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Reactions between two resonance stabilized free radicals play an important role in the gas phase chem-
istry leading to the formation of polycyclic aromatic hydrocarbons and soot in flames burning aliphatic
fuels. The theoretical prediction of rate coefficients and product distributions for such reactions is com-
plicated by the fact that the initial complex-formation steps and some dissociation steps are usually
barrierless. In this paper, direct variable reaction coordinate transition state theory (VRC-TST) is used
to accurately predict the combination kinetics of two propargyl radicals. A set of multifaceted divid-
ing surfaces is used to take into account the multiple possible channels@fthe+ C3H3 reaction.
Because of the resonant nature of the reactants their geometric relaxation appears to be important and
is calculated for each mutual orientation of the fragments using UB3LYP/cc-pvdz method. The final
energy calculations are performed with the CASPT2(10e,100)/cc-pvdz method. We have also used the
VRC- TST approach to calculate the association rate constant and the corresponding number of states
for the CgHs + H — CgHg exit channel, which is also barrierless. To this end we have used the
CASPT2(2e,20)/cc-pvdz quantum chemistry method with a one-dimensional CAS+1+2+QC/aug-cc-
pvtz correction based on@H; + H reference system. The energy and angular momentum resolved
numbers of states for the entrance &hd; + H exit channels obtained with the VRC-TST approach

are used in the related master equation calculation to determine the temperature and pressure depen-
dence of the phenomenological rate coefficients. The total rate constant obtaineddgHthe C3Hs

reaction compares favorably with the experimental data available.

1 Introduction

The recombination reaction of propargyl radicals,
CsHs 4+ C3H3 — Products Q)

is believed to be a critical step in the formation of soot in flames of aliphatic fuels. It leads to
the formation of the first aromatic ring, which is considered by some researchers to be the rate-
limiting step in the formation of polycyclic aromatic compounds and, ulitmately, in soot formation.
Reaction (1) also may serve as a prototype reaction between resonance stabilized radicals important
for formation of polycyclic aromatic hydrocarbons.

Reaction (1) is complex. After association of the reactants infld; reactive complex, this
complex is subject to multiple transitions between different isomeric forms, of which the most
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stable is benzene. Some of these isomers can be stabilized by non-reactive collisions or they can
dissociate back to reactants or into bimolecular produ¢H; + H andCgH, + Hs.

To describe the kinetics of such complex reactions and to predict the phenomenological rate coef-
ficients of transformations between different species one should solve a time-dependent, multiple-
well master equation (ME). In the framework of the ME methodology the transitions between dif-
ferent species are usually described using transition state theory. Most of these transitions are char-
acterized by potential barriers that separate different isomers and/or bimolecular products. In such
situations conventional transition state theory, employing simple rigid-rotor harmonic-oscillator
models, can be used to calculate the transition rate constant and the corresponding number of
states. On the other hand, the transitions corresponding to some of the entrance and exit channels
can be barrierless. For Reaction (1) such barrrierless channels correspond to all three entrance
channels and thieenzene — CgHs + H exit channel,

CsH3 4+ C3H3 — CH,CCHCHCCHy, (2)
CsHs + C3H3; — CH,CCHCH,CCH, 3)
CsH3 + C3H3; — CHCCH,CH,CCH, 4)
benzene — CgHs + H. (5)

For barrierless reactions the transition state is not well defined. The separation between the reac-
tants in the transition state can change from 5 to 10 bohr depending on the total energy/temperature
of the reaction. As the transition state shifts to smaller separation between the reactants the transi-
tional modes are transformed from hindered rotations to anharmonic vibrations.

Variable reaction coordinate transition state theory (VRC-TST) [1-4] provides an efficient pro-
cedure to treat the kinetics of barrierless reactions. In earlier studies [5, 6] we have shown that
VRC-TST in conjunction with state-of-the-art electronic structure methods allows one to predict
the rate constants with quantitative accuracy for barrierless reactions between different alkyl radi-
cals and the hydrogen atom.

In this paper we apply the VRC-TST methodology to the association reactions (2-5). In recent
studies [7, 8] we have developed a new potential energy surface for Reaction (1) built on an earlier
work [9, 10] and applied this surface to study Reaction (1) using the ME methodology. In those
previous studies analytical model potentials were used for barrierless channels (2-5). In this paper
we use the number of states calculated using the VRC-TST method for barrierless channels (2-5)
together with the potential energy surface from Ref. [8] to calculate the phenomenological rate
coefficients for Reaction (1).

The outline of the paper is as follows. In Section Il the computational methods used are described
briefly. The results of association kinetics as well as of the master equation calculations are pre-
sented in Section Il and some general conclusions are given in Section IV.
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2 Computational Methodology

2.1 Electronic Structure Methods

Our method of choice for direct potential energy calculations is a complete active space (CAS),
second-order perturbation theory (PT2) with a relatively small Dunning-style, dquimeis set
(cc-pvdz). This method, while correctly treating the inherently multi-reference character of the
wave function for radical-radical reactions, compares favorably with the multi-reference configu-
rational interaction method in terms of computational efficiency. At large separations it correctly
reproduces the dispersion interaction between the reactants. As was shown in our previous studies
[5, 6], inclusion of one-dimensional corrections obtained with a large aug-cc-pvtz basis set yields
potential energies accurate enough for quantitative kinetic estimates. The MOLPRO program pack-
age [11] was used for all CASPT2 [12] calculations.

In contrast with radicals such as methyl or vinyl, that are not resonance stabilized, we have found
that the small two-electron, two-orbital (2e,20) active space is not sufficient to reproduce the elec-
tronic structure of the resonance stabilized radicals correctly. For example, if a (1e,10) active space
is used for an isolated allyl radical with a small deviation from an equlibrium geometry, its doubly-
occupiedr-orbital tends to localize, providing one double and one single bond between the carbon
atoms instead of a delocalized orbital. This behavior leads to discontinuities in the potential. To
remedy this problem one must include the affecteorbitals in the active space. Unfortunately,
doing so required that we include the whalstack for Reactions (2-4) into our calculation. Thus,

a (10e,100) active space is used in our calculations.

Another peculiarity of reactions between resonance stabilized radicals is related to the fact that the
geometry of the reactants changes considerably in the process of chemical bond formation. This
feature is related to a considerable change in the electronic structure of the resonance stabilized
radicals when a chemical bond is formed. As a result the geometry relaxation of the fragments
(conserved mode relaxation) must be incorporated into the calculations to reproduce correctly
the effective interaction potential between the fragments. In Fig. 1 the effect of the geometry
relaxation on the interaction energy is shown for Reaction (2). The solid line shows the interaction
energy for constrained optimizations with a fixed distance between the bonding carbon atoms in
Con, sSymmetry; the dotted line shows the interaction energy when the geometry of reactants is kept
rigid. One can see that if the geometry relaxation were not taken into account for Reaction (2) the
product well would be too shallow to provide the required minimum in the number of states even
at low energies.

For computational reasons, the geometry optimizations for the present analysis were performed
with the UB3LYP/DZ method. One might question the appropriateness of this method for geome-
try optimizations in a radical radical reaction. In Fig. 1 the interaction energy [CASPT2(10e,100)/cc-
pvdz] for the geometry optimized with the UB3LYP/cc-pvdz method (solid line) irithesymme-

try configuration is compared with the one for the geometry optimized with the CASPT2(6e,60)/cc-
pvdz method (dashed-dotted line) for Reaction (2). This comparison demonstrates an excellent
agreement between the two methods. All UB3LYP calculations have been performed using the
GAUSSIAN program package [13].

The effect of the basis set on the calculated interaction energy for Reaction (3) is shown in Fig. 2.
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Figure 1: The CASPT2(10e,100)/cc-pvdz interaction energy for Reaction (2) along the minimum en-

ergy path for different optimization methods. The solid (red) line corresponds to the UB3LYP/cc-

pvdz method in Csy, symmetry. The dashed (green) line corresponds to the same method in Cq
symmetry. For the dotted (blue) line no optimization has been used. The dashed-dotted (aqua) line
corresponds to the CASPT2(6e,60)/cc-pvdz method in Co, SYymmetry.

In this figure the optimized energy i, symmetry is shown as a function of the distance between

the two bonding carbon atoms. The optimization is performed using the UB3LYP/cc-pvdz method,
with the subsequent single-point CASPT2(10e,100) calculations performed with cc-pvdz, aug-cc-
pvdz, and aug-cc-pvtz basis sets. One can see that while for the aug-cc-pvdz basis set the potential
is 20-25 % more attractive in the kinetically important region between 2.5 @gdHe aug-cc-pvtz

basis set usage reduces this difference to about 10 % or less. One can expect that further basis-set
increases will make this difference even smaller. Similar results are observed for Reactions (2) and
(4). Therefore, we have decided to use the results of the CASPT2/cc-pvdz calculations as they are
without any correction.

The exit channel, Reaction (5), has been discussed earlier [5]. In the current calculation we have
used the same potential as in our previous work which uses the CASPT2(2e,20)/cc-pvdz method
for the orientational dependence of the potential together with a Cl+1+2+QC/aug-cc-pvtz orienta-
tionally independent correction from the reference systéig + H. In Fig. 3 the energy profiles
calculated along the minimum energy path (constrained optimization at a fixed distace between the
radical carbon atom of phenyl and the hydrogen atom) for Reaction (5) are compared using differ-
ent methods. For the solid (red), dashed (green), and dotted (blue) lines, the CASPT2(2e,20)/cc-
pvdz method was used for optimization with the subsequent CASPT2(2e,20) calculation with
cc-pvdz, aug-cc-pvdz, and aug-cc-pvtz basis sets, correspondingly. The dashed-dotted (yellow)
line corresponds to the CASPT2(2e,20)/aug-cc-pvdz optimization. For the dotted (magenta) and
dashed-dotted (aqua) lines no optimization was used. The last result was obtained with the large
(8e,80) active space. One can see that the effects of the geometry relaxation on the potential as

4
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Figure 2: The interaction energy calculated with different basis sets along the minimum energy path
for Reaction (3).
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Figure 3: The interaction energy for Reaction (5) obtained with different methods as a function of
the distance between the bonding carbon and hydrogen atoms in Ca, SYymmetry.
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well as the increase of the active space in the CASSCF calculation are kinetically negligible. The
only kinetically important effect on the potential is related to adding the diffuse functions to the cc-
pvdz basis set. We have performed a small test calculation of the rate constant of the association
reactionC¢H; + H — CgHg using the CASPT2(2e,20)/aug-cc-pvdz method which gave within
the uncertainty of 5 % the same rate constant as our main method, CASPT2(2e,20)/cc-pvdz with
one-dimensional correction, in the 300-2500 K temperature range.

2.2 VRC-TST for multi-channel reactions

A detailed discussion of the application of variable reaction coordinate transition state theory to
multi-channel reactions has been given elsewhere [3,5]. For the present purposes it is useful to
consider briefly the concept of a multifaceted divding surface, which is instrumental for under-
standing the application of the theory to the current problem.

Within the variable reaction coordinate approach a simple single-faceted dividing surface is defined
in terms of a fixed distance between two pivot points, each of which is associated with a single
reactant and is fixed in its reference frame for a given surface [1, 2]. For different surfaces, however,
both the positions of the pivot points and the distance between them can be varied to minimize
the reactive flux (number of states) for a given temperature or energy and angular momentum.
Qualitatively a pair of pivot points can be associated with a specific channel along which the
chemical reaction can proceed. In a general situation, when there are several reactive channels,
multiple pivot points per reactant can be defined. In the resultant dividing surface, which we call
multifaceted, each pair of the pivot points from different reactants is associated with a reactive
channel. Some of these channels may become unavailable depending on the positions of the pivot
points and the distances between them. By calculating the number of states for a given facet on
an optimized multifaceted dividing surface one obtains an estimate for the rate constant through a
reactive channel associated with that facet.

For the propargyl radical there are four ways in which it can react with another radical species.
Therefore, we have used four pivot points for each reactant, two per each bonding carbon atom.
Altogether this gives sixteen reactive channels, four identical channels for each of Reactions (2)
and (4) and eight for Reaction (3). In principle, the position of the pivot point should be defined
variationally. However, because the calculation of the number of states for a given facet is com-
putationally very expensive (it typically required about 5000 potential samplings for kinetically
important dividing surfaces) the reference association reaction,

CsHs + H — Products, (6)

has been used instead to find an optimal position of the pivot points of the propargyl radical. We
have found that positioning the pivot points perpendicular to the propargyl plane at a distance of 1
bohr from the bonding carbon atom approximately minimizes the rate constant for Reaction (6) in
the 500-2000 K temperature range. Therefore, we have used the same pivot point positions in our
calculations. The distances between different pivot points in all pairs for a given dividing surface
were set the same. Distances between the pivot points were chosen in the range between 3 and 10
bohr, which approximately correspond to the distances between the bonding carbon atoms being
in the range between 5 and 12 bohr.



5th US Combustion Meeting — Paper # CO1 Topic: Kinetics

2.3 Master Equation Methodology

Application of the master equation (ME) to Reaction (1) has been discussed extensively in Refs. [7,
8]. For a general discussion the reader is also referred to Ref. [14]. In relation to the current calcu-
lation it is worth mentioning that the procedure described in the previous subsection allows one to
obtain the energy and angular momentum resolved number of states for the so called “transitional”
modes, which correlate with the rotations and relative translations of the fragments at infinite sep-
aration. In many situations knowing the number of states for the transitional modes is sufficient
for the calculation of the rate constant for the corresponding association reaction [5]. For the ME
application, however, one needs the total number of states for all non-reactive modes, which in-
clude the internal vibrational modes of the fragments also termed the conserved modes. To this end
we assume that the vibrational frequencies of the fragments do not change significantly from their
values at infinite separation of the fragments and convolve the number of states for the transitional
modes with a direct sum over the quantized energy levels for the conserved modes in the harmonic
approximation.

3 Results and Discussion

The energy profiles along the minimum energy paths for reactions (2)-(4) are shown in Fig. 4. The
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Figure 4: The interaction energies as functions of the distances between the bonding carbon atoms
for Reactions (2)-(4).

final energies were calculated with the CASPT2(10e,100)/cc-pvdz method while the constrained
geometry optimizations were performed at the UB3LYP/cc-pvdz level, as discussed in the previous
section. In this figure the geometry optimizations for Reactions (2), (3), and (4) were constrained
to Cop,, Cq, andCsy, symmetries, respectively. For Reactions (2) and (4) at smaller distances, when
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the chemical bond between two carbon atoms starts forming;$heymmetry seems to describe

to the true (constrained) minima. For Reaction (2), however, at 3.5 é@ngshre C,, minimum
bifurcates into two equivalent van der Waals configurations, which have Iowsymmetry [cf.

Fig. 1]. In these van der Waals configurations €& group of one propargyl radical points to the
m-bond of the second radical. A similar van der Waals configuration is formed for Reaction (3) at
large separations between the bonding carbon atoms.

In the region in which the chemical bond between two carbon atoms is foried, < 3.5
Angstom, and which is most important at combustion temperatures, the strongest attraction cor-
responds to Reaction (4). The reason for this is related to the fact that the two resonance electronic
structures of the propargyl radical are not equivalent and the radical orbital is mostly localized on
the CH, side of the radical. As a result, the interaction between the(iWe groups is strongest.

The next strongest interaction is between ¢ié, andCH groups, Reaction (3), and the weakest
interaction is the one between the twWél groups, cf. Fig. 4.

The rate constants for the association reactions (2)-(4), which were calculated using the VRC-
TST approach, are shown in Fig. 5. As one might expect, the lowest rate constant corresponds
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Figure 5: The VRC-TST rate constants for Reactions (2)-(4) as a function of temperature.

to Reaction (2), in accord with the fact that it proceeds on the least attractive reaction path, cf.
Fig. 4. The largest rate constant corresponds to Reaction (3) even though the reaction path for this
reaction is less attractive than the one for Reaction (4). This feature is related to the fact that there
are twice as many reactive channels, 8, for Reaction (3) as for Reaction (4), 4 [see the discussion
above about the application of VRC-TST to Reaction (1)]. Quantum mechanically one can say
that the symmetry number for the transition state of Reaction (3) is 1 while for Reaction (4) it is
2. This gives an additional factor of two for the rate constant of Reaction (3) in comparison with
Reaction (4).
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As the temperature goes below 500 K the association rates of Reactions (2)-(4) show an inverse
temperature behavior and start to grow. Similar behavior has been observed for reactions between
large alkyl radicals [6]. This feature can be explained by the steric repulsion between the reactants
while they are trying to form an energetically favorable configuration for the reaction to proceed.
At low temperatures the main contribution to the rate constant comes from the dividing surfaces
with relatively large separations between the reactants, which belong to the van der Waals region in
the potential. The attractive part of the potential in that region is relatively flat. Atthe same time the
propargyl radical is rather bulky. As a result at low, but not too low, temperatures only a fraction
of the energetically favorable configurations make a significant contribution to the reactive flux
through the dividing surface. Other configurations correspond to “bumping” reactants into each
other and are strongly repulsive. As the temperature goes down and the separation between the
reactants is increased, this fraction of energetically favorable configurations becomes larger. One
can anticipate that at very low temperatures the steric repulsion will eventually play no role and
the rate constant will reach a limit that is controlled by the long-range interactions [15], at which
the rate constant is of the order of fa@1° cm?*molecule s 1.

Our results indicate that at room temperature Reactions (3) and (4) make comparable contribu-
tions of 48% and 44% to the total rate of the recombination reaction of two propargyl radicals,
Reaction (1), while the contribution from Reaction (2) is only about 8%. These findings are in
gualitative agreement with the experimental results of Fahr and Nayak [16], who reported the rel-
ative contributions from Reactions (2)-(4) to the total recombination rate to be about 15%, 25%,
and 60%, correspondingly. The quantitative differences might be explained by the fact that at room
temperature the optimal dividing surfaces correspond to relatively large separations between the
reactants. In this situation it can be difficult for transition state theory to separate the different
reactive channels and classical trajectory calculations should be used instead. Alternatively, these
discrepancies may be related to experimental errors.

Figure 6 shows a comparison of the present predictions with the available experimental results
[16—25] for the total rate constant of Reaction (1) at various temperatures and pressures. The rate
constant was obtained using the master equation approach. The agreement between theory and
experiment is excellent. In our previous work(see Fig. 11 of Ref. [8]), we used an analyical func-
tion for the association potential and chose the parameters in the function to get agreement with
the experimental result at room temperature. This appeared at the time to be an adequate descrip-
tion of the association rate coefficients - it automatically predicted the rate coefficient obtained by
Alkemade and Homann at slightly higher temperatures. However, subsequent experiments clearly
indicated that our rate coefficients were consistently too large. The results of the present analysis,
with kp_., decreasing with increasing temperature rather than increasing with T, largely resolve
this discrepancy.

4 Concluding Remarks

We have demonstrated that variable reaction coordinate transition state theory in conjunction with
the state-of-the-art electronic structure methods and the master equation methodology allows one
to predict the rate coefficients of reactions with resonance stabilized radicals with quantitative
accuracy.
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76000 Torr pressures. The available experimental data are also shown.
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