1, whose energy may
actually be lower than that for direct methyl rotation.
This model of hindered-rotor effects in the allene/propyne

system is little more than qualitative, but any real improvement
will be a difficult task indeed. That will require a much greater
knowledge of the potential surface for this complex system,
including the interaction between rotors which must occur in
the several complex isomerization/migration routes that involve
simultaneous movement of two or more groups.
The above hindered-rotor model was incorporated into the

previous Gorin model RRKM scheme of Table 6 as detailed in
Table 7. Here the degenerate bends at 999, 841, and 355 cm-1

are considered to convert to internal rotors in allene, and those
at 1053, 633, and 328 cm-1 are so converted to propyne. One
external rotation is again active, and was introduced as
prescribed in ref 54. Symmetry numbers, 3 for propyne and 4
for allene, were already assigned through path degeneracies to
the external rotations, so there are none for the internal rotors.
The moments of inertia for the internal rotors are estimated
following the approximate method outlined in ref 54. Thefc is
also so estimated. At very high temperatures the introduction
of hindered rotation produces some increase in the molecular
partition function, and this increase has been calculated and is
included in the present RRKM calculations. Below 2000 K
the increase is less than 10%, but for propyne at 2222 K it is a
factor of 1.4 and becomes 2.3 at 2500 K. The effect is smaller
in allene; 1.1 at 2222 K and 1.44 for 2500 K.
The results of calculations with the aboveFrot-int inserted into

the expression forkuni, using the parameters of Table 7, are

Fint-rot )

fcQmFR∏
j

m

(hνj)
2

(kT)m [(s- 1)![E+ (aEz)r - Vb]
s-m-1

(s- m- 1)![E+ (aEz)s]
s-1 ]

â ) (s- 1
s )(s+ m

s )〈ν
2〉

〈ν〉2
w(E) f w(E- Vb)
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compared with the experiments and the earlier “standard”
RRKM calculation in Figures 8 and 9. The rates are now up
to almost an order of magnitude larger, this arising from a near
order-of-magnitude increase in the state density and LPL rate.
The new rates are in much better agreement with the experi-
ments in all respects, showing both the desired larger rates and
a much greater falloff from second order. The slightly larger
rates and notably greater falloff seen in propyne are also both
in accord with the present results. Here these are a consequence
of the enhanced LPL rate in propyne, relative to allene, which
arises from the higher hindered-rotor state density deriving from
its lowerVb of 53 kcal/mol. This reduced hindering potential
thus offers a reasonable and successful explanation for the
greater rate observed in propyne.

Summary and Conclusions

The laser-schlieren data presented here show the process is
a very weak chain reaction, almost certainly initiated by C-H
fission of the C3H4. Other possible dissociation channels were
considered at length, including the presentation of new ab initio
barriers for the two lowest-energy H2 eliminations: cyclopro-
pene to cyclopropadienyl, and allene to propadienylidene. The
former has much too large a barrier, and the latter suffers from
a low entropy of activation but may still make some small
contribution. The chain is weak, showing only a faint accelera-
tion, because the parent C3H4 act as efficient inhibitors,
consuming H-atom chain carriers by abstraction and leaving
only the relatively stable propargyl to continue the chain.
A mechanism has been constructed, largely on literature rates,

which models both the LS gradients and the TOF product
profiles extremely well. Nonetheless, the mechanism is at best
schematic; the formation of aromatics and extensive polymer-
ization which occurs in this pyrolysis, leading ultimately to soot,
implies a very complex process late in the reaction, which the
assumed mechanism cannot hope to describe. This mechanism
should be regarded as essentially a short-time description, more
than adequate for the few microseconds observed in the LS
experiments and thus for extrapolation to the time origin in these,
and for the longer but still brief observation of major products
in the TOF experiments. The important but difficult issue of
the path to benzene and other aromatics is off the main track of
this paper and is treated here only in the simplest way, including
only the propagyl dimerization path without an adequate

treatment of the complexities of even this reaction.6 This is
probably the major route under most conditions,3,5 but there are
other possibilities.1

The principal result here is the set of rate constants for C-H
fission of the C3H4 isomers displayed in Figures 8 and 9. These
were obtained by the extrapolation cum iteration procedure
outlined above, which uses the full pyrolysis mechanism to
estimate the gradient att ) 0. Here only the parent is present,
and the vibrationally relaxed state of the gas is unambiguous.
Then the only issue in the extraction of a dissociation rate is
the ∆H of the reaction, here derived from the 92.5 kcal/mol
propyne bond energy computed by Bauschlicher and Langhoff.31

The derived rate constants are nearly proportional to this heat
of reaction, so they are rather insensitive to its exact value. The
only significant issues in these rate constants, besides the usual
random errors, concern the possible contribution of other
channels, discussed above, and the question of whether isomer-
ization is sufficiently rapid to mix the allene and propyne so
that separate rates cannot be obtained from the two isomers.
Unfortunately their rate of mutual isomerization under low-
pressure, high-temperature conditions is in some doubt, but it
is unlikely to be so fast that separate rates cannot be resolved.
Slightly different rates are actually obtained, a larger magnitude
with less deviation from the LPL in propyne, which supports
this contention.
The CH fission rate constants of Figures 8 and 9 are compared

with the limited literature data in Figure 13. In general the
present rates are higher, though not far from the results of
Hidaka et al.10 This is not surprising inasmuch as the literature
rates are mainly at lower temperatures and higher pressures and
should show a greater falloff. The figure also shows an attempt
to predict the Hidaka data using the RRKM model of Table 7,
but this then has too much falloff, especially in propyne. This
could be from problems with the measurements, which are rather
indirect, or it could indicate a poor HPL rate in the model.
The LS second-order rate constants in both isomers are large,

and rates obtained from a standard Gorin model RRKM
calculation are much too small and have too little falloff from
the LPL. Both features are clearly a result of an unusually large
LPL rate in these molecules, which cannot be matched in the
calculations without introducing an unacceptably large collision
efficiency and/or rate of energy transfer. The problem can be
resolved by recognizing the wide range of isomers accessible
to energies well below the fission barrier in these molecules.
In the activated molecule this isomerization converts degenerate
bending modes to hindered rotors with a concommitant increase

TABLE 7: Hindered Rotor RRKM Model

allene 3015, 1443, 1073, 865, 3007, 1957, 1398,
3086, 3086

propyne 3334, 931, 2918, 2142, 1382, 3008, 3008,
1452, 1452

TS (Gorin) 3310, 3105, 3010, 2107.8, 1445.4, 1044, 964.8,
787.5, 766.85, 548.0, 483.0, 406

Active Moments of Inertia (amu Å2)
allene propyne TS
3.34 3.18 1.7, 53.7, 55.5

I+/I 2.15(E0/kT)1/3

E0 (kcal/mol): 92.5 (from propyne) 91.3 (from allene)
〈-∆E〉all (cm-1): -60 for each
restriction parameter:

η ) 1.0- 2/T

6D (3× 2D) rotor parameters

allene propyne

products of moments of
inertia (amu Å2)3

121.0 121.0

Vb (kcal/mol) 63.0 53.0
fc 0.72 0.72

Figure 13. Comparison of literature rate constants for the C-H fission
in allene and propyne. The current data are presented in Figure 8 and
9. Literature rates are identified on the figure. Also shown is an
estimate of the rate for the 1.7-2.6 atm pressures of ref 10 using the
RRKM model of Table 7.
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in threshold state density and LPL rate. The simplified
Whitten-Rabinovitsch expression given by Kiefer et al.54 for
the hindered-rotor state density, assuming three rotors with
reasonable estimates for the restricting barriers, produces an
increase of the required magnitude in the LPL rate. Through a
lower barrier to rotation in propyne, it also explains the larger
rates and lower falloff observed in this isomer.
The increase in rate seen here from the involvement of

hindered rotors is more than twice that found in HCN and C2H2.
Recognizing that there are more vibrations to share the energy
in allene/propyne and the dissociation energy is also much closer
to the isomerization barriers, this is rather surprising. There
are several reasons for the large effect seen here. The first is
simply the number of rotors; with six total rotors one begins to
see a big combinatorial effect. Also, with a dissociation barrier
not that much larger thanVb, the size of the hindered rotor effect
is extremely sensitive to the energy of the activated molecule.
Here, because this dissociation now occurs well away from the
LPL, reaction actually takes place from considerably above
threshold. For example, in propyne at 2000 K and 607 Torr,
the maximum contribution to the above RRKM integral for the
unimolecular rate is from energies 26 kcal/mol above threshold.
For 2000 K and 155 Torr, this is still at 23.5 kcal/mol over
threshold. The result is a great increase in the hindered-rotor
effect. It is worth observing that the equations actually give
almost no increase in the true LPL rate, the rate exactly at
threshold. The rate enhancement seen here is thus a falloff
phenomenon; the hindered rotors just push the reaction farther
from the LPL.
The notion of hindered-rotor enhancement of the state density

offers a reasonable rationale for the large rates and low falloff
in allene and propyne dissociation. The application of this
concept to these large and complex molecules with their
extensive isomerization is here crude at best but cannot be easily
improved without much more detailed knowledge of the C3H4

surface. Even then the problem will be complicated by
interaction between the rotors, which are not all independent.
Nonetheless, the success of the simple theory applied herein
certainly suggests that it carries the right physics to account
for the remarkably rapid dissociation seen in these molecules.

Appendix

All calculations were performed with the GAUSSIAN 9460

implementation of density functional theory (DFT) with 6-311+G-
(2d,2p) and 6-311++G(3df,3pd) basis sets.61 The optimizations
were performed using the Flatcher-Powell method and the
default GAUSSIAN convergence criteria. A standard search
for transition-state structures was performed with HF62methods
and HF/6-31G* optimized structures was used for further DFT
study. A hybrid B3LYP method employing Becke’s three-
parameter functional63 has the formAExSlater+ (1 - A)ExHF +
B∆ExBecke+ EcVWN + C∆Ecnonlocal; the nonlocal correlation is
provided by the LYP64 expression and was used for our final
computational studies. The constants A, B, and C are those
determined by Becke from fitting the G1 molecular basis set.
Frequency calculations were performed for all structures at

the B3LYP/6-311+G(2d,2p) theory level in order to determine
the nature of the stationary points. The harmonic approximation
for the zero-point energies was used to calculate vibrational
adiabatic reaction barriers. All transition-state structures have
one and only one imaginary frequency with motion along the
reaction coordinate. Energies were also evaluated with B3LYP/
6-311++G(3df,3pd) theory level on B3LYP/6-311+G(2d,2p)
geometries, and zero-point corrections obtained with B3LYP/
6-311+G(2d,2p) theory level were then used.
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