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ABSTRACT: Due to the prominent role of the propargyl
radical for hydrocarbon growth within combustion environ-
ments, it is important to understand the kinetics of its
formation and loss. The ab initio transition state theory-based
master equation method is used to obtain theoretical kinetic
predictions for the temperature and pressure dependence of
the thermal decomposition of propargyl, which may be its
primary loss channel under some conditions. The potential
energy surface for the decomposition of propargyl is first
mapped at a high level of theory with a combination of
coupled cluster and multireference perturbation calculations.
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Variational transition state theory is then used to predict the microcanonical rate coefficients, which are subsequently
implemented within the multiple-well multiple-channel master equation. A variety of energy transfer parameters are considered,
and the sensitivity of the thermal rate predictions to these parameters is explored. The predictions for the thermal decomposition
rate coeflicient are found to be in good agreement with the limited experimental data. Modified Arrhenius representations of the

rate constants are reported for utility in combustion modeling.

1. INTRODUCTION

The recombination of two propargyl (CH,CCH) radicals is
commonly found to provide the dominant route to formation
of the first aromatic ring within combustion environments.' ™
For some conditions, the reaction of propargyl with other
species, such as allyl or acetylene, may also play a role in ring
formation. Related reactions of propargyl with polycyclic
aromatic hydrocarbon radicals such as benzyl likely play a
similarly important role in ring expansion.’®

The importance of the propargyl radical to hydrocarbon
growth in high-temperature environments is related to its
exceptional thermal and chemical stability, which results in
remarkably high concentrations in the steady-state environment
of flames. Indeed, the concentration of propargyl radicals often
rivals that of the major closed shell intermediates that are also
central to the hydrocarbon growth process. This stability is
partly due to the presence of two resonant electronic
configurations for propargyl, where the radical electron is
viewed as localized on either the CH, (head) or the CH (tail)
end of the molecule. These resonant configurations imply a
lower electronic energy and thus increased thermal stability.
They also imply a lower chemical reactivity because the
resonance must be broken prior to chemical bond formation at
one of the radical sites. As a result, the entrance barriers for its
addition reactions are generally greater than the usual case
where neither of the radicals is a resonantly stabilized radical.
Furthermore, the exothermicity of the addition process is
reduced by the resonance stabilization energy of propargyl,
which reduces the probability of both collisional stabilization
and of further isomerizations.
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There are, of course, many other similarly resonantly
stabilized radicals in the combustion environment, such as
allyl (CH,CHCH,) and i-C,H; (CH,CCCH). However, the
role of such radicals is generally not nearly as significant as that
of propargyl. The increased importance of the propargyl radical
relative to other resonantly stabilized radicals is related to the
difficulty of further dehydrogenation of propargyl.

Simple CH bond fission of a radical generally leads to a stable
closed shell alkene or alkyne, with typical bond dissociation
energies, Dy, of about 35 kcal/mol (e.g,, C,H; and C,H; have
D, values of 34 and 35 kcal/mol, respectively). For resonantly
stabilized radicals, the CH bond-fission still generally produces
a closed shell molecule, but Dy is generally increased by the
resonance stabilization energy of the radical, which is typically
about 10 to 20 kcal/mol. For example, for allyl and i-C,H;
(CH,CCCH), the CH bond fission energies are 56 and 43
kcal/mol, respectively. Such bond dissociation energies are still
small enough that thermal dissociation provides a rapid loss,
resulting in modest steady-state concentrations. However, for
propargyl, simple CH bond fission leads to either a triplet
CHCCH diradical or a CH,CC carbene, both of which are
highly unstable due to an insufficiency of valence electrons. As a
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result, for propargyl, the CH fission energies are 96 and 99
kcal/mol for the head and tail fissions, respectively. Notably,
phenyl and benzyl radicals, which are of similar importance to
the hydrocarbon growth process as the propargyl radical, also
exhibit a similar resistance to dehydrogenation with simple CH
bond fission energies of 94 and 108 kcal/mol, respectively.”

Importantly, the resistance to further dehydrogenation also
implies lower reactivity with O,. Generally, the formation of
HO,, through either direct abstraction or an addition—
elimination process, is the most important channel for the
reaction of radicals with O,, particularly at the higher
temperatures of relevance to hydrocarbon growth. However,
for propargyl this process is highly endothermic and thus has a
greatly reduced rate constant. As a result, even though the
propargyl radical is very stable, its thermal decomposition may
still provide an important loss channel, and a proper delineation
of propargyl’s role in combustion chemistry requires accurate
estimates for the temperature and pressure dependence of the
decomposition rate constant. However, as a consequence of the
present analysis, it appears that thermal dissociation is only a
minor reaction channel for propargyl under most combustion
conditions.

The only experimental measurement of the rate constant for
the thermal decomposition of the propargyl radical appears to
be that obtained in a shock tube study of 3-iodo-propyne,
which covered temperatures ranging from 1400—2000 K and
pressures ranging from 1.5—2.2 bar.” Related experimental and
theoretical studies of the photodissociation of propargyl,”~"*
the reaction of CH(*II) with acetylene,"®"*™"” and of C(*P)
with the vinyl radical'”'® have led to a detailed understanding
of the mechanism for isomerization and decomposition on the
C;Hj; potential energy surface. Unfortunately, this mechanistic
understanding has not been used to predict the temperature
and pressure dependence of the thermal decomposition
kinetics. The only theoretical predictions for the thermal
decomposition of propargyl appear to be the hindered Gorin
model calculations performed by Kiefer et al."” as part of their
shock-tube study of the dissociation of C;H,. The most closely
related theoretical study was a prediction of the high-pressure-
limit rate coeflicient for the related recombination of H with
3CHCCH (which correlates with the dominant channel in
photodissociation of propargyl) with CASPT2 (complete-
active-space second-order perturbation theory)-based variable-
reaction-coordinate transition state theory.20

The ab initio, transition-state theory-based, master-equation
approach, whose application to combustion problems was
pioneered by Harding and Wagner,' =’ is used here to obtain
kinetic predictions for the thermal decomposition of the
propargyl radical. This work builds on the well-developed
model for the C;H; reactive potential energy surface from
earlier theoretical studies.'”'*~'® However, as Harding has
demonstrated,”®?° it is often important to use multireference
electronic structure methods for treating some of the transition
states. Here we employ the CASPT2 approach to explore some
of the key transition states, such as that leading to *CHCCH +
H. We also pay particular attention to variational and
anharmonicity effects for a number of the H loss channels
and obtain higher-level energy estimates for all of the stationary
points. The early master equation studies of Wagner and co-
workers on the dissociation of C,H,*® and the reaction of C,Hj
with 0227 were instrumental to our own master-equation
developments,*® which are employed in the present analysis.
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2. THEORY

Potential Energy Surface. Prior theoretical work on the
C;H; system has illuminated the key pathways for decom-
position of the propargyl radical.'®'?~"® The present electronic
structure effort aims to improve the accuracy of the energetics
for these pathways and to include variational treatments for the
key pathways. First, the rovibrational properties of the
stationary points on this C;H; potential energy surface were
obtained with the CCSD(T) method employing the
correlation-consistent, polarized-valence, triple-{ (cc-pVTZ)
basis set of Dunning.’' Higher-level (HL) energy estimates
for these stationary points were obtained via the consideration
of a series of additive corrections. The complete-basis-set
(CBS) limit was estimated from two-point extrapolation [I/(I +
1)* formula®] of CCSD(T) calculations employing aug’-cc-
pVQZ and aug’-cc-pVSZ basis sets (where the prime indicates
that diffuse functions are included for only the s and p orbitals
in C and N and the s function in H) and CCSD(T)-F12**
calculations employing the cc-pVTZ-F12 and cc-pVQZ-F12
bases.>* The average of these two CBS limits, which differed by
at most 0.18 kcal/mol, was used in the final analyses. A
correction for higher-order excitations was obtained from
CCSDT(Q)/cc-pVDZ calculations.® A correction for core—
valence interactions was obtained from CCSD(T,full)/CBS
calculations based on extrag)olation of results for the cc-pcVTZ
and cc-pcVQZ basis sets.>® Anharmonic vibrational zero-point
energy (ZPE) corrections were calculated at the B3LYP/cc-
pVTZ level via second-order spectroscopic perturbation
theory.”” A relativistic correction was obtained from the
difference in the singles and doubles configuration interaction
(CI) energy with and without the Douglas-Kroll one-electron
integrals for CI/aug-cc-pcVTZ calculations.*® Diagonal Born—
Oppenheimer corrections (DBOC)*® were obtained at the HF/
cc-pVTZ level. Detailed comparisons with values for stable
species from the active thermochemical tables suggest that
these HL energy estimates should have 20 uncertainties of ~0.3
kcal/mol.

Various difficulties were encountered in the evaluation of the
correction terms for a few cases. In particular, the anharmonic
ZPE calculations for CHCC, *CHCCH, TS15, TS2P1, TS4P4,
and CH did not produce meaningful values. For all but one of
these cases we instead employed a correction of —0.127 ny
kcal/mol, where ny is the number of H atoms in the molecule,
which was found through separate calculations for a large set of
species to reproduce the structural dependence of this
correction. For CH, we instead employed an MP2/cc-pVTZ
value. For a few other cases, SCF convergence problems were
encountered in the evaluation of the DBOC correction (TS23,
TS34, TS4P4, TS5P4), or the calculated correction was
unreasonably large (for c-CHCHCH, it was 0.44 kcal/mol).
In those cases, the DBOC correction was simply ignored.

The evaluation of the role of CHCHCH presented additional
difficulties. The ground state of CHCHCH is a high-spin
quartet state. It is described well with single reference methods,
and an HL estimate for it was readily obtained. The lowest
doublet state is an open-shell state that is not described well
with single reference-based methods. The energy of the doublet
state was evaluated from CASPT2 evaluations of the doublet-
quartet splitting and the HL energy for the quartet state. The
active space for the CASPT2 evaluations consisted of the five
electrons in five orbitals describing the unhybridized p-orbital
space of the carbons. The CASPT?2 estimates were extrapolated
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to the CBS limit from calculations with the cc-pVQZ and cc-
pVSZ bases. CASPT?2 estimates for the vibrational ZPE were
also employed in the HL evaluations for the quartet state due to
CCSD(T) convergence problems for asymmetric geometries.
Similar issues arise for the saddle point that connects c-
CHCHCH with >CHCHCH (TS26), where the calculated T1
diagnostic of 0.10 again indicates strong multireference
character. This stationary point was treated in a manner similar
to that used for *CHCHCH, with a CASPT2(Se,50)/
CBS(QZ,5Z)//CASPT2(Se,50)/cc-pVTZ evaluation of the
energy of TS26 relative to *CHCHCH added to the HL
energy for *CHCHCH.

The simple CH bond fissions in CH,CCH produce either
3CHCCH + H or CH,CC + H, do not have reverse barriers,
and are not well-treated with single-reference methods. The
CASPT2 method was used to explore the potential energy
surface for these channels, employing a (7e,70) active space
whose orbitals correlate with the H radical orbital together with
the p orbitals of the carbons (i.e, the full z-space of *CHCCH
and the 7-space of CH,CC together with the two extra carbene
orbitals). The minimum energy paths (MEP) for these
reactions were explored with CH-distance-constrained opti-
mizations performed at the CASPT2(7e,70)/cc-pVTZ level (cf.
Figure 1). CBS corrections were obtained from extrapolation of
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Figure 1. Plot of the minimum energy path potentials for the various
CH fission channels of relevance to the decomposition of propargyl.
Each of the curves are referenced to the zero-point energy of the
relevant saddle point relative to its dissociation threshold, thereby
emphasizing the relative ease of the reverse recombination reaction.

calculations with the cc-pVQZ and cc-pV5Z basis sets along an
approximate MEP. Alternative estimates for the energy along
the approximate MEP were also obtained from multireference
CI calculations, from CASPT?2 calculations, including an IPEA
(ionization potential-electron affinity) shift** of 0.25 and from
CCSD(T) calculations of the quartet state coupled with
multireference CASPT2 and/or MRCI calculations of the
doublet-quartet splittings. The MRCI results include the fixed
Davidson correction for higher-order excitations. For the
*CHCCH + H channel, a geometry relaxation energy was
evaluated from constrained optimizations where only the CH
bending angle was optimized, with all other coordinates held
fixed at their infinite separation values.

The other H loss channels each have a distinct saddle point,
but this barrier relative to separated fragments is generally quite
small. In this instance, it is still important to employ variational

7782

treatments of the transition state.*’ For these channels, the
minimum energy path was mapped out with constrained
optimizations and rovibrational analyses performed at the
CCSD(T)/cc-pVTZ level with the CH separation chosen as a
distinguished reaction coordinate. These minimum energy
paths are also illustrated in Figure 1. For the cc:CHCCH + H
MEP, the CCSD(T)/CBS(QZ,5Z) limit was also determined.

The present CCSD(T) calculations generally employed RHF
wave functions within the UCCSD(T) formalism implemented
in MOLPRO,* while the CCSDT(Q) calculations employed
UHF wave functions as required by the MOLPRO
implementation of Kallay’s MRCC code.*> The CASPT2
calculations were also performed with MOLPRO.* The
DBOC were obtained with the CFOUR code of Stanton and
Gauss.** The density-functional-theory calculations were
performed with G09.*

Microcanonical Rate Coefficients. Rigid-rotor, harmonic-
oscillator (RRHO) assumptions were generally employed in the
evaluation of the requisite densities of states and partition
functions for the molecular complexes and the number of
available states for the transition state. The various CH fission
channels were treated with variational transition state theory,*®
employing CH separations as a distinguished reaction
coordinate.

For the 3CHCCH + H and ¢-CHCCH + H channels, the
transition state lies at separations where RRHO assumptions
are of questionable validity. Furthermore, these two channels
dominate the high-temperature kinetics. Thus, these channels
were treated with variable-reaction-coordinate transition-state
theory (VRC-TST), which provides an accurate treatment of
the full anharmonicity and rovibrational couplings for the key
transitional modes. For the *CHCCH + H channel, we employ
directly determined CASPT2(7e,70)/cc-pVTZ energies,*’ ~>°
while for the c:CHCCH + H channel, we employ directly
determined CCSD(T)/cc-pVTZ energies. In both cases, one-
dimensional corrections for basis set limitations and geometry
relaxation effects were included and the final results were
multiplied by a dynamical recrossing factor of 0.9.%!

For both reactions, two pivot points were employed for the
C,H, fragments. For the *CHCCH fragment, these pivot points
were displaced along the CC axis, while for the c-CHCCH
fragment, they were displaced along vectors pointing away from
the lone C atom at a 45° angle with respect to the C,,
symmetry axis. For both reactions, a center-of-mass pivot
point was employed at larger separations.

For the *CHCCH + H reaction, the present dynamically
corrected VRC-TST calculations are closely analogous to those
reported in ref 20. For the cc:CHCCH + H reaction, the VRC-
TST results are essentially identical to corresponding RRHO-
based VTST evaluations near room temperature but then
gradually diverge with increasing temperature, with the VRC-
TST predictions being a factor of 1.7 higher at 2000 K. The
VRC-TST approach includes a full treatment of anharmonic-
ities for the coupled bending and reaction coordinate motions
and so is expected to be more accurate.

The barrierless nature of the CH,CC + H channel suggests
that it would also be appropriate to apply VRC-TST to this
channel. However, as illustrated in Figure 1, the MEP for this
channel is much less attractive than that for the *CHCCH + H
channel. As a result, the effective transitional-mode frequencies
at the transition state are much larger for this channel, and
RRHO assumptions should be more appropriate. Furthermore,
the higher endothermicity and reduced attractiveness for the
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MEP also indicates that this channel is of reduced kinetic
importance. Thus, standard RRHO-based VTST methods
incorporating the CASPT2 calculated MEP energies are
employed for this channel.

Thermal Rate Coefficients. Temperature- and pressure-
dependent phenomenological rate coefficients for the decom-
position of C;Hj are obtained from the one-dimensional master
equation, employing the PAPER software package.””>* This
package provides an automated treatment of the well-merging
phenomenon and automated generation of PLOG fits (a
standard format for CHEMKIN input which employs
logarithmic interpolations in the pressure of temperature-
dependent values obtained from modified Arrhenius represen-
tations for a grid of pressures) for incorporation into global
modeling studies. The requisite Lennard—Jones collision rate
parameters for CH,CCH in two bath gases were calculated
using the “one-dimensional optimization” method®* and C.H,
+ M analytic potential energy surfaces developed and validated
elsewhere.> The calculated parameters (e¢/cm™, o/A) for
CH,CCH + M, M = Ar and N, are (83.5, 4.01) and (38.3,
4.43), respectively.

Collisional energy transfer in the master equation was
described using the “exponential-down” model,56 where, within
this one-dimensional (in E) model, the range parameter a for
the deactivating wing of the energy transfer probability function
P is approximately equal to the average energy in deactivating
collisions, <AE4>. A more complete description of collisional
energy transfer requires more detailed, two-dimensional (in E
and ) models®”*® for P that include: an explicit dependence on
J, the nonseparability of E and J, “long tail” or biexponential
dependence on E, etc. The effect of using such a model is
estimated below, but a detailed application of the two-
dimensional master equation is beyond the scope of the
present work.

We consider three different procedures for determining o
and, in each case, we represent the temperature-dependence
with the expression

a(T) = a3,(T/300 K)"

The simplest procedure, which is also the most commonly
employed, involves empirically estimating the parameters (@3
and ), either from values determined in studies of related
systems or via fits of the predicted rates to experimental data. In
our prior studies of C;Hg*’ C,H;OH,*° CH;CHO,"!
CH,OCH,,%* and C,H* dissociations, n was set to 0.85 and
Qg0 values of 100, 125, 150, 100, and 120 cm™ were found to
yield reasonable representations of the experimental dissocia-
tion rates. Propargyl has a molecular size and dissociation
energy similar to this set of molecules and thus might be
expected to have a similar form. An @3 of 125 cm™ is chosen
as representative of these related values and will be seen to
provide a reasonable representation of the limited experimental
data for propargyl decomposition.

In the two other approaches, we have calculated <AEy> via
full-dimensional trajectories (with initial conditions and final
state analyses described in detail elsewhere®*®®). In the first of
these, we use “universal” C,H, + M analytic potential energy
surfaces® and obtain (a30/cm™), 1) = (247, 0.85) and (234,
0.88), for Ar and N,, respectively. The two-parameter
expression reproduced the calculated values of <AE;> within
~5% from 300—3000 K. These results were obtained for an
initial vibrational energy of CH,CCH of 90 kcal/mol, which is
roughly the threshold for H atom loss. Energy transfer
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properties are typically weak functions of the initial energy
for calculations involving vibrationally excited species. This was
confirmed here, as the values of <AE > calculated for an initial
energy of 50 kcal/mol were only ~10% lower than those
obtained for 90 kcal/mol.

The parameters for the universal interaction potential are
based on CH, + M interactions, and the resulting parametrized
C-M and H-M pairwise interactions are then assumed to apply
“universally” to larger hydrocarbons C,H,. The transferability of
these parameters to larger systems was previously tested by
comparing <AEg> calculated using the universal PES against
direct dynamics results for C,Hg and C,Hj (with differences of
<20%); the universal fit was then used to study C,H, for x as
large as 8 and y = 2x, 2x + 1, and 2x + 2.3° In other work, the
universal PES was used to predict Lennard—Jones collision
rates and diffusion coefficients in good agreement with those
based on tabulated and measured values for several n-
alkanes.*®® The accuracy of the “universal” interaction
potential is less certain for highly unsaturated species like
CH,CCH.

To test its accuracy for CH,CCH as well as the sensitivity of
the present results to the parametrization of the PES, a new
system-specific interaction potential was developed for
CH,CCH + Ar. The strategy used here was similar to the
strategy used to obtain the original parametrization for CH, +
Ar.%* Briefly, cutoff Buckingham potentials were used for the
two unique pairwise interactions (Ar—C and Ar—H). The 8
parameters were optimized against 160 counterpoise-corrected
QCISD(T)/CBS energies calculated along six cuts through the
interaction potential. The resulting mean, unsigned, fitting error
for interaction energies less than 2000 cm™" was 16 cm™". This
value may be compared with the mean, unsigned error of the
“universal” PES of 59 cm™ for the same CH,CCH + Ar data.
As discussed elsewhere, the mean, unsigned, fitting error alone
is not a good measure of the quality of fitted interaction
potentials for energy transfer calculations, which depend more
sensitively on the range of the repulsive wall®* A detailed
comparison of the universal and newly fitted CH,CCH + Ar
interaction potentials is beyond the scope of this work. Instead,
we compare the results of the two fitted surfaces and use this as
one measure of the uncertainty in the present approach. Using
the newly fitted PES, we obtain (as5/cm™, 1) = (506, 0.66).

3. RESULTS AND DISCUSSION

3.1. Potential Energy Surface. A schematic illustration of
the kinetically relevant stationary points on the potential energy
surface for decomposition of propargyl is provided in Figure 2.
The corresponding HL energies are reported in Table 1
together with related values from the literature. There are two
primary paths for the dissociation of CH,CCH. The lowest
energy path, which is dominant at low temperatures, involves
isomerization to ¢-CHCHCH followed by dissociation to c-
CHCCH + H. The other path, which becomes important at
higher temperature, involves the direct dissociation to
*CHCCH + H. The product energies for these two channels
are 34 and 1.9 kcal/mol higher, respectively, than the
corresponding CCSD(T)/6—311+G(3df,2p)//B3LYP/6—311G—
(dp) energies from ref 10. The ¢-CH,CCH, CH,CHC, and
CHCHCH wells all have such low barriers to isomerization that
they are unlikely to be chemically stable for all relevant
temperatures. In contrast, the barriers for dissociation of c-
CHCHCH and CH;CC are large enough that these species
should exist to fairly high temperature.
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Figure 2. Schematic diagram of the potential energy surface for the
decomposition of C;H;. The black solid lines denote isomerization
pathways, while the dashed lines denote dissociation pathways colored
according to their products. In the text, the transition stats are labeled
by the species they connect.

In the kinetic analyses, we presume that the conversion from
doublet to quartet CHCHCH is relatively slow and thus ignore
the latter state. Furthermore, even if the intersystem crossing is

rapid, we would not expect a major role for this state because
the isomerization to c-CHCHCH already occurs rapidly
through the CH,CHC isomer. Also, the CH bond fission on
the quartet state to yield *°CHCCH + H has a small positive
reverse barrier making it noncompetitive with the correspond-
ing dissociation to *CHCCH + H directly from propargyl,
where the reverse minimum energy path is purely attractive.
Nguyen et al.'® report a saddle point for the formation of
3CHCCH + H from *CHCHCH. Our attempts to locate this
saddle point with CCSD(T) and/or CASPT2 methods instead
encountered a second-order saddle point that appears either to
degenerate into TS16 or into a second-order saddle point for a
long-range roaming motion connecting with c-CH,CCH.
Regardless, this second-order saddle point lies high enough in
energy to be kinetically irrelevant. Another difference from ref
10 is in the determination of a saddle point for the addition of
H to CH,CC to form CH;CC that is slightly above the H +
CH,CC asymptote. These differences appear to arise from the
change from B3LYP to CCSD(T) optimizations.

On average, the stationary point energies in Table 1 are 1.4
kcal/mol higher than those from ref 10, and the RMS deviation
between the two is 1.7 kcal/mol. In general, differences of this
magnitude have a significant impact on kinetic predictions (e.g.,
at 1500 K, the Boltzmann factor is 0.5 for a 2 kcal/mol energy).
It is instructive to consider the magnitude of the various

Table 1. Stationary Point Energies for the C;H; Potential Energy Surface.”

species label HL? CCSD(T)/6-311+G(3df2p)* CCSD(T)/CBS? CASPT2/ANO® TV

CH,CCH w1 0.0 0.0 0.0 0.0 0.025
¢-CHCHCH w2 32.5 313 34.7 0.014
¢-CH,CCH w3 414 40.1 2.3 0.019
CH,CC W4 41.7 40.1 40.8 40.5 0.014
CH,CHC w5 48.5 469 477 47.1 0.028
4‘CHCHCH 72.6 0.017
CHCHCH W6 7718 76.3 82.1 70.9

c-CHCCH + H P1 85.8 82.4 87.5 0.011
CHCC + H, P2 86.3 84.0 83.6 85.4 0.039
3CHCCH + H P3 96.8 94.9 89.6 0.023
CH,CC + H P4 99.5 95.9 96.2 0.019
CH(II) + C,H, Ps 1119 108.6 109.0 0.009
TS13 50.1 49.6 483 0.035
TS1S 48.1 46.6 443 469 0.028
TS16 85.6 86.8 86.2 84.4 0.039"
TSI1P2 94.6 942 94.2 93.1 0.032
TS23 91.7 90.6 0.020
TS25 67.8 66.4 67.7 0.026
TS26 82.3% 833 74.8 0.097™
TS2P1 85.5" 82.5 91.0 0.013
TS34 89.7 88.3 91.1 0.041
TS3S 53.3 51.8 53.4 0.021
TS3P1 92.1° 93.1 93.4 0.019
TS4S 78.1 76.5 76.7 77.9 0.015
TS4P2 110.4 110.4 110.4 109.3 0.041
TS4P4 100.4° - 96.4 0.021
TS5P4 103.7° 101.1 0.023

“Energies are in kcal/mol and include zero-point corrections. bHL energies are calculated as described in the text. “CCSD(T)/6-311+G(3df,2p)//
B3LYP/6-311G(d,p) are from ref 10. dCCSD(T)/CBS(T,Q)//BH&HLYP/cc-pVQZ are from ref 12. “CASPT2(11e,110)/ANO//B3LYP/6-
31G(d,p) calculations are from ref 14. IT1 Diagnostic. Quantities with a T1 diagnostic greater than 0.03S5. On the basis of a CASPT2(5e,50)/
CBS(QZ,5Z)//CASPT2(5e,50)/cc-pVTZ, calculation of the energy relative to *CHCHCH and an HL calculation of the energy of *CHCHCH. hT1
diagnostic for CCSD(T) saddlepoint, but CASPT2 calculations replace HL calculations as described in footnote g. “Transition states that were also

treated variationally.
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Table 2. Energy Corrections in HL Evaluations for the C;H; Potential Energy Surface”

speciesb label core—valence® CBS?
CH,CCH w1 0 0
¢-CHCHCH w2 0.23 —0.63
¢«-CH,CCH W3 0.51 —0.08
CH;CC W4 0.26 0.55
CH,CHC WS 0.84 0.82
*CHCHCH 0.55 1.68
c-CHCCH+H P1 0.67 —-0.24
CHCC+H, P2 0.97 141
SCHCCH+H P3 0.12 135
CH,CC+H P4 0.88 1.45
CH(I)+C,H, Ps 2.02 2.08
Average/ 0.71 0.84
RMS* 0.87 1.20
TS13 0.57 —-0.24
TS1S 0.82 0.77
TS16 0.80 0.46
TS1P2 0.88 0.36
TS23 0.89 -0.37
TS25 0.92 0.00
TS2P1 0.67 —-0.51
TS34 1.03 0.12
TS3S 0.89 0.22
TS3P1 0.77 —0.78
TS45 0.83 0.16
TS4P2 1.02 0.16
TS4P4 091 0.93
TS5P4 1.00 0.83
averagel 0.86 0.1S
RMS™ 0.87 0.51
average” 0.79 0.44
RMS? 0.87 0.87

T(Q)/ DZ° anharm. ZPE/ relativ.$ DBOC" total’
0 0 0 0 0
027 —-0.20 0.05 0.0 029
0.07 —0.16 0.02 0.02 0.37

—-0.01 —0.14 0.02 —-0.03 0.64
—0.14 —0.15 -0.08 0.01 1.29
0.09 —0.14 0.00 —0.01 2.17
0.34 0.00 —0.06 —0.04 0.68
—0.84 0.02 —0.14 0.00 142
0.01 —0.02 —0.02 0.01 1.45
-0.32 0.01 —0.12 0.01 1.93
-035 021 —0.26 0.09 3.79
—0.09 —0.06 —0.06 0.01 1.34
0.34 0.13 0.11 0.03 1.72
—0.45 —0.09 —0.04 0.01 —-023
—0.12 —0.15 -0.08 0.01 1.25
-1.79 -037 —0.06 0.08 —0.88
—-0.58 —0.18 —-0.13 0.20 0.55
0.11 —0.28 —0.02 0.00 033
—-0.15 —0.16 —-0.06 0.00 0.55
0.30 —0.15 —0.05 —0.04 023
—-025 —021 —0.06 0.00 0.63
—0.11 —0.14 —-0.07 0.02 0.81
0.16 —0.11 -0.05 0.01 0.00
—0.18 —0.06 —0.08 0.12 0.63
-1.23 -0.28 —0.12 0.09 -0.35
—0.49 —0.15 —0.12 0.00 1.09
—0.51 —0.15 —0.12 0.00 1.06
-0.38 —0.18 —0.08 0.04 041
0.66 0.19 0.08 0.07 0.71
—0.26 —-0.13 -0.07 0.02 0.80
0.55 0.17 0.09 0.06 1.24

“Energies are relative to the ground state of propargyl and are in kcal/mol. bTransition states are labeled according to the species that they connect.
“The correction for core—valence correlation evaluated for the CBS limit. “The difference between the CCSD(T) / CBS and CCSD(T)/cc-pVTZ
energies. “The UUCCSDT(Q)/cc-pVDZ energy correction calculated relative to the RUCCSD(T)/cc-pVDZ energy. /The B3LYP/6- 311++G(d,p)
based spectroscopic perturbation theory-based anharmonic zero-point energy correction. The CISD calculated relativistic correction. "The HF/cc-
pVTZ calculated diagonal Born—Oppenheimer correction. “The sum of the corrections in the other columns. /The average correction for the
minima. “The root-mean-square correction for the minima. “The average correction for the saddle points. " The root-mean-square correction for the
saddle points. "The average correction for all the stationary points. “The root-mean-square correction for all the stationary points.

correction terms that make up the present HL energy scheme
(cf. Table 2). These corrections decrease in importance across
the series: core—valence > CBS > CCSDT(Q)/cc-pVDZ >
vibrational anharmonicity > relativistic > DBOC, with RMS
corrections of 0.87, 0.87, 0.55, 0.17, 0.09, and 0.06, respectively.
The RMS magnitude of the total correction is 1.24 kcal/mol,
which is clearly large enough to affect kinetic predictions. For
combustion kinetics purposes, it appears important to evaluate
the core—valence, CBS and CCSDT(Q) corrections. Not
surprisingly, the CCSDT(Q) correction for the saddle points is
larger than the corresponding correction for the minima, which
may correlate with an increased uncertainty in the energy
predictions, because this correction for higher-order excitations
may not be converged with respect to either the basis set or the
level of excitation. Interestingly, the CBS correction for the
saddle points is actually substantially smaller than that for the
minima, while the core—valence corrections are about the same.
It is difficult to ascertain the uncertainty for the saddle points,
but presuming an uncertainty of about twice that for the
minima (i.e,, a 206 uncertainty of about 0.5 kcal/mol) seems
reasonable.
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3.2. High Pressure Kinetics. The predicted high-pressure-
limit recombination rate constants are plotted in Figure 3 for
the reverse of the various CH bond fission reactions of
relevance to propargyl dissociation. The predicted rate
constants are seen to be ordered according to their minimum
energy path potentials, which were plotted in Figure 1, with the
more strongly attractive potentials having the larger rate
coefficients. The rate coefficient for the *CHCCH + H channel
is a factor of 2 to 3 greater than that for the cCHCCH + H —
c-CHCHCH channel. As a result, the primary products in the
thermal decomposition kinetics gradually transform from c-
CHCCH + H to *CHCCH + H as the temperature is
increased. The formation of CH,CC + H from propargyl may
also play some role at higher temperatures.

For the CH,CCH — CHCCH + H channel, we have
explored the effect of various alternative methods [CASPT2
with and without an IPEA shift, Davidson corrected MRCI,
CCSD(T) calculations of the quartet state coupled with either
CASPT2 or Davidson corrected MRCI calculations of the
splitting] for determining the potential energy surface. The
deviation in the MEP potential values from one calculation to
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Figure 3. Plot of the calculated high pressure addition rate constants
for the various H atom recombination reactions of relevance to the
thermal decomposition of propargyl radical.
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Figure 4. Plot of the calculated variational effect for the high pressure
addition reactions with a saddle point. The solid lines use the saddle
point on the PES, which is the standard location determined with
electronic structure codes, for a reference. The dashed lines use the
saddle point on the relevant ZPE-corrected PES for a reference, which
leads to a lower reference rate constant and thus a variational effect
that is closer to unity and that approaches it as the temperature
decreases toward 0.

the next was 10% or less in the transition-state region. Notably,
we have repeatedly found in similar calculations for other
barrierless reactions that the percent variation in the predicted
rate constants roughly matches this variation in the predicted
MEP values. This effect arises from a balance between
Boltzmann factors, entropies, and varying transition state
location. Similar considerations for the CH,CCH — CH,CC
+ H indicate a much larger variation of up to about 30%.
However, this channel is of relatively minor importance to the
kinetics.

As was first pointed out by Vereecken et al, it is
important to include variational treatments of the transition
states for all the CH bond fission reactions, including those that
have saddle points. The temperature dependence of the
variational effect (defined here as the ratio of the variationally
optimized rate constant to that for some fixed-reference

14,15
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Figure S. Temperature dependence of the rate constant for formation
of H in the thermal decomposition of CH,CCH. The calculations are
for a variety of assumptions regarding the energy transfer parameters
as discussed in the text. For the parameters based on the universal PES
results are presented for pressures of 1.5 or 2.2 atm, which
corresponds to the pressure range in the experimental study of
Scherer et al.® The remaining calculations are all for a pressure of 1.5
atm.
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Figure 6. Temperature dependence of the total rate constant for
bimolecular product formation in the decomposition of propargyl at a
variety of pressures.

transition state) for the latter channels is illustrated in Figure
4. This variational effect may be defined relative to either the
saddle point in the electronic PES or in the zero-point
corrected PES. The latter leads to a variational effect that by
definition approaches unity as the temperature decreases to 0.
However, the former is more informative as it illustrates the
error that one makes when employing the electronic saddle
point that is generally obtained from electronic structure codes.
The deviation of the variational effect from unity tends to be
more significant the lower the barrier is for the reverse
recombination reaction. For example, the cCHCCH + H — ¢-
CHCHCH reaction barely has a saddle point, and in this case,
the variational treatments yields a reduction in the rate constant
by more than a factor of 2 for temperatures of 1000 K or
higher.

3.3. Pressure-Dependent Kinetics. Scherer et al.® have
probed the production of H atoms arising from propargyl
decomposition in Ar bath gas for temperatures ranging from
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Figure 7. Temperature dependence of the elementary rate constants
for decomposition of propargyl at a pressure of 0.01 atm.
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Figure 8. Temperature dependence of the elementary rate constants
for decomposition of propargyl at a pressure of 1 atm.
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Figure 9. Temperature dependence of the elementary rate constants
for decomposition of propargyl at a pressure of 100 atm.

1400 to 2000 K and pressures of 1.5 to 2.2 atm in a shock tube
study of 3-iodo-propyne pyrolysis. The present predictions for
the rate of dissociation to H atoms are compared with these
shock tube measurements in Figure S. These calculations
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Figure 10. Temperature dependence of the elementary rate constants
for decomposition of c-:CHCHCH at a pressure of 1 atm.
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Figure 11. Temperature dependence of the elementary rate constants
for decomposition of CH;CC at a pressure of 1 atm.

consider the sum of the phenomenological rate coefficients for
producing the various different H atom channels from
propargyl. Some H atoms might also be produced through a
sequential isomerization to c-CHCHCH followed by its
dissociation. However, estimates for the contribution from
this channel based on a presumed rapid pre-equilibration of c-
CHCHCH and CH,CCH yield a negligible contribution to the
total rate for H production for the temperatures and pressures
of relevance to this comparison with experiment.

The predictions for the empirical energy transfer model
(with @ = 491 cm™ at 1500 K) are seen to be about 1.1 to 1.5
times too small for a pressure P of 1.5 atm. In contrast, the
predictions based on the energy transfer parameters arising
from the universal PES (with @ = 970 cm™ at 1500 K) are
instead about 1.1 to 1.3 times too high for the same pressure.
The corresponding results for 2.2 atm are up to 30% higher.
Meanwhile, the results at P = 1.5 atm for the newly fitted PES
(with & = 1464 cm™ at 1500 K), which has the most accurate
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Figure 12. Plot of effective rate constants for sequential and direct
bimolecular product formation from propargyl at a pressure of 1 atm.
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Figure 13. Temperature and pressure dependence of the branching
ratio between formation of ccCHCCH + H or *CHCCH + H in the
thermal decomposition of propargyl.

description of the CH,CCH + Ar interaction, are essentially
identical to those for P = 2.2 atm with the universal PES.
The somewhat larger discrepancy for the newly fitted PES
case likely suggests that our neglect of various other factors in
the calculations is important. In particular, the proper
consideration of angular-momentum constraints is expected
to yield a reduction in the predicted rate constant. The
application of the 2D/@ model [a 2-dimensional master eq
(2DME) with a microcanonical strong collider in J
assumption]67 to a model one well, one-channel dissociation
to *CHCCH + H yields only a minor reduction of 5% to 10%
from the corresponding 1-dimensional master equation model
for the temperature and pressure range of relevance to the
experiment of Scherer et al.® However, a complete two-
dimensional treatment, accounting for nonseparability of E and
] transfer probabilites and deviation from the strong-collider-in-
J assumption, will yield even smaller rate coefficients.>® For the
present case, the effect of such a full 2DME treatment on the
low pressure limit®® was calculated for the model one well, one-
channel system describing the dissociation of CH,CCH to
3CHCCH + H. These calculations suggest that the 2D/¢
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model predictions are too high by a factor of 2.8—1.6 at 1000—
2000 K. However, this reduction is counterbalanced by the
present neglect of the effect of vibrational anharmonicities on
the density of states for the complex in the master equation
calculations. This effect was approximated as the anharmonic
correction to p/Q, where p is the state density of CH,CCH at
90 kcal/mol (near its dissociation threshold) and Q is the
partition function for CH,CCH. This anharmonic correction
was calculated using Monte Carlo phase space integration in
curvilinear coordinates®® and was found to vary from 1.9—1.4
for 1000—2000 K. The overall correction from both effects
varies from 0.66—0.87 for 1000—2000 K. This correction is
likely similar to or smaller than other sources of uncertainty in
the trajectory-based calculation of the energy transfer
parameters, which may contribute up to a 50% uncertainty in
the low-pressure limit rate predictions.

On the basis of these considerations, we suggest that the 2¢
overall uncertainty in our predicted low-pressure limit is about
a factor of 2. Of course, the error in the thermal rate prediction
associated with the treatment of collisional energy transfer
decreases at higher pressures. Nevertheless, the 20 uncertainty
in the predicted high pressure limit for the CH,CCH —
*CHCCH + H rate coefficient is still about a factor of 2 due to
the uncertainty of perhaps 30% in the transition state partition
function, the neglect of the anharmonic contribution to the
propargyl canonical partition function, and the uncertainty in
the dissociation energy. Thus, it seems prudent to simply assign
a 20 uncertainty of a factor of 2 for the full temperature and
pressure range of the current predictions. Clearly, the observed
discrepancy between the fitted PES-based predictions and the
experimental results is still well within the uncertainties of the
theoretical predictions, especially when one accounts for the
fact that there are likely significant uncertainties in the
experimental results as well.

For our final predictions of the decomposition rates in the N,
bath gas, we have chosen to use the energy transfer parameters
for the universal potential, since these results give the best
agreement with the results of Scherer et al.® Furthermore, these
predictions fall somewhere between those from the empirical
energy transfer model and from the fitted PES energy transfer
model. The temperature and pressure dependence of the
calculated total propargyl decomposition rate is illustrated in
Figure 6. At 1000 K, the reaction is nearly pressure-
independent for pressures of 0.1 atm or higher, while at 2000
K, the reaction is well into falloft even for a pressure of 100 atm.

The temperature-dependence of the individual component
rate constants is illustrated in Figures 7, 8, and 9 for pressures
0f 0.01, 1, and 100 atm, respectively. Note that the c-CH,CCH,
CH,CHC, and CHCHCH species all become chemically
unstable at faitly low temperature [ie., by 700 K even at 100
atm (note that by chemically unstable we mean that they
cannot persist as a unique species over a collisional timescale
because the corresponding chemically significant eigenvalue lies
in the quasi-continuum of internal energy relaxation rates)].
Thus, we do not report rate constants for production of any of
these species. In contrast, the c-CHCHCH ring and CH;CC
are stable to much higher temperature; for pressures of 1 atm
and higher, they are stable to at least 1800 K. The unimolecular
isomerization to the cyclic ring c-:CHCHCH dominates the
kinetics, at least for temperatures below its stability limit. At
higher temperatures, production of ¢-CHCCH + H and of
SCHCCH + H become important, with the latter being more
important at high pressure. The CH,CC + H and CHCC + H,
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Table 3. Modified Arrhenius Parameters for CH,CCH Dissociation Rate Coefficients”

reaction pressure (atm) A (s7h n E, (cal/mol) T-range (K)
CH,CCH — ¢-CHCCH + H 0.001 440 x 10% —-9.05 96280 600—2000
0.003 3.82 x 101 —8.61 96480 600—2000

0.01 9.71 x 10% —-8.03 96460 600—2000

0.03 1.33 x 10% —7.39 96150 600—2000

0.1 477 x 10% —6.59 95490 600—2000

0.3 1.37 x 10% -5.79 94600 600—2000

1 1.33 x 10%° —4.87 93410 600—2000

3 2.07 x 107 —4.01 92210 600—2000

10 249 x 10** -3.13 90950 600—2000

30 2.15 x 10% —2.49 90290 600—2000

100 470 x 10%° -1.96 90320 600—2000

CH,CCH — *CHCCH + H 0.001 2.10 x 10%7 —7.68 105400 600—2000
0.003 3.94 x 10% —8.14 105700 600—2000

0.01 543 x 101 —8.53 106600 600—2000

0.03 6.97 x 10® —8.65 107600 600—2000

0.1 1.19 x 10® —8.52 108400 600—2000

0.3 2.69 x 10% —8.18 108900 600—2000

1 6.46 x 10% —-7.55 108900 600—2000

3 3.49 x 103 —6.78 108500 600—2000

10 1.70 X 10% -5.71 107600 600—2000

30 443 x 103 —4.59 106200 600—2000

100 3.38 x 107 -3.33 104500 600—2000

“Rate coefficient is given by AT" exp(—E,/RT), where T is in K.

channels never contribute more than a few percent to the total
rate, while the CH;CC channel contributes at most 10%.

Phenomenologically, the formation of the bimolecular
products may occur either directly (e.g, CH,CCH —
CHCCH + H) or sequentially (e.g, through the sequence
CH,CCH — c-CHCHCH — CHCCH + H). To explore the
role of the sequential formation, we plot in Figures 10 and 11
the rate constants for decomposition of ¢-:CHCHCH and
CH,;CC, respectively. For both of these species, the isomer-
ization back to CH,CCH dominates the kinetics, suggesting
that the sequential process will involve a prequilibrium between
CH,CCH and the relevant intermediate. In this instance, one
may estimate the overall rate for the sequential process as the
product of the equilibrium constant with the dissociation rate
constant. This product is plotted in Figure 12 together with the
corresponding phenomenological direct rate constant. Clearly
the formation of cc:CHCCH + H and of *CHCCH + H
effectively occur through only the well-skipping direct
mechanism. At very low temperatures and high pressure, the
sequential pathways do eventually become relevant (e.g., 500 K
and 100 atm), but for combustion relevant conditions, they are
insignificant.

The temperature and pressure dependence of the branching
between the two primary bimolecular product channels is
illustrated in Figure 13. At low temperature or low pressure, the
formation of cc:CHCCH + H dominates because of the lower
thresholds for this channel. At higher temperature and high
pressure, the *CHCCH + H channel dominates because its
direct formation from CH,CCH avoids any tight transition
states such as that required to form the 3-membered ring
species.

For kinetic modeling purposes, we report in Table 3,
modified Arrhenius representations of the rate constants for
CH,CCH — ¢-CHCCH + H and CH,CCH — *CHCCH + H
for a wide range of pressures. These expressions should allow
for the implementation of the present predictions into global
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modeling codes such as CHEMKIN through their PLOG
format.

B CONCLUSION

Using high-level electronic-structure methods, variational
transition-state theory, classical trajectories for energy transfer,
and multiple-well master-equation methodology, we have
determined phenomenological (thermal) rate coefficients for
the dissociation of propargyl (CH,CCH) over a wide range of
conditions. The methods are described at some length in the
paper. Propargyl dissociates primarily into two different sets of
products: *CHCCH + H and ¢-CHCCH + H. The latter is a
well-skipping reaction and dominates under low-pressure and/
or low-temperature conditions; the former is a direct channel
and dominates under high-temperature and/or high-pressure
conditions. The contribution to formation of the latter products
by a sequential isomerization (stabilization)/dissociation
process is negligible. The rate constants are given in PLOG
format for use in chemical kinetic modeling.

B ASSOCIATED CONTENT

© Supporting Information

PAPER input file for the C;H; PES considered here; number of
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