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We present ab initio calculations of geometries, energies, and normal mode frequencies for complexes and
saddle points along the minimum energy reaction path for the reaction C+ HCCH f C3H2 f C3H + H.
We also present ab initio calculations along the minimum energy reaction path in the entrance channel for
the reactions C+ HCCH, CH+ HCCH, and1CH2 + HCCH. These results and those presented earlier by
Walch1 are used to calculate rate constants for the reactions of C, CH, and1CH2 with acetylene, using variational
RRKM theory. The rate constants obtained agree well with experimental results for all three reactions.
Unimolecular lifetimes for intermediate complexes associated with each reaction path are also presented.
Among the more stable C3 isomers are propargyl and propargylene, which have lifetimes of 25 and 1900 ps,
respectively, under thermal reaction conditions.

I. Introduction

Radical species and molecules containing three carbon atoms
and one to four hydrogen atoms have been of significant interest
recently in hydrocarbon combustion1-3 and interstellar chem-
istry.4,5 Many of these species are believed to be important
precursors to soot formation6 and in particular may be involved
in the formation of benzene and other C6 species through
dimerization reactions.1,2 However, there is still some question
whether mechanisms involving C3 species can compete with
other mechanisms, such as those involvingn-C4H3 or ion-
molecule reactions, in the formation of aromatics.7,8

In this paper, we present a study of three radical reactions
with acetylene that are possible sources of C3 molecules.1,2,9

The reactions are

We use variational RRKM theory with ab initio potential surface
data to determine the rates of these reactions and the lifetimes
of intermediates. The results will be useful for interpreting
kinetic measurements and in kinetic modeling of combustion
processes.

Previous work has reported ab initio results for all three
reactions,1,4,10-12 although in none of these studies has enough
information been presented to determine rate constants from
RRKM theory. Walch1 has presented information about the
saddle points and minima associated with reactions R2 and R3
at a level that is comparable to that considered here, so we use
his results as much as possible. Missing in this work was
information about the minimum energy path for the initial
addition step (the rate-limiting step under most circumstances),
so we present new results here for R2 and R3 concerning this.

Earlier studies of R1 did not report quantitative reaction path
information,4,10-12 so new ab initio calculations of barriers along
the reaction paths for R1 and of the minimum energy path for
the initial addition step are described in this paper. This
information is used to perform variational RRKM calculations
to determine rate constants and lifetimes.

Part II of this paper gives details and results from the ab initio
reaction path calculations. Part III details the RRKM calcula-
tions. The results are discussed in part IV.

II. Reaction Path Calculations

The ab initio calculations follow the basic procedure outlined
in ref 1. Briefly, we performed complete active space self
consistent field (CASSCF) gradient calculations to locate the
stationary points, then internally contracted configuration in-
teraction (ICCI) calculations to determine accurate energies
without reoptimizing the geometries. The CASSCF calculations
used a polarized valence double-zeta basis set from Dunning
and Hay, augmented with a single set of 3d functions on each
carbon and a single set of 2p functions on each hydrogen. The
ICCI calculations used the Dunning correlation consistent
polarized triple-zeta basis set, but without the f functions on C
or the d functions on H. Results of the calculations are presented
in Tables 1-9 and Figure 1. Further details of the ab initio
calculations will be presented elsewhere.13

Stationary point energies, moments of inertia, and frequencies
for R1 are presented in Tables 1 and 2. We have used simple
abbreviated names for the species, but we note for completeness
that in Table 1 min1 iss-trans-propenediylidene, min2 iss-cis-
propenediylidene, min3 is propargylene, min4 is cyclopro-
penylidene, and min5 is vinylidenecarbene. A schematic
drawing of the reaction path is shown in Figure 1a. Only triplet
surfaces have been considered, as reaction is expected to be
quite efficient for these barrierless spin-allowed pathways (as
discussed further below). Note that there are two possible
products of R1, linear and cyclic C3H (propynylidyne and

C(3P) + HCCH f C3H2 f C3H + H (R1)

CH(X2Π) + HCCH f C3H3 f C3H2 + H (R2)

1CH2 + HCCH f C3H4 f C3H3 + H (R3)
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cyclopropynylidene), with the calculations predicting that cyclic
C3H is about 1 kcal/mol more stable. The cyclic C3H isomer
is produced from a path that involves the cyclic C3H2 (min4)
intermediate, while the linear isomer can be produced from two

pathways (min3 and min5). All three reaction paths have min1
as a common precursor. Our calculations indicate that there
are no exit channel barriers for the production of either product,
so transition states associated with the final product formation

TABLE 1: Energies, Frequencies, and Moments of Inertia for Minima for C + HCCH

TABLE 2: Energies, Frequencies, and Moments of Inertia for Saddle Points for C+ HCCH

TABLE 3: Energies, Frequencies, and Moments of Inertia along the Entrance Channel Path for C+ HCCH

R1a R1b R1c R1d R1e R1f R1g path

energy (kcal/mol) -5.7 -3.9 -2.3 -2.0 -1.8 -0.6 -0.4
harmonic frequencies (cm-1) 3621 3623 3625 3624 3625 3626 3627

3548 3547 3548 3548 3549 3549 3550
1942 1971 1975 1973 1974 1976 1976
794 793 782 781 779 776 776
634 176 92 72 62 635 635
181 127 74 70 59 23 46
769 781 777 638 637 774 774
619 632 635 777 776 634 634
128i 640 637 635

moments of inertia (105 mea02) 0.932 0.954 0.961 0.966 0.969 0.968 0.968
3.571 4.392 6.150 6.977 6.976 11.30 14.11
4.503 5.346 7.111 7.943 7.944 12.27 15.08
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steps were not determined. The properties of the minima in
Figure 1a are very similar to those presented in the work by
Ochsenfeld et al.9 In particular, the energies of min1, min3,
min4, and min5 are-32.2,-92.1,-50.9, and-59.9 kcal/mol
in the Ochsenfeld calculation, compared to-29.0, -83.9,
-45.3, and-57.0 kcal/mol in the present results. This is an

encouraging agreement given that the computational methods
used were quite different (CCSD(T) in Ochsenfeld, CASSCF-
ICCI in the present calculations).

Stationary point energies, geometries, and frequencies for R2
and R3 were presented in ref 1. A summary that includes
previously unpublished moment of inertia data is presented in

TABLE 4: Energies, Frequencies, and Moments of Inertia for Minima for CH + HCCH

TABLE 5: Energies, Frequencies, and Moments of Inertia for Saddle Points for CH+ HCCH, Including One Point in the
Entrance Channel (Labeled “path”)

TABLE 6: Energies and Moments of Inertia along the Entrance Channel Path for CH+ HCCH

R2a R2b R2c R2d R2e R2f path R2g R2h

energy (kcal/mol) -6.9 -5.5 -4.3 -3.4 -3.1 -1.9 -1.2 -0.7
moments of inertia (105 mea0

2) 1.004 1.010 1.009 0.996 0.977 0.851 0.814 0.908
4.801 5.235 5.871 6.473 6.798 8.767 10.83 13.36
5.805 6.245 6.880 7.469 7.775 9.618 11.65 14.27
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Tables 4 and 5 for R2 and Tables 7 and 8 for R3. Schematic
drawings for these reaction paths are shown in Figure 1b,c. Here
we use the labeling convention of ref 1 to identify the minima
and saddle points. R2, like R1, has two possible products, but

our calculations indicate that there is an exit channel barrier
(sp10) for producing the cyclic C3H2 isomer. This should
disfavor this product relative to the linear CH3CC product.

Since the initial addition step for all three reactions is

TABLE 7: Energies, Frequencies, and Moments of Inertia for Minima for CH2 + HCCH

TABLE 8: Energies, Frequencies, and Moments of Inertia for Saddle Points for CH2 + HCCH, Including One Point in the
Entrance Channel (Labeled “path”)

5860 J. Phys. Chem. A, Vol. 102, No. 29, 1998 Guadagnini et al.



barrierless, it is essential to determine detailed information about
the reaction paths for this step to determine rate constants. To
do this, we determined energies, geometries, and frequencies
at points along the minimum energy path for the initial addition
step for R1 (Table 3). In addition, energies and geometries were
calculated at points along the entrance channel for R2 and R3
(Tables 6 and 9). Note that frequencies were calculated only
at one point in the entrance channel for R2 and R3 (labeled
“path” in Tables 5 and 8). Determination of this point is
described in part III.

III. RRKM Calculations

We use the reaction mechanisms shown in Figure 1 for the
three reactions. In the figure, thenth transition state in a
mechanism is labeled spn and thenth intermediate complex is
labeled minn. The microcanonical rate constants for the forward
and back reactions at thenth transition state are denoted asκn

andκ-n, respectively. For R1, the bottlenecks in the product

pathways are considered to be at infinite separation, and the
microcanonical rate constants along these pathways are labeled
κlin andκcyc for the linear and cyclic products, respectively.

Application of the steady-state approximation on all inter-
mediate species yields (in the low-pressure limit) an effective
microcanonical rate constant of the form

whereκpath is the variational rate constant along the entrance
channel reaction path.14 κeff is a ratio involving all other
microcanonical rate constants and, in this study, is nearly zero.
The forms ofκeff for the three reactions are

We use variational RRKM theory15 based on a modified
version of the code developed by W. L. Hase and D. L. Bunker16

to calculate the microcanonical rate constants. The Whitten-
Rabinovitch approximation is used to calculate the numbers of
states of the transition states and the densities of states of the

Figure 1. Schematic drawing of minimum energy paths: (a) C+
HCCH, (b) CH+ HCCH, (c) CH2 + HCCH.

TABLE 9: Energies and Moments of Inertia along the
Entrance Channel Path for CH2 + HCCH

R3a R3b R3c path R3d

energy (kcal/mol) -4.6 -2.5 -1.3 -0.8
moments of inertia (105 mea0

2) 1.083 0.922 0.902 0.993
6.020 9.479 11.90 14.02
6.905 10.21 12.60 14.81

κst ) κpath(1 - κeff) (1)

R1:

κeff )
κ-path

C1 - C3

C1 ) κ-path+ κ2 + κ3 + κ5

C2 )
κ3κ-3(κ-4 + κlin)

(κ4 + κ-3)(κ-4 + κlin) - κ4κ-4

(2a)

C3 ) C2 + ( κ2κ-2

κ-2 + κ-6 + κlin
+ κ-5)

[ κ5(κ-2 + κ-6 + κlin) + κ2κ-6

(κ-5 + κ6 + κcyc)(κ-2 + κ-6 + κlin) - κ6κ-6
]

R2:

κeff )
κ-path

C1 - C6

C1 ) κ-path+ κ3 + κ5 + κ7

C2 ) κ-4 + κ-6 + κ9

C3 ) ( 1
κ-7 + κ6 + κ8

)[κ7 +
κ5κ-8

κ-4 + κ-8 + κ10
+

κ3κ4κ-6

(κ-3 + κ4)(C2 - κ4κ-4)]
C4 ) ( 1

κ-7 + κ6 + κ8
)[κ8κ-8 +

κ4κ-6

C2(C2 - κ4κ-4)
+

κ6κ-6

C2 ]
C5 ) ( C3

1 - C4
)( κ-3κ-4κ6

C2 - κ4κ-4
+

κ-4κ8

κ-4 + κ-8 + κ10
+ κ-7) (2b)

C6 ) C5 +
C2κ3κ-3

(κ-3 + κ4)(C2 - κ4κ-4)
+

κ-4κ5

κ-4 + κ-8 + κ10

R3:

κeff )
κ-path

C1 - C2

C1 ) κ-path+ κ1 + κ1′ + κ3 + κ4 + κ5 (2c)

C2 )
(κ3)

2

κ-3 + κ2
+

(κ5)
2

κ-5 + κ7
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complexes. The RRKM expression for the microcanonical rate
constant is

whereN is the number of states at the transition state andF is
the density of states of the initial complex. The canonical rate
constant is given by

whereFreag and Qreag are the density of states of the reagents
and the reagent partition function, respectively.J and K are
the total angular momentum quantum number and its body-
fixed projection. BothJ andK are assumed to be conserved,
which means that the sameJ andK are used in evaluatingκst

and F. In the results to be presented, we have calculated the
canonical rate constant at 300 and 1000 K, by evaluating the
integral in eq 4 numerically using the trapezoid rule (with an
error of <1 × 10-4). Maximum J andE values used are 60
and 5 kcal/mol at 300 K and 99 and 35 kcal/mol at 1000 K.

To study the pressure dependence of the rate constants, we
have calculated unimolecular lifetimes of the intermediate
complexes. The lifetimeτn of thenth intermediate complex is

where theκi’s are the microcanonical rate constants (averaged
over J andK) of all steps in the mechanism in which thenth
complex (minn) is the reacting species. A branching fraction
for the products in R2 was also calculated. Branching fractions
for R1 and R3 could not be found because characteristics along
the exit channels were not available.

Since all three reactions have barrierless initial addition
pathways, we use a variational method to determineκpath.14

According to variational theory, the bottleneck of a reaction
occurs at the point along the minimum energy path where the
number of states available, and hence the microcanonical rate
constant, is at a minimum. This means that calculations are
done at various points along the minimum energy path until a
minimum in the rate is found, thereby defining the reactive
bottleneck. For R1, we calculated rate constants for all the ab
initio geometries in Table 3, and we found that the minimum
in the rate constant is at the highest energy point. To check if
this is indeed the minimum, we extrapolated points between
-0.4 and 0.0 kcal/mol. This was accomplished by fitting
energies and frequencies of the reactants, sp1, and the point at
-0.4 kcal/mol to exponentials of the form

wherer is the distance between the attacking carbon atom and
the acetylenic carbon to which it bonds. The rate constants
k(T) for both the ab initio points and the extrapolated points
are shown in Figure 2 as a function of the energy along the
reaction path. This figure shows that indeed the minimum rate
constant is associated with the highest energy point.

For R2 and R3, only energies and geometries were determined
along the entrance channel reaction path. Frequencies were

approximated by two methods. One involved fitting known
frequencies of the reactants, sp1, and min1 to an exponential
of the form mentioned above, eq 6a. The second involved
linearly fitting known frequencies at reactants and sp1 by

In both cases,r is again the distance between the two carbon
atoms in the reactants that form a new bond. Rate constants
for R2 and R3 at each point along the reaction path for both
fitting methods are shown in Figures 3 and 4. Inspection of
the results reveals that the value of the rate constant is very
sensitive to the method used to fit the frequencies and, therefore,
to the values of the frequencies. A more accurate determination
of the frequencies was therefore instituted.

Since the minimum rate constant, although very different in
both interpolation methods, occurs at about the same geometry,
ab initio frequencies were calculated at these chosen geometries.
The rate constant was then recalculated with the ab initio
frequencies. This new value is also shown in Figures 3 and 4.
The best values for all three reactions along with experimental
numbers17-24 are presented in Table 10. Lifetimes of complexes
are given in Tables 11-13.

IV. Results and Discussion

The rate constants for all reactions agree quite well with the
experimental numbers. In view of the uncertainty associated
with finding the minima in Figures 2-4, the calculated values
easily have 50% uncertainty associated with them, so within

κ(E*) )
N(Eq)

hF(E*)
(3)

κ(T) )
1

Qreag

∫∑
J,K

(2J + 1)κste
-E/kBTFreagdE (4)

1

τn

) ∑
i

κi (5)

ν ) ν0 + ae-br (6a)

E ) E0 + ae-br (6b)

Figure 2. Variational rate constant vs reaction path energy for C+
HCCH.

ν ) ν0 + ar (7)
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those error bars we match all the recent measurements. The
temperature dependence of the rate constant cannot be deter-
mined experimentally for R1 and R3, since all measurements
were made at 300 K. For R2, a slightly negative dependence
is apparent in the experiments done by Thiesemann et al.18 and
Berman et al.19 This is the expected result for a barrierless
reaction. The RRKM results for R2 and R3 also show a
negative dependence. However, the difference in the values at
300 and 1000 K for R2 and R3 may be exaggerated due to the
uncertainty in the minima. For R1, we see no temperature
dependence, but again there is a significant uncertainty in the
result.

Note that the calculated rate constants are for the low-pressure
limit, while it is not clear if this is the case for the measurements.
At high enough pressures, collisional stabilization of intermedi-
ates is expected, and the effective rate constant should increase.
The pressure dependence of the rate constants can be estimated
as discussed by Harding et al.,25 but the formulation requires
determining collisional stabilization rates for each complex as
an additional step in the reaction mechanism. The importance
of collisional stabilization depends on the value ofωτ for each
complex, whereτ is the unimolecular lifetime of the complex
andω is the effective collision frequency with bath gases.ω
has the form

whereâ(T) is the collision efficiency of the third body,Z(T) is
the gas kinetic collision frequency, andP is the pressure. The
collision frequency can be calculated with the standard for-

mula.26 However,â(T) is an empirical variable and must be
estimated, usually with reference to an experimental value for
the rate constant at high pressure. However, all experimental
values of the rate constant available presently were measured
at or near the low-pressure limit. As a result, any estimate of
â(T) will be somewhat arbitrary.

The results in Tables 11-13 suggest that two species have

Figure 3. Variational rate constant vs reaction path energy for CH+
HCCH.

ω ) â(T) Z(T)P (8)

Figure 4. Variational rate constant vs reaction path energy for CH2 +
HCCH.

TABLE 10: Rate Constants for Reactions with Acetylene,
Including Experimental Values

reactant
temperature

(K)
pressure
(Torr)

k(T) (10-10cm3

molecule-1 s-1) ref

C(3P) 300 2.6 this work
1000 2.7 this work
300 2 2.0( 0.1 17

CH(X2Π) 300 3.6 this work
1000 2.0 this work
289 8 3.82( 0.08 18
291 100 3.12( 0.05 18

1000 100 2.5( 0.2 18
297 100 4.2( 0.2 19

1000 100 3.7( 0.4 19
298 100 2.2( 0.4 20
298 0.75( 0.15 21

1CH2 300 3.6 this work
1000 3.0 this work
295 15 3.5( 0.7 22
298 4 2.93( 0.19 23
298 0.75 2.9a 24

a Calculated from total rate constant including reaction to3CH2

reported at 3.7( 0.3 and branching ratio for formation of3CH2 reported
at 0.22.
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long enough lifetimes (>1 ns) to show pressure effects at 100
Torr, i.e., propargylene and propyne. However in both cases,
the reactions we are studying can occur by other pathways that
involve short-lived intermediates and low barriers. We conclude
therefore that the pressure dependence of the rate constants
should be weak forP e 100 Torr.

In the present study, only the triplet surface for R1 is
considered. Takahashi et al.43 also include ab initio calculations
for the singlet surface. They postulate a mechanism for reaction
that includes surface hopping and formation of a singlet
intermediate analogous to min4 (as plotted in Figure 1a).
However, their calculation of the triplet surface shows a large
barrier for reaction, whereas the present calculation shows no
barrier. Due to the small probability expected for surface
crossing27 and the fact that there is no barrier on the triplet
surface, we believe the singlet surface to be unimportant. This
assumption is supported by the RRKM rate constant, which
agrees quite well with experiment despite exclusion of the singlet
surface.

The branching ratio for the products of R2, CH2CC:C3H2, is
essentially 1:0. This is not surprising considering the saddle
point for reaction to C3H2 is more than 10 kcal/mol above the
reagent energy, whereas that for CH2CC is 10 kcal/mol below.
Therefore, CH2CC (propargylene) is expected to be the major
product of the reaction between CH and acetylene. This is
significant since both propargyl and propargylene can dimerize
with no barrier to form six-member rings.1

Very recently,11 Vereecken and co-workers have presented
a detailed study of reaction R2 using a density functional based
method (B3LYP/6-31G**). Many of their results are similar
to those presented in Figure 1b, but there are also important
differences. Both calculations agree that the initial addition
mechanism is barrierless and can produce min1, but Vereecken
suggests that there are other addition pathways, including one
that forms min6 directly from the reactants. The properties of
these initial addition pathways were not discussed. However
they also find that there are other pathways for forming products,
although none of them involve species as stable as min6. We
have not extended our calculations to study these additional
pathways for reaction, but we note that only min6 has a lifetime
that is long enough to be of interest in pressure-dependent

studies for pressures below 100 Torr. Vereecken et al. did not
estimate rate constants from their results, so at this point it is
not possible to make quantitative comparisons with our results
or experiment.

Recent isotope effect measurements concerning reaction R218

suggest that the rate-determining transition state for this reaction
cannot be loose and cannot involve participation of significant
hydrogen atom motion associated with the acetylenic hydrogen
atoms. The properties that we find for the structure labelled
“path” in Tables 5 and 6 are consistent with this conclusion. In
particular, we find that the frequencies in Table 5 can be divided
into two groups, namely, those associated with the acetylene
vibrations and the CH stretch which are not strongly perturbed
from their reagent values in Table 4 and those associated with
transitional modes (the two lowest frequencies) which are still
high enough to consider the transition state to be tight rather
than loose. This provides qualitative evidence in favor of the
transition-state properties that we find, although we have not
performed detailed isotope effect calculations to see if this also
works quantitatively.

Molecular beam experiments reported by Kaiser et al.10,11,28

for R1 have shown predominantly forward scattering at low
energy and then symmetrical forward and backward scattering
at higher energies. They conclude that this behavior arises from
the contribution of two differentdirect reaction mechanisms,
whose relative importance varies with energy, with the lower
energy mechanism leading to cyclic C3H formation and the
higher energy mechanism involving linear C3H formation
through a geometrically symmetrical intermediate. They dis-
regard complex formation as a possible explanation for either
mechanism, as they believe that the lifetimes of the complexes
are shorter than the rotational lifetimes. The rotational lifetime
can be estimated in the present work by equating the classical
and quantal forms of the rotational energy, giving the equation
pj = Iω.29 Here j is the rotational quantum number,ω the
angular velocity, andI the moment of inertia. Given the
rotational constantB ) p2/2I, and ω ) jB/p, the rotational
lifetime can be written asτr = 4πI/jp. To maximizeτr, we use
j )1 andI ) 5 × 105 mea0

2, which is an upper bound on the
moments of inertia of all complexes reported in Table 1. These
give a valueτr = 44 ps. Values of the lifetime of propargylene
calculated in this study are on the order of 10 times longer than
this at 300 K, suggesting that complex formation should be
important if the reaction behaves statistically. In fact, we should
further note (see discussion at the end of this section) that
anharmonic corrections are likely to increase the lifetimes
relative to what we have calculated. This would therefore seem
to be at odds with the experimental angular distributions. This
could happen if the intermediate complexes did not exhibit
statistical behavior; however, this seems unlikely given the depth
of the wells and absence of high barriers between the different
minima. Another possibility is that the barriers are inaccurate,
and propargylene is not accessible to low-energy collisions. This
would allow more direct reaction pathways, such as min4
dissociation into cyclic C3H, to dominate at low energies, which
is what Kaiser et al. postulate. Unfortunately it is not possible
for us to say anything more definitive about these experiments.

For R1 and R3, details about the minimum energy reaction
path from the complexes to products were not determined, and
the calculated lifetimes of the complexes do not include
contributions for pathways to products. However, it is not
expected that these pathways should contribute significantly to
the lifetime, as the number of states near the products is very
small in comparison to the numbers of states at all other

TABLE 11: Complex Lifetimes for C + HCCH (in ps)

complex τ (300 K) τ (1000 K)

min1 3.1× 10-2 3.4× 10-2

min1p 6.4× 10-2 6.4× 10-2

min2 propargylene 2.5× 103 1.9× 103

min3 cyclic 47.7 53.6
min4 4.4× 10-2 4.1× 10-2

TABLE 12: Complex Lifetimes for CH + HCCH (in ps)

complex τ (300 K) τ (1000 K)

min1 1.5 1.4
min4 0.4 0.4
min5 0.03 0.02
min6 propargyl 28.1 24.8
min7 2.3 1.8

TABLE 13: Complex Lifetimes for CH 2 + HCCH (in ps)

complex τ (300 K) τ (1000 K)

min1 0.17 0.16
min2 5.1× 10-3 5.0× 10-3

min3 cyclopropene 3.7 4.1
min4 allene 4.0× 102 4.4× 102

min5 methylvinylidene 1.9 2.0
min6 propyne 2.5× 103 2.4× 103
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available saddle points. To verify that this is true, we calculated
the lifetimes for complexes for R2 both including and excluding
the product pathways. We found that excluding the pathway
for reaction of propargyl to products changed the lifetime of
the propargyl radical only in the fourth decimal place. There
was no change in the lifetime for min4. Considering this, we
feel that the lifetimes of R1 and R3 should be unaffected by
excluding the product pathway.

There are four possible sources of error inherent in the present
calculations (other than errors in the potential energy sur-
faces): errors involving the steady-state approximation, transi-
tion-state theory, neglect of anharmonicity, and neglect of
quantum corrections. For all three reactions, substitution of the
definition of all RRKM rate constants into eq 2 and subsequent
algebraic reduction results in equivalent equations involving only
the numbers of states at the saddle points. All densities of states
of the complexes cancel as dictated by the steady-state ap-
proximation. Entering the values of the numbers of states as
calculated by the Hase code into the equation gives aκeff that
is essentially zero. Consequently, the steady-state approximation
attributes the rate-limiting step to the entrance channel bottle-
neck. Considering that all other saddle points are well below
the reagent energy, the number of states available at those points
is much greater than the number available at the bottleneck and
is expected to have much less influence on the rate constant.
Therefore, the steady-state approximation should cause no
significant error in the value of the rate constant.

Transition-state theories usually assume that the reaction
bottleneck is determined by vibrationally adiabatic barriers along
the minimum energy path. Once the barrier at the bottleneck
is crossed, it is assumed that the system does not recross the
barrier and return to reactants. If recrossing does occur, the
true rate constant would be smaller than that calculated using
transition-state theory. In all cases presented here, the bottleneck
is below the reagent energy, and there is no true barrier. Once
the reaction passes the bottleneck, a relatively stable complex
is formed, so recrossing is expected to be minimal.

Anharmonic effects should lead to an increase in both the
densities of states of the complexes and the numbers of states
at the transition states.30 For the rate constant, only the number
of states at the bottleneck is important. Since there is little
energy available at the bottleneck, anharmonic effects should
not play an important role. As for the calculated lifetimes, the
increase in the density of states of the complex due to
anharmonicity should be larger than the corresponding increase
in the numbers of states at the transition states since more energy
is available to the complex. Neglecting anharmonicity will
therefore result in lifetimes that are shorter. The calculated
harmonic lifetime should then be considered as a lower bound.

Quantum corrections, such as zero-point corrections and
tunneling, should not pose a problem, as there is no barrier to
reaction, and all but one transition state is below reagent energy.

V. Conclusions

We report reaction pathways and energetics for the reaction
of C(3P) with acetylene. Furthermore, details along the entrance
channel for addition of C, CH, and1CH2 with acetylene are
reported. All three reactions proceed with no barrier. Potential
surface data reported here and by Walch are used to calculate
rate constants and lifetimes using variational RRKM theory.
The rate constants and lifetimes calculated suggest that all three
reactions could play important roles in interstellar and combus-
tion chemistry. The rate constants are in good agreement with
experimental values, and the negative temperature dependence

is as expected for barrierless reactions. Although not reported,
the pressure dependence could be modeled using the results
presented here if more experimental data were available. The
lifetimes of complexes reported are long enough to give
statistical behavior for experiments where complex formation
can occur. Since the rate-limiting step for all three reactions is
the initial addition step, it cannot be determined from compari-
sons of our results with available experiments whether the
mechanisms involve complex formation or direct reaction.
Further experiments or dynamical studies would need to be done
to distinguish which mechanism is more important.
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