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A better understanding of the formation of polycyclic aromatic hydrocarbons (PAH) is of great practical
interest because of their potential hazardous health effects and their role as intermediates in soot and fullerene
formation. The potential surfaces of the reactions C6H5 + C2H2 and 1-C10H7 + C2H2 were explored by density-
functional theory using BLYP and B3LYP functionals. Vibrational analysis allowed the determination of
thermodynamic data and deduction of high-pressure-limit rate constants via transition state theory. The pressure
and temperature dependences of these chemically activated reactions were computed using the modified strong
collision approximation. The comparison of the predictions for the C6H5 + C2H2 system with experimental
data showed good agreement in particular at high temperatures relevant for a combustion environment. The
dominant product from acetylene addition to 1-naphthyl at low pressures is the five-membered ring species
acenaphthylene, consistent with the more pronounced formation of fullerenes under such conditions. High
pressure favors formation of stabilized initial adducts, i.e., phenylvinyl and 1-naphthylvinyl. Some products
not considered previously, such as 1-acenaphthenyl, 1-naphthylacetylene, 2-vinylphenyl, and 1-vinyl-2-phenyl,
are found to be important under some pressure and temperature conditions. All of our results are consistent
with known free-radical chemistry. Rate constants describing the formation of phenylacetylene, phenylvinyl,
1-vinyl-2-phenyl, 1-naphthylvinyl, 1-vinyl-8-naphthyl, 1-naphthylacetylene, acenaphthylene, and 1-acenaph-
thenyl are given at 20 and 40 Torr as well as at 1 and 10 atm for the temperature range from 300 to 2100 K.

I. Introduction

A better understanding of the formation of polycyclic
aromatic hydrocarbons (PAHs) is of growing scientific interest
due to evidence of mutagenic or tumorigenic properties of at
least some of them.1,2 PAHs play an important role in the
formation of combustion generated particles such as soot, and
their presence in atmospheric aerosols has been shown.3 The
formation of five-membered rings, detected in combustion
effluents, is of particular interest due to the potential mutagenic
or tumorigenic effect of many of them4 and their role as
intermediates in fullerene formation.5 The formation of acenaph-
thylene is of particular interest, since it is one of the most
prevalent PAHs. It is suspected of being a major intermediate
leading to soot formation, and existing kinetic models give very
poor predictions of its concentration in laminar flames.6,7 A
quantitative understanding of the formation of larger and larger
PAH molecules, leading ultimately to soot particles, is essential
for a better design of efficient and clean practical combustion
devices such as engines or incinerators.

A significant contribution of reactions between acetylene,
prevalent in the combustion environment of fuel rich hydro-
carbon mixtures, and PAH radicals has been suggested on the
basis of the concentration profiles of a nearly sooting premixed
benzene/oxygen/argon flame measured by means of molecular
beam sampling coupled to mass spectrometry.8 A scheme of
subsequent reactions based on the activation of aromatic
molecules to radicals by hydrogen abstraction followed by
acetylene attack was suggested independently by Bockhorn et
al.9 in a study of premixed hydrocarbon-oxygen flames and

by Frenklach et al.10 investigating shock-tube pyrolysis of
acetylene. In a first quantitative study, the latter authors used
this hydrogen abstraction/acetylene addition “HACA-mecha-
nism” for the modeling of soot formation and comparison with
experimental data. The present work is a detailed study of the
HACA acetylene-addition step.

An essential requirement for reliable modeling of PAH growth
is the availability of accurate thermodynamic and kinetic
parameters. Now that accurate ab initio potential energy surfaces
can be computed, the kinetic parameters can be calculated from
first principles, using the gas-phase reaction rate theory laid out
more than 30 year ago in the classic text by Johnston.11 The
importance of thermodynamic considerations has been pointed
out by Stein and Fahr,12 investigating high-temperature stabilities
of hydrocarbons, and Alberty,13,14 who calculated equilibrium
distributions of PAHs in a benzene flame for which experimental
data were available.

On the other hand, even relatively small uncertainties on
kinetic data may induce substantial deviations on model
predictions of PAH concentrations or soot yields due to the
accumulation of errors in the large number of subsequent growth
steps necessary for the description of the formation of larger
compounds. In the past, only a few studies have investigated
in detail the elementary steps involved in the HACA mechanism.
The rate constant of hydrogen abstraction from benzene, leading
to the formation of a reactive phenyl radical, could be deduced
experimentally for the reaction C6H6 + H f C6H5 + H2 in a
shock-tube study by Kiefer et al.,15 while the overall rate
constant of the C6H6 + OH reaction was measured by
Madronich and Felder.16 More recently, Mebel et al.17 performed
a careful ab initio computational study of the C6H5 + H2
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reaction. No kinetic data are available for H-abstraction reactions
from PAHs larger than benzene. An ab initio electronic structure
study by Cioslowski et al.18 of the energetics of the homolytic
C-H bond cleavage for a series of 10 PAHs between benzene
and perylene (C20H12) shows no significant impact of the
increase of the number of aromatic rings on the C-H bond
energies. However, for steric reasons the bond energies are lower
in congested “bay” regions of some multiring PAHs. These
results seem to indicate only a minor impact of an increasing
number of rings on the kinetics of hydrogen abstraction.

Kinetic data on the acetylene-addition step of the HACA
scheme have been determined experimentally only for phenyl
+ acetylene. Fahr and Stein19 deduced an Arrhenius expression
in a temperature range between 1000 and 1330 K in a pyrolytic
experiment conducted in a Knudsen cell flow reactor operating
at very low pressure (1-10 mTorr) using phenylvinylsulfone
as radical source. The shock-tube study of Heckmann et al.20

confirmed and extended the above rate constant for the
temperature range from 1050 to 1450 K.

A deeper insight into this reaction was achieved by Yu et
al.21 They measured absolute constants of phenyl consumption
in the temperature range between 297 and 523 K at higher
pressure and correlated these results successfully with transition
state calculations and the above-mentioned high-temperature
data of Fahr and Stein.19 They suggested the following reaction
scheme:

The vibrationally excited adduct, C6H5CHCH#, can decompose
to C6H5C2H + H via step b, return to the reactants, C6H5 +
C2H2, or undergo collisional stabilization to produce the
thermalized C6H5CHCH radical via step c. The effects of
temperature and pressure on the total rate and the product
branching ratio were assessed by means of the RRKM theory.
Yu et al.21 concluded that the total rate constant,kt, is
independent of the system pressure, whereas the branching ratio
is strongly pressure-dependent. Their results show that under
the temperature and pressure conditions used by Fahr and
Stein,19 the rate constant of C6H5C2H + H formation,kb, is equal
to kt, but that at atmospheric pressure combustion conditions a
significant formation of stabilized C6H5CHCH can be expected.

Cioslowski et al.22 recently reported a detailed theoretical
study on the BLYP/6-311G** level of thermal rearrangements
of ethynylarenes to cyclopentafused PAHs, including 1-naph-
thylacetylene investigated in the present work. They did not
attempt to calculate rates, only barrier heights, and did not
consider chemical activation/falloff effects. The work of Cioslows-
ki et al.22 is particularly relevant for high-temperature pyrolysis
of PAHs, but the role of the suggested pathways in combustion
environments rich in free radicals cannot be excluded. They
showed a one-step process involving hydrogen migration
immediately followed by ring closure to be energetically
favorable and the possibility of hydrogen addition as the initial
step of cyclization under certain conditions. In the case of
1-naphthylacetylene, the latter reaction leads to 1-naphthylvinyl,
which is the product of the initial addition step of the reaction
1-naphthyl+ acetylene studied in the present work. Cioslowski
et al.22 explored the potential energy surface including isomer-
ization reactions to five-membered ring species after 1-naph-
thylvinyl formation.

Besides the importance of the availability of rate constants
determined for a wide temperature range for more realistic

numerical modeling, the possibility of more significant
C6H5CHCH formation under certain combustion conditions
could lead to a reconsideration of the role of acetylene adducts
in the growth process of PAHs, initially suggested by Bittner
and Howard8 and described as a minor route by Frenklach et
al.10

The identification of PAHs up to ovalene (C32H14) by means
of chromatographic techniques in low pressure23 and atmo-
spheric pressure24 combustion also gives rise to the question of
the variation in total rate constants and branching ratios of
acetylene attack to PAH radicals at different temperatures and
pressures as a function of molecule size. In a first attempt, Wang
and Frenklach25 determined the rate constants for benzene and
PAH growth up to the formation of pyrene (C16H10) using
semiempirical quantum-mechanical calculations and transition
state theory and assessed pressure dependence by means of the
RRKM approach and included the resulting rate constants in a
detailed modeling study of laminar premixed acetylene and
ethylene flames.26 Recent modeling studies reveal an increasing
understanding of the kinetics of PAH formation; nevertheless,
significant disagreements between model predictions and ex-
perimental data, as shown recently for a premixed benzene
flame,6 remain unexplained. Therefore, the determination of
reliable kinetic data for reaction steps contributing to PAH
growth as well as the comparison of the updated kinetic models
with experimental data is needed.

II. Computational Approach

In the present work, a systematic theoretical study of acetylene
addition to phenyl and 1-naphthyl, radicals of the first two
species of the homologous series of polycyclic aromatic
hydrocarbons, is presented. The potential energy surfaces are
carefully explored and transition states determined using density
functional theory calculations. The density functional calcula-
tions are checked using Hartree-Fock-based quantum chemistry
calculations including electron correlation.

Chemical activation, i.e., the contribution of energy present
in internal degrees of freedom for further reactions of the initial
adduct prior to thermalization, is taken into account using well-
established methods,27-30 as implemented in a substantially
improved multiwell version of CHEMDIS.31 In the initial
version30 of CHEMDIS, the effects of collisional energy transfer
are approximated using the modified strong collision approach
developed by Troe and co-workers.32 For increased accuracy,
in the new CHEMDIS31 the effective collision parameterâ is
approximated using the higher order formula suggested by
Gilbert et al.33 The new CHEMDIS software is capable of
treating complex situations with a large number of isomers with
a set of reactions connecting the wells to each other in any
topology, a feature which is critical for accurately modeling
the complex chemically activated isomerizations which follow
the addition of 1-naphthyl to acetylene. The chemical activation
analysis allows the determination of apparent rate constants
k(T,P) for the different reaction channels relative to the reactants.

CHEMDIS and the related THERFIT software developed by
Dean, Bozzelli, and co-workers take as input the high-pressure-
limit ratesk∞(T) and thermochemical information on all of the
species and elementary-step reactions involved in a chemically
activated reaction network.30,31 For the pressure-dependence
calculation, the corresponding microcanonical quantities are
needed and are computed by CHEMDIS from the Boltzmann-
averaged quantities. The required densities of states,F(E), are
computed from the heat capacities fitted to the three-frequency
form proposed by Bozzelli and co-workers, using their THER-

C6H5 + C2H2/
a

C6H5CHCH#98
b

C6H5C2H + H

98
c

C6H5CHCH (+M)
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FIT software.34 The microcanonical ratesk(E) required for the
chemical activation analysis are computed from the high-
pressure-limitk∞(T) values by the QRRK method developed
by Dean.27 Note that for Arrhenius formsk∞(T) ) Ae-Ea/RT the
QRRK method obtains exactly the samek(E) the inverse-
Laplace transform (ILT) technique pioneered by Forst.35 The
bath gas is assumed to be argon in the present work, but the
use of another bath gas such as nitrogen or helium showed only
an insignificant impact on the predicted rate constants. There-
fore, we expect that the rate constants obtained in the present
work will be valid for a wide range of combustion mixtures.

Density functional theory calculations on all involved species
were carried out with the DGAUSS program36 within the
UniChem37 package using the BLYP functional38,39 in conjunc-
tion with the DZVP basis set.40 Vibrational analysis performed
on the optimized geometries allowed the determination of
entropies and heat capacities. Heats of formation were taken
from the NIST database,41 if available. For species for which
no value was recommended, as was the case for most radical
species, the DFT energies added to the zero-point vibrational
energy and the temperature-dependent enthalpy correction were
used for the determination of reaction enthalpies of isodesmic
reactions, i.e., reactions which maintain the overall number and
types of bonds. With the heats of formation of the other
compounds involved in the reaction being known, the value of
the studied species can be deduced. The careful choice of the
used isodesmic reaction allowed evaluation of heats of formation
to accuracies approaching the sum of the uncertainties of the
othersoften experimentalsvalues involved in the isodesmic
reactions. The molecular structures of all species considered in
the present work are shown in Figure 1, and the thermodynamic
properties are summarized in Table 1. The thermodynamic
properties are converted into NASA polynomial format by
means of the subroutine THERMFIT of the THERM software,42

which is convenient for thermodynamic, kinetic, and equilibrium
calculations. The precision of the thermodynamic data depends
on the uncertainty resulting from the density functional theory
computation, errors induced by simplifications of the vibrational
analysis for the determination of heat capacities and entropies,
and in the case of heats of formation deduced by means of
isodesmic reactions on the margin of uncertainties of the
involved literature data. Comparison with literature data, e.g.
for styrene as discussed below, indicates an uncertainty within
5 J mol-1 K-1 for entropies and heat capacities. On the basis
of an uncertainty of(8 kJ mol-1 for the literature recommenda-
tion of the heat of formation of phenyl,41 a potential error of
about(10 kJ mol-1 must be assumed.

To evaluate the rate constants of the elementary reactions,
we performed the density functional computations on the
reactants, reaction intermediates, products, and the corresponding
transition states using GAUSSIAN98.43 Each transition state was
connected to the corresponding minima by visualization of its
normal mode with a negative eigenvalue. Vibrational frequencies
of all structures were calculated using the BLYP functional with
Dunning’s correlation consistent cc-pVDZ basis set.44 Low-
frequency vibrations (those below 300 cm-1), high-frequency
vibrations, and zero-point vibration energies were then scaled
by factors of 1.0667, 0.9986, and 1.0167, respectively.45

Geometries of all isomers and transition states were further
optimized using the Becke three-parameter hybrid functional
combined with the Lee, Yang, and Parr correlation (B3LYP)
density functional theory method46 with the cc-pVDZ basis set.
The reaction barriers were calculated as the difference between
the B3LYP/cc-pVDZ+ ZPE(BLYP/cc-pVDZ) energies of the
corresponding stable and transition state structures. For the
structures involved in H-loss reactions, vibrational frequencies
were also calculated at the B3LYP/cc-pVDZ level of theory.
Low frequencies, high frequencies, and zero-point vibrational
energies of these species were scaled by 1.0013, 0.9614, and
0.9806, respectively.45 The B3LYP transition state geometries
are provided in the Supporting Information.

Subsequently, to test the accuracy of the density functional
calculations with a different quantum chemistry method, we
carried out single-point spin-restricted Mœller-Plesset47 cal-
culations (ROMP2/cc-pVDZ//B3LYP/cc-pVDZ) for compari-
sons. It was found that the relative energies of all structures
with respect to the energy of 1-naphthylvinyl (see Figure 1)
calculated by three different methods agree within 12 kJ/mol.
The exceptions are the ROMP2 energies of the 3-H-acenaph-
thylenyl (A2R5H) and of the transition state linking the 3-H-
acenaphthylenyl with the 1-acenaphthenyl (HA2R5) (see Figure
1). For these cases, the differences between relative energies
calculated at the B3LYP and ROMP2 levels of theory are∼16
and 24 kJ/mol, respectively. Our previous experience suggests
that for this particular case the error primarily lies in the ROMP2
calculation.

Our conclusion is that these density functional calculations
are all accurate to better than 20 kJ/mol. The isodesmic
calculations on the stable structures are expected to be much
more accurate; we estimate an uncertainty of 10 kJ/mol (much
of which comes from uncertainties in the experimental ther-
mochemical data on the species used to derive the isodesmic
values.)

Transition states were identified and corresponding high-
pressure-limit rate constants were calculated from the conven-
tional (fixed geometry) transition state theory:11

whereQTS andQR are the partition functions of the transition
state and reactants, respectively, andE is the reaction barrier,
making the ordinary approximations of assuming that the
degrees of freedom are separable, and then evaluating their
contribution to the partition functions using rigid-rotor and
harmonic-oscillator models. As input to the TST program we
gave the geometries and vibrational frequencies of the reactants
and of the transition state, moments of inertia of the internal
rotors of the reactants and transition state, the reaction barrier
corrected for the zero-point energies, and the symmetry numbers
of the reactants and transition state. The resulting high-pressure-

Figure 1. Molecular structures of species considered in the present
work.

k )
kBT

h

QTS

QR
exp(-E/kBT)
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limit rate constantsk∞(T) are fitted to the expressionk∞(T) )
ATne-Ea/RT over a temperature range from 300 to 2100 K. The
effect of tunneling was tested for the reactions involving
hydrogen transfer and loss using the Wigner perturbation theory
expression, but was shown to be insignificant even at room
temperature.

Beginning the investigation with phenyl+ C2H2 allowed the
comparison of the chosen approach with available data19-21

before moving on to the more poorly understood reaction of
interest, 1-naphthyl+ C2H2. Thus, the apparent rate constants
k(T,P) of the formation of phenylacetylene via the reaction

and of the adduct C6H5CHCH through

were determined first.
On the basis of the similarity of the reactants, the reaction of

1-naphthyl with acetylene is likely to follow a similar sequence
to the reaction of phenyl with acetylene. Nevertheless, the
possibility of ring closure adds an essential feature, and the
relative yield of acenaphthylene is of significant interest. The
apparent rate constants of the following three reactions are

particularly important for combustion models:

To show the sensitivity of thek(T,P) calculations to the
uncertainties in the quantum chemistry and TST calculations,
error bars are included in the figures. They reflect the effects
of changing the activation energies by(4 kJ/mol and the
frequencies of both the reactants and transition states by(15
cm-1. The latter value has been reported as the typical
uncertainty of B3LYP vibrational frequencies.45

III. Results and Discussion

A. Phenyl + C2H2. Our exploration of the potential energy
surface of acetylene addition to phenyl radicals confirmed
basically the picture of Yu et al.,21 presented above, but led to
the identification of additional pathways involving four-
membered ring species and intramolecular hydrogen abstraction.
A schematic energy diagram is shown in Figure 2, and the
identified transition states are given in the Supporting Informa-

TABLE 1: Thermodynamic Data of Species Considered in the Present Work (units:∆H f
0, kJ mol-1; Sf

0, Cp, J mol-1 K-1)

species ∆Hf
0 Sf

0 Cp,300K Cp,400K Cp,500K Cp,600K Cp,800K Cp,1000K Cp,1500K ref

H 218.0a 114.7 20.79 20.79 20.79 20.79 20.79 20.79 20.79 41
C2H2 226.7a 200.9 44.2 54.83 63.77 68.25 76.65 41
C6H5 339a 284.5 83.3 110.9 133.4 151.7 178.6 196.6 222.7 41, pwc

C6H5CHCH 404b 347.3 127.7 163.5 192.5 215.9 250.2 273.6 309.5 pw
C6H4C2H3*2 399b 345.9 122.7 159.5 189.3 213.4 248.7 272.8 309.2 pw
C6H5C2H 307a 341.6 124.7 156.8 183.0 204.4 235.8 257.2 288.9 pw
A1R4H 470b 326.6 117.1 156.1 187.6 213.0 249.9 274.3 309.7 pw
HA1R4 377b 329.1 117.6 155.5 186.5 211.7 248.7 273.5 309.2 pw
A1R4 429b 324.8 112.9 148.4 177.2 200.4 234.1 256.4 289.0 pw
1-C10H7 406b 347.9 135.1 179.6 215.7 244.9 287.3 315.3 355.0 53
1-C10H7CHCH 469b 396.6 174.9 229.1 272.7 307.8 358.5 392.4 442.2 pw
1-C10H7C2H 371b 395.9 173.0 222.8 263.3 296.0 343.8 375.4 420.8 pw
1-C10H7CHCH*8 468b 399.4 173.5 227.6 271.2 306.3 357.3 391.4 441.7 pw
1-C10H7CHCH*2 472b 385.8 164.9 219.0 262.7 298.0 349.3 383.3 432.7 pw
A2R5H 383b 372.1 163.5 220.0 265.9 302.9 356.6 391.9 441.6 pw
HA2R5 285b 373.7 164.8 220.6 265.9 302.6 356.0 391.2 441.3 pw
A2R4 477b 380.3 163.7 216.1 258.6 292.9 342.6 375.2 421.3 pw
A2R4H 492b 384.6 167.6 223.3 268.4 304.8 357.8 392.5 441.9 pw
HA2R4 409b 383.8 167.6 222.6 267.4 303.7 356.7 391.8 444.4 pw
A2R5 258a 349.7 157.2 210.9 254.4 289.5 340.3 373.6 420.6 41, pw

a Heat of formation taken from the NIST database.41 b Heat of formation calculated by means of isodesmic reaction.c pw: present work.

Figure 2. Potential surface of the reaction C6H5 + C2H2.

C6H5 + C2H2 f C6H5C2H + H (1)

C6H5 + C2H2 f C6H5CHCH (2)

1-C10H7 + C2H2 f 1-C10H7C2H + H (3)

1-C10H7 + C2H2 f 1-C10H7CHCH (4)

1-C10H7 + C2H2 f acenaphthylene+ H (5)
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tion. A transition state allowing for internal hydrogen abstraction
from the aromatic ring of phenylvinyl to 1-vinyl-2-phenyl,
shown in reaction 6, has been identified:

Frenklach and co-workers48 have noted the importance of
reactions similar to reaction 6.

Pathways leading to cyclization of both species to four-
membered-ring-containing radicals have been identified as well
as isomerization between the latter species.

No transition states allowing for the direct isomerization of
phenylvinyl to HA1R4 nor of 1-vinyl-2-phenyl to A1R4H could
be found. Forward and reverse rate constants of reactions 6-9
were computed by means of transition state theory. Both A1R4H
and HA1R4 can lose hydrogen in a subsequent step and form
A1R4, reactions (10) and (11). Corresponding rate constants
were deduced by means of transition state theory. More than a
dozen additional minima have been identified on the potential
energy surface. These minima and the corresponding transition
states are given in the Supporting Information. Virtually all of
these minima and transition states are thermodynamically
prohibitive. Inclusion in the QRRK treatment of the relatively
low-energy pathway leading to formation of 1-vinyl-3-phenyl
and 1-vinyl-4-phenyl after hydrogen migration beginning with
1-vinyl-2-phenyl does not significantly affect any of the major
reaction channels.

The high-pressure-limit rate constant of the entrance channel
(12), i.e., the formation of the adduct phenylvinyl (C6H5CHCH)
from the reactants phenyl and acetylene (reaction “a” in Yu et
al.’s scheme) was also computed.

A potential uncertainty on the preexponential factor stems from
the treatment of the phenyl-CHCH bond torsion as internal
rotation or harmonic vibration. To assess the appropriate
approach, the energy barrier for rotation around the aryl-CHCH
axis was determined for 1-naphthylvinyl starting with the BLYP/
DZVP-optimized geometry of the stabilized species. An energy
barrier of 9.0 kJ was obtained and the comparison of the rate
constants deduced with both the harmonic oscillator and internal
rotor approaches showed nearly identical values at 2100 K, the
upper end of the temperature range covered in the present work.
At room temperature the vibrational treatment yielded a 50%
smaller value. On the basis of these findings aryl-CHCH bonds
are exclusively treated as harmonic oscillators in the present
work. The accuracy of this approach was confirmed indirectly
by means of the excellent agreement ((4 J mol-1 K-1) between
experiment and the predictions (using the harmonic oscillator
treatment) of the entropy and heat capacities of styrene. A high-
pressure limit of the reaction 12 ofk12 ) (3.14× 107)T1.767exp(-
13540 J/RT) cm3 mol-1 s-1 for the temperature range from 300
to 2100 K was computed on the basis of density functional and
transition state theory and used as input for the chemical-
activation analysis. The high-pressure limit rate constant is
shown in Figure 3a-d and is between about 2.5 (at room
temperature) and 10 times (at 2100 K) higher than the one
suggested by Yu et al.;21 the latter rate constant was obtained
by adjusting the transition state parameters to match an
experimental rate constant measured at room temperature and
20 Torr by means of the cavity-ring-down technique.21

The high-pressure-limit rate constant for reaction 13, hydro-
gen loss from phenylvinyl to form phenylacetylene (reaction
“b” in Yu et al.’s scheme), has also been computed using
transition state theory. The barrier height of 166 kJ mol-1 is in
excellent agreement with the value obtained by Yu et al.21 using
BAC-MP4 computations.

As pointed out by Yu et al.,21 quantitative correlation of the
different data sets measured at different temperatures and
pressures requires the treatment of the phenyl+ acetylene
reaction as chemically activated. Similar to the approach of Yu
et al.,21 but adding intramolecular hydrogen transfer and the
formation of four-membered ring species, the reaction C6H5 +
C2H2 is described as followed:

The input parameters for the chemical-activation computations

C6H5 + C2H2 f C6H5CHCH#:
formation of chemically activated molecule (14)

C6H5CHCH# f C6H5 + C2H2: dissociation (-14)

C6H5CHCH# + M f C6H5CHCH + M: stabilization (15)

C6H5CHCH# f C6H5C2H + H: decomposition (16)

C6H5CHCH# / C6H4C2H3*2: isomerization (17)

1-Naphthyl+ Ethyne J. Phys. Chem. A, Vol. 105, No. 9, 20011565



are summarized in Table 2. All computations in the present work
were conducted in the temperature range between 300 and 2100
K and at pressures of 1 mTorr, 20 and 40 Torr, and 1 and 10
atm, covering the conditions usually relevant for combustion
processes as well as the low-pressure experiments of Fahr and
Stein.19 The pressure dependence of the branching ratio between
the stabilization reaction 15 and formation of phenylacetylene
via the decomposition reaction 16 is particularly interesting. The
rate constant of the dissociation (-14) has been determined by
means of the equilibrium constant of C6H5 + C2H2 f
C6H5CHCH with all thermodynamic data being calculated using
ab initio techniques as detailed above and summarized in Table
1. σ andε/kb are the Lennard-Jones parameters, i.e., the collision
diameter and the well depth given for the initial adduct as well
as for the bath gas, and<∆E> represents the average energy
transferred per collision between the adduct and the bath gas.

The resulting apparent rate constants for the formation of the

stabilized adduct, C6H5CHCH, and of phenylacetylene, C6H5C2H,
are shown in Figure 3a-d for 1 mTorr, 20 Torr, and 1 and 10
atm, with experimental data available for the first three

Figure 3. Computed rates for the reaction C6H5 + C2H2 to form various products: ---, high-pressure limit;s, experimental data (Fahr and Stein19,
Yu et al.21, Heckmann et al.20); ···, apparent rate constant of C6H5 + C2H2 f C6H5CHCH; ·-·-, apparent rate constant of C6H5 + C2H2 f C6H5C2H
+ H; ··-··-, apparent rate constant of C6H5 + C2H2 f C6H4C2H3 × 2. (a)P ) 1 mTorr, (b)P ) 20 Torr, (c)P ) 1 atm, (d)P) 10 atm.

TABLE 2: Inputs for Chemical Activation Analysis of C 6H5
+ C2H2

parameter used in present work

k1 (cm3 mol-1 s-1) (3.14× 107)T1.767exp(-13.54 kJ/RT)
f C6H5CHCH: σ (Å) 5.64650

f C6H5CHCH: ε/kb (K) 450.050

Well 1: C6H5CHCH
f C6H5 + C2H2 (2.86× 1010)T1.486exp(-174 kJ/RT)
f C6H5C2H + H (1.37× 109)T1.575exp(-166 kJ/RT)
f C6H4C2H3 × 2 (5.03× 109)T0.887exp(-96 kJ/RT)
f A1R4H (1.50× 1010)T0.648exp(-130 kJ/RT)

Well 2: C6H4C2H3*2
f C6H5CHCH (1.05× 109)T0.995exp(-93 kJ/RT)
f HA1R4 (4.85× 109)T0.727exp(-119 kJ/RT)

Well 3: A1R4H
f C6H5CHCH (4.43× 1011)T0.471exp(-53 kJ/RT)
f HA1R4 (1.37× 1011)T0.639exp(-166 kJ/RT)
f A1R4 + H (5.12× 109)T1.325exp(-202 kJ/RT)

Well 4: HA1R4
f C6H4C2H3*2 (2.33× 1011)T0.643exp(-140 kJ/RT)
f A1R4H (4.64× 1010)T0.840exp(-261 kJ/RT)
f A1R4 + H (3.14× 107)T2.386exp(-295 kJ/RT)
argon: σ (Å), ε/k (K),

〈∆E〉 (J mol-1)
3.33, 136.5, 263630

C6H5CHCH# / A1R4H: isomerization (18)

C6H4C2H3 × 2 / HA1R4: isomerization (19)

A1R4H / HA1R4: isomerization (20)

A1R4H f A1R4 + H: decomposition (21)

HA1R4 f A1R4 + H: decomposition (22)
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pressures. The indicated uncertainties are based on the above-
mentioned variations of the high-pressure rate constants of the
entrance channel (14) and of the corresponding reverse reaction
(-14) as well as of the hydrogen loss reaction 16. The largest
deviation has been plotted. The comparison with the low-
pressure measurements of Fahr and Stein19 between 1000 and
1330 K (Figure 3a) but also with the shock tube study of
Heckmann et al.20 (Figure 3c) at slightly higher temperatures
with the apparent rate constant of phenylacetylene formation is
encouraging. The computed data are 2.5 timessor lessssmaller
than the literature data, an excellent agreement considering
experimental and computational uncertainties, in particular
competing reactions such as biphenyl formation, to be taken
into account for the deduction of experimental rate constants.
A larger deviation was observed relative to the 20 Torr data
measured by Yu et al.21 between 297 and 523 K using the cavity-
ring-down technique. The experimental value at room temper-
ature21,49 is 2.5 times lower than the computed one, and the
deviation is increasing to a factor of about 4 at the upper limit
of the measured temperature range. However, the experimental
data still remain inside the uncertainty of the computed rate
constant for phenylvinyl formation. The satisfactory agreement
at low and intermediate temperatures and the consistency with
two independent studies above 1000 K and different pressures
give us a high level of confidence in the present rate constants.
With increasing pressure the high-pressure limit is reached by
the addition reaction 2 for higher and higher temperatures.
Nevertheless, even at 10 atm the system does not reach the high-
pressure-limit at the upper end of the investigated temperature
range, even though the density of states of this 15-atom
polyatomic adduct is enormous. Apparent rate constants for the
formation of the stabilized adduct (phenylvinyl radical,
C6H5CHCH), and of phenylacetylene, C6H5C2H, are summarized
in Table 3 for 20 and 40 Torr and 1 and 10 atm covering the
temperature range from 300 to 2100 K. The relative importance
of the formation of the stabilized adduct, C6H5CHCH, and of
the product channel C6H5C2H + H changes as expected with
temperature and pressure. Figure 3a-d shows that formation
of phenylacetylene is the dominant pathway at high temperatures
and low pressures, and the rate constant is continuously
increasing with temperature and is in good agreement with the
low-pressure measurement of Fahr and Stein19 and the shock
tube data of Heckmann et al.20 C6H5CHCH formation is
dominant at low temperatures, and its rate constant exhibits a
maximum which is shifting to higher and higher temperatures
with increasing pressure. Therefore, C6H5CHCH should be
considered as a potential intermediate for further growth
reactions in high-pressure combustion, leading, for example, to
naphthalene, as initially suggested by Bittner and Howard.8 Our
calculations show also the possibility of significant formation
of 1-vinyl-2-phenyl which has been suggested by Frenklach et
al.48 as an intermediate for naphthalene formation in the case
of 1,3-butadiene pyrolysis. The corresponding apparent rate
constants are shown in Figure 3a-d and given in Table 3. The
evolution with temperature and pressure of the rate constants
is similar to that of the formation of phenylvinyl; i.e., the rate
constant exhibits an increasing maximum shifting to higher
temperatures with increasing pressure. Contrary to phenylvinyl

with a rate constant approaching the high-pressure limit at lower
temperatures, increasing pressure induces a significant decrease
of the apparent rate constant describing 1-vinyl-2-phenyl
formation at low and intermediate temperatures.

With the formation of the four-membered ring species
A1R4H, HA1R4, and A1R4 being included in the chemical
activation analysis, apparent rate constants of their formation
have been determined. The rate constant of the apparent reaction

exhibits a strong temperature dependence which increases with
the pressure but reaches only a value of about 2.2× 109 cm3

mol-1 s-1 at 2100 K and 10 atm. The thermodynamic equilib-
rium of this reaction, which is entirely shifted to the reactants
at room-temperature, moves to the right side with increasing
temperature but is still unfavored for the formation of A1R4 at
the upper limit of the temperature range studied in the present
work. The formation of A1R4H via

is thermodynamically favored at low temperatures close to room
temperature, while the equilibrium is progressively shifting to
the reactants with increasing temperature. The apparent rate is
strongly pressure-dependent and exhibits a maximum which is
increasing and shifting to higher temperatures with increasing
pressure. Nevertheless, no rate constant higher than about 109

cm3 mol-1 s-1 was determined, the latter obtained at 10 atm
and between 1000 and 1500 K, already a thermodynamically
unfavorable temperature range.

Therefore, the formation of A1R4 and A1R4H was shown
to be significantly slower than the competing pathways and can
be neglected in usual combustion or pyrolytic environments.
As shown in Figure 2, HA1R4 is thermodynamically the most
stable of all C6H5CHCH isomers and the apparent rate constant
of its formation via reaction 25 (C6H5 + C2H2 f HA1R4) can
be as large as 1011 cm3 mol-1 s-1, significantly higher than for
the formation of A1R4H and A1R4+ H. Temperature and
pressure dependence are similar to the formation of C6H5CHCH
and C6H4C2H3*2. Nevertheless, a significant contribution of
HA1R4 to reaction networks relevant to combustion chemistry
is unlikely, due to the absence of a viable exit channel, the
formation of A1R4 being unfavorable.

As shown in Figure 3a-d, no reaction channel reaches the
high-pressure limit above about 1000 K for the pressures
investigated in the present study, i.e., up to 10 atm. In existing
chemical kinetic models of combustion, the pressure dependence
of most reactions involving such large adducts is ignored, and
the rates are assumed to be close to the high-pressure limit.
The present work suggests that chemical-activation effects and
pressure-dependence are important in a much broader range of
reactions than has been assumed.

The comparison of the calculations on the phenyl+ C2H2

reaction with the experimental data suggests that our compu-
tational approach is at least reasonable, suggesting that the
calculations on the larger 1-naphthyl+ C2H2 system may also
be reliable.

TABLE 3: Rate Constants for C6H5 + C2H2 f C6H5CHCH, C6H5 + C2H2 f C6H4C2H3*2, and C6H5 + C2H2 f C6H5C2H + H
between 300 and 2100 K at 20 and 40 Torr, 1 and 10 atm

reaction k20Torr (cm3 mol-1 s-1) k40Torr (cm3 mol-1 s-1) k1atm(cm3 mol-1 s-1) k10atm(cm3 mol-1 s-1)

f C6H5CHCH (8.6× 1044)T-10.50exp(-55 kJ/RT) (1.4× 1043)T-9.87 exp(-54 kJ/RT) (6.7× 1034)T-7.04exp(-46 kJ/RT) (2.3× 1027)T-4.56 exp(-38 kJ/RT)
f C6H4C2H3*2 (7.9 × 1051)T-12.41exp(-74 kJ/RT) (6.1× 1050)T-11.97exp(-76 kJ/RT) (1.1× 1041)T-8.61 exp(-76 kJ/RT) (5.2× 1027)T-4.38 exp(-66 kJ/RT)
f C6H5C2H + H (8.3× 1022)T-2.68 exp(-73 kJ/RT) (8.1× 1021)T-2.36 exp(-73 kJ/RT) (1.8× 1016)T-0.62 exp(-73 kJ/RT) (1.5× 109)T1.51 exp(-69 kJ/RT)

C6H5 + C2H2 f A1R4 + H (23)

C6H5 + C2H2 f A1R4H (24)
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B. 1-Naphthyl + C2H2. The potential surface of the reaction
between 1-naphthyl radicals and acetylene has been explored
and is shown in Figure 4. An essential additional feature is the
possible formation of acenaphthylene, the first species of an
important series of PAH compounds containing five-membered
rings. Pertinent to the present work, electronic structure calcula-
tions in order to elucidate the reaction mechanism of the thermal
rearrangement of ethynylarenes to cyclopentafused PAHs,
including formation of acenaphthylene from 1-naphthylacetyl-
ene, have been reported recently.22 Similar to phenyl +
acetylene, the first step of the reaction sequence is the formation
of a chemically activated molecule:

The corresponding rate constant at the high-pressure limit was
obtained in the present work by means of transition state theory
and the expressionk26 ) (1.87× 107)T1.787exp(-13 650 J/RT)
cm3 mol-1 s-1 was used as input for the chemical-activation
analysis.

The chemically activated molecule can reform the reactants
(-26), be stabilized via reaction with a third body (27),
decompose, i.e., lose a hydrogen (28), or undergo different
isomerization reactions, leading ultimately to acenaphthylene
(A2R5).

The rate constant of the dissociation (-26) was determined by
means of transition state theory. Its independent calculation
using the equilibrium constant of the reaction 1-C10H7 + C2H2

/ 1-C10H7CHCH using the thermodynamic data summarized
in Table 1 gave very similar results and therefore confirms the
consistency of the data used in the present work. Exact Lennard-
Jones parameters for the initial adduct are not available, so those
suggested by Pope50 for acenaphthylene were used. The isomer-
ization reactions are relatively complex and deserve therefore

more detailed discussion. The exploration of the potential surface
has revealed several reactions of the initial adduct 1-naphth-
ylvinyl (1-C10H7CHCH).

As initially suggested by Wang and Frenklach,25 an internal
ring-closure can lead to 3-H-acenaphthylenyl (A2R5H) and form
acenaphthylene by subsequent hydrogen loss:

The transition state of reactions 29 and 30 have been
determined and the rate constants of the forward and the reverse
reactions were deduced by means of unimolecular transition state
theory.

The vinyl group of 1-C10H7CHCH can also abstract hydrogen
atoms from adjacent carbon atoms in intramolecular reactions.
The corresponding transition states were found and rate
constants for forward and reverse reactions determined.

The possibility of reactions 31 and 32 is obviously related to
the hindered internal rotation of the vinyl group, which has an
energy barrier of about 9 kJ, as discussed above. Another

Figure 4. Schematic potential energy surface of the reaction 1-C10H7 + C2H2.

1-C10H7 + C2H2 f 1-C10H7CHCH# (26)

1-C10H7CHCH# f 1-C10H7 + C2H2 (-26)

1-C10H7CHCH# + M f 1-C10H7CHCH + M (27)

1-C10H7CHCH# f 1-C10H7C2H + H (28)
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identified transition state allows the reaction of 1-vinyl-8-
naphthyl to 1-acenaphthenyl (HA2R5), as shown in reaction
33 and for which the corresponding kinetic data could be
deduced.

The potential role of 1-acenaphthenyl in the formation of five-
membered rings has already been discussed by Cioslowski et
al.,18 but they did not consider 1-vinyl-8-naphthyl as an
intermediate and attributed the transition state of reaction 33 to
a direct isomerization step from 1-naphthylvinyl to 1-acenaph-
thenyl. In addition, a transition state allowing the direct
isomerization between 3-H-acenaphthylenyl (A2R5H) and
1-acenaphthenyl (HA2R5) was identified in the present work,
and the corresponding kinetic data as well as those of subsequent
hydrogen loss were deduced.

Another interesting result of the exploration of the potential
surface is the formation of a four-membered ring species, A2R4.
Similar to the formation of acenaphthylene (A2R5) it can be
formed via either A2R4H or HA2R4 as the intermediate
preceding hydrogen loss. In addition to their formation from
1-naphthylvinyl and 1-vinyl-2-naphthyl, also direct isomerization
between both four-membered ring radicals has been shown to
be possible.

The rate constants of reactions 36-38 as well as their reverse
reactions were determined by means of transition state theory.
Finally, both four-membered rings containing radicals can yield
the corresponding stable species via hydrogen loss.

The high-pressure-limit rate constant of reaction 39 has been
determined in the present work while for reaction 40 the
corresponding one determined for hydrogen loss of HA1R4 (11)
has been used. The extremely high activation barrier of nearly

300 kJ mol-1 does not allow significant formation of A2R4,
containing a four-membered ring.

On the basis of this potential surface and the corresponding
kinetic data a chemical-activation analysis using the CHEMDIS
software31 was performed in order to determine the apparent
rate constantsk(T,P) of reactions leading to the various stable
and unstable species. The input parameters for the CHEMDIS
computation are summarized in Table 4. The rate constants of
the different reaction channels are given for all wells, i.e., the
chemically activated complex resulting from acetylene addition
to 1-naphthyl and the subsequent isomerization products. Three
representative frequencies for each species are calculated from
the heat capacities34 given in Table 1. Uncertainties in the
branching ratios between the formation of 1-naphthylvinyl,
1-naphthylacetylene, and acenaphthylene, i.e., between reactions
3, 4, and 5, are assessed and shown, by means of error bars, in
Figure 5a-d. For this purpose, upper and lower values of the

TABLE 4: Inputs for Chemical Activation Analysis of
1-C10H7 + C2H2

parameter used in present work

k4 (cm3 mol-1 s-1) (1.87× 107)T1.787exp(-13.65 kJ/RT)
1-C10H7CHCH: mass (amu) 153.0
1-C10H7CHCH: σ (Å) 6.56843

1-C10H7CHCH: ε/kb (K) 523.443

Well 1: 1-C10H7CHCH
f 1-C10H7 + C2H2 (4.11× 1010)T1.422exp(-181 kJ/RT)
f 1-C10H7C2H + H (2.10× 109)T1.560exp(-158 kJ/RT)
f A2R5H (1.35× 1010)T0.502exp(-61 kJ/RT)
f 1-C10H7C2H3*8 (4.13× 109)T0.755exp(-31 kJ/RT)
f 1-C10H7C2H3*2 (3.37× 109)T0.878exp(-105 kJ/RT)
f A2R4H (1.48× 1010)T0.571exp(-124 kJ/RT)

Well 2: A2R5H
f 1-C10H7CHCH (1.20× 1011)T0.756exp(-138 kJ/RT)
f HA2R5 (3.14× 1011)T0.479exp(-65 kJ/RT)
A2R5 + H (6.21× 109)T1.269exp(-113 kJ/RT)

Well 3: HA2R5
f 1-C10H7C2H3*8 (9.68× 1010)T0.852exp(-215 kJ/RT)
f A2R5H (1.34× 1011)T0.641exp(-162 kJ/RT)
f A2R5 + H (2.07× 109)T1.579exp(-193 kJ/RT)

Well 4: 1-C10H7C2H3 × 8
f 1-C10H7CHCH (1.22× 109)T0.915exp(-33 kJ/RT)
f HA2R5 (7.53× 109)T0.595exp(-43 kJ/RT)

Well 5: 1-C10H7C2H3 × 2
f 1-C10H7CHCH (1.22× 109)T0.989exp(-101 kJ/RT)
f HA2R4 (6.98× 109)T0.682exp(-114 kJ/RT)

Well 6: A2R4H
f 1-C10H7CHCH (3.08× 1011)T0.515exp(-82 kJ/RT)
f HA2R4 (1.17× 1011)T0.646exp(-167 kJ/RT)
f A2R4 + H (1.11× 109)T1.649exp(-214 kJ/RT)

Well 7: HA2R4
f 1-C10H7C2H3× 2 (2.10× 1011)T0.670exp(-162 kJ/RT)
f A2R4H (6.07× 1010)T0.796exp(-252 kJ/RT)
f A2R4 + H (3.14× 107)T2.386exp(-295 kJ/RT)a

argon (bath gas): mass (amu) 40.0
argon: σ (Å), ε/k (K),

〈∆E〉 (J mol-1)
3.33, 136.5, 263630

a Assumed same as determined for A1R4Hf A1R4 + H
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ring closure rate and its reverse reaction 29, as well as of
hydrogen loss to 1-naphthylacetylene (28), have been defined
by simultaneous variation of the activation energies by(4 kJ/
mol and of the frequencies by(15 cm-1.

The results of the chemical activation analysis show a strong
pressure and temperature dependence of the relative importance
of the different reaction pathways and are shown in Figure 5a-
d. Branching ratios for the major products are shown in Figure
6. Rate constants at 20 and 40 Torr as well at 1 and 10 atm are
summarized in Table 5 for the temperature range from 300 to
2100 K. The high-pressure limit rate constant for reaction 26 is
given, including uncertainties determined by means of the same
approach as discussed above. Uncertainties in the rate of the
entrance channel (26), very similar to reaction 12, which has
been discussed above, do not significantly affect the branching
ratio between reactions 3, 4, and 5 and are therefore not taken
into account in the subsequent uncertainty analysis.

The formation of the stabilized initial adduct 1-naphthylvinyl
(1-C10H7CHCH) shows only a slight dependence on temperature
but increases significantly with pressure. Uncertainties of the
rate constants of reaction 4 based on the lower and upper limits
of hydrogen loss and ring closure reactions are less than 15%
and are omitted for clarity. On the basis of the absolute and in
particular the relative rate constant of its formation from
1-naphthyl and acetylene compared to the competing channels,

1-naphthylvinyl may play a significant role at high pressure as
an intermediate in the growth process to phenanthrene (C14H10).
The formation of acenaphthylene after ring closure to a five-
membered ring represents under low-pressure conditions, i.e.,
below 40 Torr, the most important reaction, at least for
temperatures above 500 K. Comparison of the two acenaphth-
ylene formation pathways through 3-H-acenaphthylenyl (A2R5H)
and 1-acenaphthenyl (HA2R5) shows a significantly higher
contribution of the latter one, except at low temperatures and
high pressures, i.e., under conditions of small absolute rates.
Pressure increase leads to a more significant contribution of
the pathway forming 1-naphthylacetylene. This more pro-
nounced domination of acenaphthylene formation at high
temperature and low pressure is consistent with the observation
of higher fullerene yields under those conditions.51 As a matter
of fact, fullerene formation requires the formation of five-
membered rings while the formation of arylacetylene represents
the first step in a reaction sequence leading to an additional
hexagon. The formation of the four-membered ring species
A2R4 is from both thermodynamic and kinetic points of view
insignificant and can be therefore excluded as an intermediate
in combustion processes. Similar to acetylene addition to phenyl,
the apparent rate constants of the formation of the four-
membered ring radical A2R4H and HA2R4 (Figure 1) exhibit
a maximum which is shifting to higher temperatures with

Figure 5. Computed rates for the reaction 1-C10H7 + C2H2 to form various products:s, high-pressure limit; ---, apparent rate constant of 1-C10H7

+ C2H2 f 1-C10H7CHCH; ···, apparent rate constant of 1-C10H7 + C2H2 f 1-C10H7C2H + H; ·-·-, apparent rate constant of 1-C10H7 + C2H2 f
acenaphthylene+ H ··-··-, apparent rate constant of 1-C10H7 + C2H2 f HA2R5. (a)P ) 1 mTorr, (b)P) 20 Torr, (c)P ) 1 atm, (d)P ) 10
atm.
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increasing pressures. The absolute value of the maximum is
increasing simultaneously but remains below that of the
competing pathways. In conclusion, A2R4H and HA2R4 can
be considered as negligible for acetylene addition to 1-naphthyl.

Formation of 1-vinyl-2-naphthyl by acetylene addition to
1-naphthyl is significantly slower than reaction 4 leading to
1-naphthylvinyl and therefore plays no role under the pressure
and temperature conditions investigated in the present work.
Absolute values as well as pressure and temperature depend-
ences of 1-vinyl-8-naphthyl formation are very similar to those

Figure 6. Computed branching ratios for the major products from the
reaction 1-C10H7 + C2H2: (a) P ) 20 Torr, (b)P ) 1 atm, (c)P ) 10
atm.
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of 1-naphthylvinyl, i.e., exhibit a maximum which shifts to
higher temperatures with increasing pressure. 1-Vinyl-8-naphthyl
might contribute as an intermediate to PAH growth, in particular
above atmospheric pressure; three-parameter fits of the corre-
sponding rate constants are included in Table 5.

Other interesting results are the apparent rate constants of
the formation of 3-H-acenaphthylenyl (A2R5H) and 1-acenaph-
thenyl (HA2R5), two precursors of acenaphthylene prior to
hydrogen loss.

The maxima of both rate constants increase significantly with

pressure, but only the formation of 1-acenaphthenyl is fast
enough to compete with the other pathways. Formation of 3-H-
acenaphthylenyl depends only slightly on temperature and shows
maxima between about 4× 104 cm3 mol-1 s-1 at 1 mTorr and
about 1010 cm3 mol-1 s-1 at 10 atm. The rate constants of
1-acenaphthenyl (HA2R5) formation are plotted in Figure 5a-d
and three-parameter fits are given in Table 5. 1-Acenaphthenyl
could be present in detectable concentrations in certain flame
environments and its experimental identification, e.g. by means
of the radical scavenging technique,52,53would allow validation
of the rate constant deduced in the present work.

IV. Conclusions

Rate constants of reactions believed to be essential for the
formation of PAHs containing two and three rings were
calculated by means of ab initio computational techniques
without any parameter adjustments. The potential surfaces of
the reactions C6H5 + C2H2 and 1-C10H7 + C2H2 were explored
using isodesmic BLYP/DZVP calculations and the B3LYP/cc-
pVDZ method. These were checked versus ROMP2 calculations.
Transition states were determined and rate constants obtained
by means of transition state theory. Apparent rate constants
leading to the different species present on the potential surface
were obtained after a chemical activation analysis for different
pressures. The comparison of the predicted rate constants with
literature experimental data for the reaction C6H5 + C2H2

available for different temperatures and pressures allowed the
validation of the chosen approach. The computed rate constants
were within a factor of 4 of the experimental ones measured at
temperatures between room temperature and about 1400 K;
therefore, the techniques used in the present work should be a
powerful tool for the systematic prediction of a large range of
rate constants relevant in combustion chemistry as well as of
their pressure dependence.

The exploration of the potential energy surfaces of the
addition of acetylene to phenyl and 1-naphthyl revealed interest-
ing features such as the presence of four-membered-ring
containing species and internal intramolecular hydrogen-abstrac-
tions. The chemical activation analysis showed that the forma-
tion of acenaphthylene is favored at low pressure. This finding
is consistent with the experimental observation of higher yields
of fullerenes under such conditions, since this type of reaction
is an important route to polycyclic aromatic hydrocarbons
containing five-membered rings. The stabilized initial adduct,
1-naphthylvinyl, may play a role in the growth process of PAHs
at pressures above 1 atm. The rate constant for 1-acenaphthenyl
formation is surprisingly high and exhibits a maximum which
shifts to higher and higher temperature with increasing pressure.
The detection of 1-acenaphthenyl by radical scavenging seems

to be possible and will be attempted in ongoing work. The
extension of the present study to the reactions between acetylene
and PAH radicals larger than 1-naphthyl will give a deeper
insight in the trends of absolute but also relative rate constants,
in particular concerning the competition between the formation
of five- and six-membered rings, in the growth process to larger
and larger PAHs, leading ultimately to high molecular weight
soot precursors and fullerenes. The relatively large C12 systems
studied here are far from the high-pressure-limit, indicating that
chemical activation effects may be important even for larger
PAHs. Uncertainties in the ab initio high-pressure-limit rate
constants of the elementary reaction steps used as inputs to the
chemical-activation analysis do not change the qualitative
conclusions but limit the quantitative accuracy of the computed
ratesk(T,P).

To summarize, under sooting flame conditions, the dominant
product from the addition of 1-naphthyl radical to acetylene is
acenaphthylene. At very high temperatures (T > 2000 K),
1-naphthylacetylene becomes comparably important. As the
temperature is lowered below 1000 K, the 1-acenaphthenyl
radical becomes the dominant product in the pressure range
relevant for combustion. At very high pressures and low
temperatures, the initial adduct 1-naphthylvinyl radical and its
isomer 1-vinyl-8-naphthyl become the major reaction products.

Note Added in Proof. Potential energy surfaces for C2H2

addition to many PAH radicals including 1-naphthyl have been
determined recently by Marsh and Wornat54 using corrected
semi-empirical calculations.
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