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The gas-phase reaction products of toluene pyrolysis with and without acetylene addition produced in a flow
tube reactor at pressures of 8.15-15.11 Torr and temperatures of 1136-1507 K with constant residence time
(0.56 s) have been detected in an in situ direct sampling mass spectrometric study by using a vacuum ultraviolet
single-photon ionization time-of-flight mass spectrometry technique. Those products range from methyl radical
to large polycyclic aromatic hydrocarbons (PAHs) of mass 522 amu (C42H18) including smaller species, radicals,
polyynes, and PAHs, together with ethynyl, methyl, and phenyl PAHs. On the basis of observed mass spectra,
the chemical kinetic mechanisms of the formation of products are discussed. Especially, acetylene is mixed
with toluene to understand the effect of the hydrogen abstraction and acetylene addition (HACA) mechanism
on the formation pathways of products in toluene pyrolysis. The most prominent outputs of this work are the
direct detection of large PAHs and new reaction pathways for the formation of PAHs with the major role of
cyclopenta-fused radicals. The basis of this new reaction route is the appearance of different sequences of
mass spectra that well explain the major role of aromatic radicals mainly cyclopenta fused radicals of PAHs
resulting from their corresponding methyl PAHs, with active participation ofc-C5H5, C6H5, C6H5CH2 ,and
C9H7 in the formation of large PAHs. The role of the HACA only seemed important for the formation of
stable condensed PAHs from unstable primary PAHs with zigzag structure (having triple fusing sites) in one
step by ring growth with two carbon atoms.

Introduction

The study of soot precursors, carbonaceous nanoparticles
(NPs), and polycyclic aromatic hydrocarbons (PAHs; precursor
of NP), which are produced in many practical combustion sys-
tems such as diesel engines and spark ignition engines, is a hot
and interesting research topic in combustion, environmental, and
health research due to their technological, environmental, health,
and economical impacts. Though, more than a century of
continuous research in combustion1 experimental and modeling
studies seemed to coincide at the concept of coagulation of
precursors for soot formation. However, until now, no attempt
has been successful to propose the final chemical precursor and
the stage at which they start to coalesce. It is widely accepted
that gaseous precursors that coagulate into the first soot particle
are PAHs,2-7 because (i) it bridges the mass gap between
hydrocarbon fuel and soot and (ii) the chemical structure of
soot is similar to PAH on an atomic level, i.e., a honeycomb-
like network of sp2 carbons. The generation process of final
PAHs in terms of chemical kinetic mechanism is still not
perfectly understood. Still unanswered questions are at what
stage the coagulation commences and what form it takes.8 Many
studies forwarded pyrene as a final aromatic precursor8-11 while
some studies believed coronene12 instead of pyrene. Recently,
it again becomes a subject of discussion among the combustion
scientists that whether coronene (300 amu) is sufficient for
coagulation into the very high mass of the first soot particle
(∼2000 amu) or not as some recent studies13-16 have detected

many PAHs greater than coronene. Thus, the formation mech-
anism of PAHs and soot7 still remains challenging in the area
of oxidation and pyrolysis of hydrocarbon fuels.

The kinetic mechanism of aliphatic hydrocarbon combustion
is widely developed up to pyrene9 although it needs to be
modified so that it includes the mechanism for the formation
of the large PAHs based on experimental and modeling results
as recent studies14,15,17-19 have already detected large PAHs.
However, the kinetic mechanism for the formation of PAHs in
aromatic hydrocarbon combustion and pyrolysis is poorly
understood. Marsh et al.20 have detected 3-10-ring PAHs in
benzene droplet combustion by using high-perfromance liquid
chromatography (HPLC) and UV absorption spectroscopy, but
they have not reported any kinetic mechanism for the formation
of those PAHs.

Toluene becomes our first choice due to its importance. It is
itself toxic and produces many toxic PAHs and carbonaceous
nanoparticles during its pyrolysis and oxidation. It is the most
abundant component of the majority of practical fuels. For
example, jet fuels and gasoline contain 20-30% toluene by mole
fraction, due to its high energy density and anti-knocking
capacity. It is also produced during the oxidation of other
hydrocarbons and commercial fuels. Toluene pyrolysis is very
important to understand the decomposition of all alkylated
aromatic hydrocarbons as it involves two different channels of
bond fissions, i.e., C-H bond fission, which produces benzyl
and hydrogen radicals, and C-C bond fission, which produces
phenyl and methyl radicals. Research on toluene pyrolysis has
been concentrated on two major objectives: (a) determination
of rate constants for toluene decomposition channels,10,21-34 (b)
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identification of gas-phase reaction products up to PAHs and
investigation of their formation mechanisms.10,22,27,30,31,35-40

Although the first part has been studied in detail, the second
part is still unclear due to a lack of on-line results. Some studies
also aimed to observe toluene oxidation products41-47 but
oxidation of toluene also suffers from a lack of on-line results
for gas-phase reaction products up to large PAHs. Among the
theoretical studies, Sivaramakrishnan et al.48,49 focused on
modeling of kinetic behaviors of C6H5CH3, CH4, C2H2, C4H2,
C6H6, C8H6, and C9H8 from experimental21,26,48and theoretical
data.50 Agafonov et al.51 reported a kinetic model including small
PAHs, only suitable for smaller species in shock tube pyrolysis
and oxidation of toluene. Among the experimental studies,
Pamidimukkala et al.22 observed only the smaller species C2H2,
C4H2, and CH4, and Colket et al.10 observed PAH products up
to pyrene. Studies of toluene pyrolysis by Smith et al.30,31 are
the only on-line attempts to observe the product species up to
A5 (C20H12) by using a Knudsen cell coupled to a mass spectro-
meter at high temperatures and very low pressures. Mathieu et
al.13 have observed mass signals up to 570 amu as desorbed
species from soot particles with contamination of Na and K and
have not forwarded any formation mechanism for those PAHs.

Until now, almost all attempts made to investigate this very
complex issue were by indirect methods, i.e., gas chromatog-
raphy, liquid chromatography, or HPLC with mass spectrometry,
called the “preconcentration method”, i.e., by trapping the
exhaust molecules on a suitable adsorbent which are further
separated by pretreatment (i.e., extraction). This method is time-
consuming and excludes direct real-time in situ analysis. It is
only suitable for stable species and does not provide any
information about radicals, which are key species for developing
the mechanism. The shock tube technique13,21,22,25-27,39,48,49has
been used for the thermal unimolecular decomposition of
toluene, and some studies10,22,23,30,31,34,38include the product
observation up to PAHs. Mathieu et al.13 has used laser
desorption ionization (LDI) time-of-flight mass spectrometry
(TOFMS), which cannot detect lower aliphatic and aromatic
species. Only a few on-line results30,31,52were reported by using
mass spectrometry.

This overview of previous studies clearly shows the necessity
of direct identification of gas-phase reaction products up to large
PAHs and motivated us to observe the products of toluene
pyrolysis by a direct experiment to clarify the whole mechanism.
The main objective of our research is the direct observation of
PAHs higher than coronene to fulfill the gap between coronene
and the first soot particle as shown in the soot model12 to clarify
the PAH generation mechanism based on on-line experimental
results. The present work has determined the dominant reaction
pathways for the formation of all identified products under the
present experimental conditions as the first step of our final
goal to develop the soot generation mechanism.

Experimental Section

In situ detection of the soot precursor in hydrocarbon combus-
tion and pyrolysis needs a selective and sensitive analytical
method. The most promising one for instrumental analytical
purposes is the TOFMS with a selective and soft (fragment-
free) ionization technique. The production of VUV radiation to
achieve single-photon ionization (SPI) and TOFMS proved to
be a powerful and useful technique for on-line detection of gas-
phase species. This technique has already been successfully used
by some studies53-56 for detection of gas-phase products.

A schematic of the experimental setup is shown in Figure 1.
The apparatus consists of a vacuum (source) chamber and

detection (TOFMS) chamber separated from each other by a
gate valve. A quartz reaction tube (Φ ) 14 mm, length) 56
cm) having a pinhole (Φ ) 0.15 mm) in the center was fixed
in the source chamber with careful alignment of the pinhole on
the center line of the skimmer of the TOFMS. The pinhole area
of the reactor was wrapped with a tungsten heater (coil length
) 22 cm). The heater was covered (leaving the pinhole
uncovered) with two other pieces of quartz tubes (Φ ) 18 mm)
wrapped with the Ni foil to avoid heat loss by radiation. To
measure the temperature of the reaction, a K-type thermocouple
(Φ ) 0.65 mm) was introduced into the reaction tube from the
downstream. The typical pressure of the source chamber was
kept at 2.8× 10-8 Torr, and that of the TOF chamber was kept
at 4.1× 10-7 Torr, respectively, before each experimental run.
A third harmonic UV laser pulse (355 nm) generated by a
frequency conversion of a Nd:YAG laser (Surelite SSP Con-
tinuum) was focused by a quartz lens (f ) 150 mm) and passed
through the quartz window into the 13 cm SUS tube, the
frequency tripling cell, filled with a nonlinear medium xenon
(pressure) 7.40 Torr) for tripling the UV laser pulse at 355
nm into the VUV photon at 118 nm (10.5 eV). The UV (355
nm) and VUV (118 nm) beams were separated by a LiF crystal
prism to avoid the fragmentation of the product molecules (due
to the (1+ 1) ionization by 355 and 118 nm photons). The 355
nm pulses was dumped on the inner wall of the tripling tube
and only 118 nm photons were allowed to strike the molecular
beam in the ionization region of the mass spectrometer to ionize
all species having an ionization potential (IP) less than 10.5
eV. The ion source and flight tube were differently pumped by
1600 and 500 L/s turbo-molecular pumps followed by rotary
pumps.

At first temperature profiles were taken to fix the position of
the thermocouple for measuring the reaction temperature; 40%
toluene and 60% He in the case of only toluene pyrolysis and
20% toluene, 20% acetylene, and 60% He in the case of toluene
and acetylene mixture were supplied through mass flow
controllers into the quartz reaction tube. The gaseous product
molecules were continuously sampled through the pinhole and
were collimated by a 1.0 mm orifice skimmer mounted at 3.0
mm from the pinhole in the reaction tube. The molecular beam
was introduced into the ionization region of the TOFMS, and
the molecular species were ionized by the 118 nm photons. The
ionized species were accelerated by the electrodes, electronic
lenses, and deflectors through the field free drift tube to the
multichannel plate (MCP). The MCP passed the information to

Figure 1. Experimental setup consisting of a quartz reaction tube and
VUV-SPI-TOFMS.

PAH Formation in Toluene Pyrolysis J. Phys. Chem. A, Vol. 111, No. 34, 20078309



a digital oscilloscope through an amplifier. Mass spectra were
recorded at different temperatures (1136-1507 K) and pressures
(8.25-15.11 Torr) with a constant residence time (0.56 s).

Occurrences of a small amount of electron impact ionization
resulting from photoelectrons produced by scattered light within
the ionization region and of multiphoton ionization that cause
fragmentation are ruled out by the absence of any species having
an IP greater than 10.5 eV and the absence of any fragment
species at room temperature. The reaction tube was cleaned
every time before the experiment to avoid contamination from
the condensate substances, although tar was only observed
outside the heater zone in the downstream.

Results

Explanation of Necessary Basic Terms.For the meaningful
interpretation of the mass spectra by solving the complexity,
first several sequences of mass numbers of PAHs appearing in
the mass spectra are defined here. Note that the designations
given here are temporal, only for the discussion in this
document.

Primary Sequence: Alternate PAHs (Six-Membered Rings
PAHs). Linear-Chain PAHs.Six-membered ring PAHs having
a chain of benzene rings interconnected to each other and lacking
internal carbons include

The chemical formulas of such PAHs are

wheren is the number of aromatic rings,n ) 1, 2, 3..., which
are hereinafter designated as “an”.

Condensed PAHs. Six-membered ring PAHs having two or
more even-number of internal carbons include

The chemical formulas for such PAHs are

wherem is the number of internal carbon atoms,m ) 2, 4, 6...,
which are hereinafter designated as “andm”.

Ethynyl or Cyclopenta Acetylene Addition Sequence.
PAHs containing one or more ethynyl groups or five-membered
rings derived from the primary sequence by acetylene addition
at the single or double fusing site, for example,

Their chemical formulas are

wherel is the number of C2 additions,l ) 1, 2, 3..., which are
hereinafter designated as “an (dm)Cl”.

Odd Carbon Number Sequence.Methyl-substituted PAHs
derived from the primary sequence by the addition of a methyl
radical, such as methylphenanthrene

Their chemical formulas are

When the attached methyl group forms a new five-membered
ring by H2-elimination and ring closing process, for example,

their formulas become

which further changed to a stable radical with a resonance
electronic structure such as

similar to cyclopentadienyl and indenyl; they can be represented
by the new formulas

Phenyl Addition Sequence.When PAHs in the primary
sequence are attacked by a phenyl radical, they form partly
nonfused PAH, such as phenylnaphthalene

C2H4 + n(C4H2) [an]

C2H4 + n(C4H2) - m(C1H1) [andm]

C2H4 + n(C4H2) - m(C1H1) + l(C2) [an(dm)Cl]

C2H4 + n(C4H2) - m(C1H1) + (C1H2) [an(dm)m] or [an(dm)-CH3]

C2H4 + n(C4H2) - m(C1H1) + (C1) [an(dm)hC] or [an(dm)-c-CH2]

C2H4 + n(C4H2) - m(C1H1) + (C1) - (H1) [an(dm)-c-CH•]
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and phenylphenanthrene

Their chemical formulas are

which are, hereinafter, designated as “an(dm)-a1”.
Overview on Mass Spectra.Typical TOF mass spectra of

products of toluene pyrolysis at various temperatures (1136-
1507 K) and constant pressure of 10.12 Torr with constant
residence time of 0.56 s are shown in Figure 2. TOF mass
spectra of products of pyrolysis of toluene and acetylene mixture
under similar experimental conditions are shown in Figure 3.
These figures show that toluene thermal decomposition only
started above 1100 K under the present experimental conditions.
In both cases mass spectral patterns show that the number of
peaks increases toward higher masses with increasing temper-
ature up to 1315 K, and above it the number of peaks decreases
with increasing temperature. Experimental mass spectra of
products of toluene pyrolysis at different total pressures ranging
from 8.25 to 15.11 Torr are shown in Figure 4.

The major differences observed from the mass spectra in the
case of a toluene and acetylene mixture (Figure 3) over only
toluene pyrolysis (Figure 2) are as follows:

(i) appearance of indene (m/z ) 116 amu) as the major
product instead of benzene (m/z ) 78 amu) and the absence of
bibenzyl peak in the low-temperature zone;

(ii) domination of peaks for the species with massesm/z )
102, 152, 166, and 178 amu over the species with massesm/z
) 104, 154, 168, and 182 amu just opposite to the results of
only toluene pyrolysis;

(iii) remarkable differences in temperature based signal
intensity profiles of the species with massesm/z ) 40, 50, 102,
116, 128, 152, 178, 202, and 228 amu (shown in Figure 5) are
found (the noticeable increase in signal intensities of species in
the toluene and acetylene mixture is caused by the direct
contribution of the hydrogen abstraction and acetylene addition
(HACA) mechanism in the formation of those species due to
presence of sufficient acetylene in the mixture);

(iv) suppression of mass signals of phenyl PAHs [an(dm)-a1]
and methyl PAHs [an(dm)-m or an(dm)-CH3] such as a1-a1

(biphenyl,m/z ) 154 amu) and a3-CH3 (methylphenanthrene,
m/z ) 192 amu) after the addition of acetylene.

Comparing both results at different temperatures it is found
that at 1136 K significant peaks atm/z ) 78 amu andm/z )
182 amu assigned to benzene (major product) and bibenzyl are
observed in the case of toluene pyrolysis. On the other hand
significant peaks atm/z ) 116 amu,m/z ) 78 amu andm/z )
40 amu assigned to indene (major product), benzene, and
propyne are observed in the case of the toluene and acetylene
mixture. This change in the major product is directly accountable
to the HACA mechanism. At 1214 K, new peaks appear together
with an increase in intensities of previous peaks in both cases.
In only toluene pyrolysis, the main feature is the appearance of
an species, mainly a2 (naphthalene,m/z )128) and a3 (phenan-

Figure 2. (a) Typical time-of-flight mass spectra of products of toluene pyrolysis at different temperatures and constant pressure 10.12 Torr with
constant residence time 0.56 s. (b) Mass spectra of large PAHs at 1315 K (enclosed into an oval shape) at the enlarged scale for clear observation.

C2H4 + n(C4H2) - m(C1H1) + (C6H4) [an(dm)-a1]
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threne,m/z ) 178), including some peaks out of sequence at
m/z ) 104, 106, 116, 154, 166, and 168 amu. On the other
hand many new peaks appear in the case of the toluene and
acetylene mixture. Especially some sequences of PAHs and their
derivatives are detected. Those products include an species a2,
a3, and a4 (benzo[c]phenanthrene or chrysene,m/z ) 228), andm

species a4d2(pyrene,m/z ) 202) and a5d2 (benzo[e]pyrene,m/z
) 252), an(dm)Cl species a1C1 (phenylacetylene,m/z) 102) and
a2C1 (acenaphthalene,m/z ) 152) together with an(dm)-CH3

species a2-CH3 (methylnaphthalene,m/z ) 142), a3-CH3 (me-
thylphenanthrene,m/z ) 192), a4d2-CH3 (methylpyrene,m/z )
216), and a4-CH3 (methylbenzo[c]phenanthrene or methylchry-
sene,m/z ) 242). These observed products clearly show that
products in only toluene result from a combination of radicals
produced mainly from toluene and benzyl decompositions. On
the other hand almost all products in the case of the toluene
and acetylene mixture result from the trapping of resulting
radicals by acetylene present in the mixture except some an

species such as a4, produced by radical-radical addition, and
an(dm)-CH3 species, produced by methyl radical attack on the
respective neutral species.

At 1315 K, the maximum product species of different varities
ranging from methyl radical to large PAHs up to mass 474 amu
are detected. Many sequences of product species are observed.
Those sequences include linear chain PAHs (an), condensed
PAHs (andm), phenyl PAHs [an(dm)-a1], methyl-substituted PAHs
[an(dm)-CH3], and cyclopenta-fused PAHs [an(dm)-c-CH2] in the
case of toluene (Figure 9) while the disappearance of methyl

PAHs [an(dm)-CH3] and phenyl PAHs [an(dm)-a1] together with
the appearance of ethynyl derivatives of PAHs [an(dm)-C1] are
detected as two unique differences in the case of the toluene
and acetylene mixture (Figure 10).This change of product
species well explains the trapping of methyl, phenyl, and PAHs
radicals by acetylene to result in propyne, phenylacetylene, and
ethynyl derivatives of PAHs.

At 1428 K the large PAHs signals begin to disappear along
with a decrease in signal intensities of lower PAHs. At the mean
time signals of some new smaller species such as propyne (m/z
) 40) and diacetylene (m/z ) 50) appeared in the case of only
toluene, while only diacetylene appeared in the case of toluene
and acetylene mixture. At 1507 K, the disappearance of PAHs
of higher masses and phenyl PAHs [an(dm)-a1] are observed.
On the other hand new peaks for polyynes (C2nH2), ethynyl [an-
(dm)-C1], and diethynyl [an(dm)-C2] derivatives of PAHs are
detected in the case of only toluene pyrolysis (Figure 11), while
no remarkable differences are observed in the case of the toluene
and acetylene mixture (Figure 12).

Pressure-dependent mass spectra (Figure 4) were taken at a
constant temperature of 1315 K and a constant residence time
of 0.56 s. Observed mass spectra show that an increase in
pressure increases the number of species toward the higher mass
region with an increase in the intensities. The effect of pressure
is confirmed by the observation of clear signals of large PAHs
at massesm/z) 448 amu (C36H16) andm/z) 472 amu (C38H16)
with weak peaks (trace amounts) at massesm/z ) 496 amu
(C40H16), m/z) 520 amu (C42H16), andm/z) 522 amu (C42H18)

Figure 3. (a) Typical time-of-flight mass spectra of pyrolysis products of the toluene and acetylene mixture at different temperatures and a constant
pressure of 10.12 Torr with a constant residence time of 0.56 s. (b) Mass spectra of large PAHs at 1315 K (enclosed into an oval shape) at the
enlarged scale for clear observation.
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at a pressure of 15.11 Torr. These species are not observed in
temperature-dependent mass spectra taken at 10.12 Torr.
Observation of these new species indicates that unimolecular
decompositions of toluene and benzyl radical are influenced by
the total pressure. A total of 75 species including smaller species,
radicals, polyynes, ethynyl, methyl, and phenyl derivatives of
PAHs and large PAHs up to massm/z ) 522 amu (C42H18) are
identified in mass spectra (Figures 2-4). The detected species
are listed in Table 1 with their masses and chemical formulas.
Taking into account the complexity of the isomers especially
above a3 and explanation 1 just below, names and notations
are not assigned for the species listed in the Table 1. Detailed
analysis of mass spectra at 1315 K is presented in Figure 9 for
only toluene and in Figure 10 for the toluene and acetylene
mixture. Similarly, mass spectra at 1507 K are presented in
Figure 11 for only toluene and in Figure 12 for the toluene and
acetylene mixture. In these figures some points should be noted
for clear discussion, such as:

1. In each series, symbols with the mass numbers specific to
the series, i.e., the mass numbers that uniquely belong to the
series and do not overlap with the mass numbers in other series,
are indicated over the horizontal line of the series with larger
letters, while those that are not unique to the series are indicated
below the horizontal line with smaller letters. Also, symbols
were not even shown for some overlapping mass numbers to
avoid complexity.

2. For compounds with thec-CH2 group, that is, indene,
fluorene, and thean(dm)hc series, the mass numbers belonging

to the resonantly stabilized radicals such as indenyl

are indicated by the dotted lines starting from the parent
molecules.

Discussion

Although the pyrolysis of toluene has been a subject of
discussion for a long time23 the information regarding the gas-
phase products is extremely limited. Szwarc et al.24 proposed
only bibenzyl as the product, and further the number of products
increased in other studies,10,30-31,34,38,57but still it is limited only
up to benzo[a]pyrene, C20H12. Present experimental results agree
with the results obtained by Smith et al.30,31 He pointed out
that radical species play a more important role in the formation
of PAHs in aromatic pyrolysis. Smith et al. reported the
production of PAH species up to C20H12 and traces of C24H12

at temperatures of 1673-2173 K and low pressures. In the
present study, PAH species up to massm/z) 474 amu (C38H18)
and traces ofm/z) 496 amu (C40H16), m/z) 498 amu (C40H18),
m/z ) 520 amu (C42H16), andm/z ) 522 amu (C42H18) have
been detected. For the discussion of the chemical kinetic
mechanism for the formation of observed products, three
temperature regions can be distinguished on the basis of mass
pattern in Figures 2 and 3: (i) In the low-temperature region
(<1300 K), mainly an species from benzene to phenanthrene
(a3) are observed, and their formation is dominated by radical-

Figure 4. (a) Experimental mass spectra of products of toluene pyrolysis at different pressures (8.25-15.11 Torr) and a constant temperature of
1315 K with a constant residence time of 0.56 s (b) Mass spectra of large PAHs at 15.11 Torr (enclosed into an oval shape) at the enlarged scale
for clear observation.
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radical and radical-molecule reactions. (ii) In the moderate
temperature region (from 1300 to 1428 K), the formation of
large PAHs up tom/z ) 474 amu including their methyl and
phenyl derivatives and cyclopenta-fused PAHs are remarkable.
Formation of those products is dominated by the radical-radical
reactions with major role of cyclopenta-fused radicals such as
cyclopentadienyl and indenyl radicals and radical-molecule
reactions with major role of phenyl attack on PAHs. Growth of
large PAHs also involves the active role of the HACA (hydrogen
abstraction and acetylene addition) mechanism for ring growth
in one step. (iii) In the high-temperature region (>1500 K), the
disappearance of higher mass species (large PAHs) and appear-
ance of some new species of relatively smaller masses are of
particular interest. Newly observed species mainly include small
species, polyynes, and diethynyl derivatives of PAHs. The
formation of these species in this temperature region is
dominated by the HACA.

Chemical Kinetics in the Low-Temperature (<1300 K)
Region. For an overview, see Figure 6, which contains a
comparison of mass spectra only at low temperatures.

At 1136 K, a change in the major product from benzene to
indene and a disappearance of bibenzyl in the case of the toluene
and acetylene mixture together with absence of biphenyl in both
cases are remarkable.

At 1214 K, a significant difference in signal intensities of
linear PAHs mainly a2 and a3 and an appearance of a4 only in
the toluene and acetylene mixture are noticeable. This corre-
sponds to the formation of these species by different reaction
routes. Another unique feature is the appearance of lower
members of condensed PAHs (andm), methyl-substituted
small PAHs [an(dm)-CH3], and ethynyl derivatives of small
PAHs [an(dm)C1] in the case of the toluene and acetylene
mixture.

Detailed Interpretations and Expected Mechanisms.The
significant signal atm/z )182, most probably bibenzyl, is

Figure 5. Temperature-dependent variation of signal intensities of products of both toluene and the toluene+ acetylene mixture. The solid line
represents results from toluene, and the dotted line represents results from the toluene and acetylene mixture. Numbers represent the masses of the
species. Inside the bracket T stands for the species from toluene, and M stands for the species from the toluene and acetylene mixture.
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produced by the recombination of benzyl radicals in the case
of only toluene. In the case of the toluene and acetylene
mixture the major product’s signal atm/z )116, assigned to
indene, resulted from the trapping of the benzyl radical by
acetylene (R12). Such phenomena of trapping of a radical are
also supported by the appearance of propyne (m/z ) 40)
produced due to the trapping of a methyl radical by ace-
tylene in the case of the toluene and acetylene mixture.
Absence of biphenyl in both cases is evidence for the produc-
tion of the benzyl radical in a rather higher concentration
than phenyl at 1136 K. These results agree with previous
studies10,21,25-27,29,44,58,59for the domination of decomposition
of toluene through reaction R1 over R2

Smith et al.30,31 reported the same conclusion based on the
observation of the mass spectrum of hydrogen at 1000°C. The
same result is also obtained by the recent studies of Klippenstein
et al.50 and Oehlschlaeger et al.60 based on the estimation of
rate constants with the activation energy barrier for R1 (Ea )
87.51 kcal) and for R2 (Ea ) 97.88 kcal). The branching ratio,
k1/(k1 + k2), estimated by them is 0.8 at 1350 K. According to
these studies, the branching ratio is inversely proportional to
the temperature and pressure. It means that at the low-
temperature and low-pressure region (1136 K and 10.12 Torr)
at which toluene decomposition started in this study the
branching ratio should be very high. This results in a higher

concentration of benzyl radical than phenyl radical. The higher
concentration of benzyl radical also might be due to its formation
through reactions R3-R5 while phenyl radical formation
through similar types of reactions (i.e., methyl abstraction by
radicals) is difficult due to very slow rates.27 At the same time
benzyl radical recombines to form bibenzyl (R6) and phenyl
radical recombines to form biphenyl (R7)

Muller-Markgraf et al.61 and Brouwer et al.27 have reported
almost equal rate constants for both recombination reactions (R6
and R7) without any energy barriers. Both phenyl and benzyl
radicals are also consumed by the radical combination reactions
R8 and R9 for the formation of benzene and ethylbenzene

Further consumption of biphenyl into a3 is not possible due
to the absence of C2H2 in the mixture while the conversion rate
of bibenzyl into stilbene is expected to be much slower than its

Figure 6. (a) Experimental mass spectra of products of toluene pyrolysis at a temperatures of 1136 and 1214 K. (b) Mass spectra of products of
toluene+ acetylene pyrolysis for comparison of results.

C6H5CH3 + M ) C6H5CH2 + H + M (R1)

C6H5CH3 + M ) C6H5 + CH3 + M (R2)

C6H5CH3 + H ) C6H5CH2 + H2 (R3)

C6H5CH3 + CH3 ) C6H5CH2 + CH4 (R4)

C6H5 + C6H5CH3 ) C6H5CH2 + C6H6 (R5)

C6H5CH2 + C6H5CH2 ) C6H5CH2CH2C6H5 (R6)

C6H5 + C6H5 + M ) C6H5 C6H5 + M (R7)

C6H5 + H + M ) C6H6 + M (R8)

C6H5CH2 + CH3 ) C6H5CH2CH3 (R9)
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rate of formation due to a high activation energy barrier27 (Ea

for R6 ) 0.5 kcal whileEa for R15 ) 51.9 kcal). The above
discussion suggests that the concentration of bibenzyl should
be higher than that of biphenyl. The observation of bibenzyl
and the absence of biphenyl in the present study also well agrees
with this expectation. The biphenyl peak could not be observed
at this temperature because of a low concentration of phenyl
radical as phenyl radical is also consumed to form benzylben-
zene by reaction R10

This is confirmed by the presence of a weak peak of benzyl-
benzene. Observation of benzene as a major product favors its
formation through reactions R8 and R11 and no further
consumption or decomposition at this temperature

The observation of indene as the major product instead of
benzene in the case of the toluene and acetylene mixture is due
to lack of its consumption or decomposition while benzene is
consumed for the formation of phenylacetylene through the
HACA mechanism, which is supported by the weak peak of
phenylacetylene in the beginning of decomposition process and
a significant peak at higher temperatures.

At 1214 K, the appearance of new peaks for indene
and a2 (naphthalene) in the case of only toluene indicates the
initiation of the decomposition of the benzyl radical through
reaction R13 as these species involve acetylene and the
cyclopentadienyl radical in their formation

Similar results are reported by Shivaramakrishnan et al.49 The
variation in the concentration of an species can be explained by
the difference in their formation routes and further consump-
tions. The weak signal of a2 in the case of only toluene suggests

only contribution of reaction R14 with a low concentration of
c-C5H5 while in the case of the toluene and acetylene mixture,
a2 is found to be produced by the major contribution of two
different reactions, first by the HACA reaction from pheny-
lacetylene and next by reaction R15 from the addition of benzyl
and propargyl radicals, as both radicals are resonantly stablized.
The HACA route is backed up by the appearance of the
significant signal of phenylacetylene, and reaction R15 is
supported by the appearance of propyne from 1136 K, which
can easily form the propargyl radical by reaction R16. But the
minor contribution of reaction R14 also cannot be ignored as
benzyl decomposition has already started at this temperature.
The contribution of reactions R15 and R16 and the HACA for
the formation of a2 above 1315 K in the case of only toluene is
also significant based on the appearance of propyne and
phenylacetylene. Formation of a2 by reaction R14 is also
proposed by D’Anna et al.62,63and Skjoth-Rasmussen et al.9 as
the controlling path for aromatic ring growth. Similarly,
formation of a2 by reaction R15 is first proposed by Colket et
al.79 and further supported by McEnally et al.80,81based on their
experimental study on methane/air non-premixed flames doped
with toluene and ethylbenzene

The appearance of a weak signal for a3 (phenanthrene) and the
absence of a biphenyl signal in the case of the toluene and
acetylene mixture support the formation of a3 from biphenyl
(m/z ) 154 amu) by the HACA mechanism.64 Similarly, the
observation of a4d2 (pyrene,m/z ) 202) and a5d2 (benzo[e]-
pyrene,m/z ) 252) also support the further consumption of a3

to form pyrene by the HACA and benzo[e]pyrene by phenyl
attack. But a significant peak of a3 and a weak signal of stilbene
(m/z ) 180) in only toluene pyrolysis suggest different routes
from the HACA due to very low concentrations of both biphenyl

Figure 7. Formation mechanism of products of toluene pyrolysis at 1136 and 1214 K showing clearly the domination of radical-radical and
radical-molecule reactions. Black arrows indicate reaction routes at 1136 K, and gray arrows indicate reaction routes at 1214 K. Thick arrows
indicate dominant routes, and numbers represent molecular masses.

C6H5CH2 + C6H5 ) C6H5CH2C6H5 (R10)

C6H5CH3 + H ) C6H6 + CH3 (R11)

C6H5CH2 + C2H2 ) C9H8 + H (R12)

C6H5CH2 + M ) c-C5H5 + C2H2 + M (R13)

c-C5H5 + c-C5H5 ) a2 + 2H (R14)

C6H5CH2 + C3H3 ) a2 + 2H (R15)

C3H4 + H ) C3H3 + H2 (R16)
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and acetylene. They favor the consecutive reactions R17
conversion of bibenzyl into stilbene by H2 elimination and
reaction R18 conversion of stilbene into a3 by H2 elimination
and ring closing reactions as dominant routes. Reaction R19
also can contribute significantly in the formation of a3 due to a
low-energy process, but the concentration ofc-C5H5 is expected
to be low at this temperature in both cases

Bruinsma et al.65 and Errede et al.57 have well demonstrated
the conversion paths of bibenzyl into stilbene and phenanthrene
(a3). The observation of a significant peak atm/z ) 228 only in
the case of the toluene and acetylene mixture is assigned to a4

(Benzo[c]phenanthrene or chrysene). The increase in the signal
intensity of a4 and the sharp fall in the intensity of indene above
1214 K indicate its formation by the recombination of indenyl
radicals83 by reaction R20

It seems reasonable to explain the observation of methyl PAHs
[an(dm)-CH3] and ethynyl PAHs [an (dm)-Cl] only in the case of
the toluene and acetylene mixture because of the direct attack
of the methyl radical on the corresponding an or an(dm) species
and the trapping of PAH radicals by C2H2 present in the mixture.

Their formation routes are explained in detail in the next section
(moderate temperature region). Kinetic discussion of this
temperature region can be concluded as: (a) Toluene decom-
position into the benzyl radical and hydrogen is dominant. (b)
Reaction mechanisms below 1300 K are dominated by radical-
radical and radical-molecule reactions in the case of only
toluene while there is also an effect of HACA in the case of
the toluene and acetylene mixture. (c) Formation routes of a2

(naphthalene) and the first member of PAH a3 (phenanthrene)
in toluene pyrolysis with and without addition of acetylene are
completely different. The detailed overviews of the above-
discussed reaction flow paths are summarized in Figure 7 and
Figure 8.

Chemical Kinetics in the Moderate Temperature (1300-
1428 K) Region. At 1315 K, the appearance of many new
signals from lower to higher masses (15-474 amu) and the
disappearance of the bibenzyl signal in the case of only toluene
and a sharp fall in the intensity of indene in the case of the
toluene and acetylene mixture are in good agreement with the
observations of Hippler et al.29 and Jones et al.67 They indicated
that the rate of recombination of benzyl radicals and its reaction
with other aromatic species significantly reduced while the rate
of decomposition of the benzyl radical significantly increased
above 1300 K. The disappearance of bibenzyl and stilbene
signals, a rather weak signal for indene, and the dominant peak
of a3 (greater than all PAHs) are expected to result from the
acceleration of reactions R17-R19. The disappearance of
bibenzyl may also be due to its decomposition into the benzyl
radical by the reaction R21 followed by decomposition of benzyl

Figure 8. Formation mechanism of products of toluene+ acetylene pyrolysis at 1136 and 1214 K showing clearly the influence of the
HACA mechanism together with aromatic radical-radical and radical-molecule reactions. Black arrows indicate the reaction routes
at 1136 K, and gray arrows indicate reaction routes at 1214 K. Thick arrows indicate dominant routes, and numbers represent molecular
masses.

C6H5CH2CH2C6H5 + M ) C6H5CHCHC6H5 + H2 + M (R17)

C6H5CHCHC6H5 + M ) a3 + H2 + M (R18)

C9H7 + c-C5H5 ) a3 + 2H (R19)

C9H7 + C9H7 ) C18H12 (a4) + H2 (R20)

PAH Formation in Toluene Pyrolysis J. Phys. Chem. A, Vol. 111, No. 34, 20078317



radical through reaction R13 and also trapping of benzyl radical
by C2H2 to form indene (reaction R12)

Finally, the dominant routes for the formation of large PAHs
through reactions R12, R13, R14, and R19 are accelerated. At
this temperature a maximum number of species could be
observed in the present study. An overview of Figures 9 and
10 gives the following information:

1. In the pyrolysis of the toluene and acetylene mixture, the
observed mass spectra (Figure 10) show regular and monotonic
decreases of intensity toward higher mass numbers above∼250
amu while in the only toluene pyrolysis (Figure 9) some
noticeable irregularity is found.

2. In the only toluene pyrolysis at 1315 K, where the largest
PAHs were observed, the compounds with an odd number
carbon atoms seem relatively abundant. When the temperature
was raised to 1428 K and above or acetylene was added, their
relative intensities became weaker, and the growth of PAHs
seems depressed. This implies the role of intermediates with
odd carbons, i.e., cyclopentadienyl and cyclopenta-fused aro-
matic radicals such as indenyl and 4H-cyclopenta[def]phenan-
threnyl radicals, in the growth of PAHs.

3. Each peak of the primary alternate PAHs is found
associated with a+2 mass peak.

Detailed Interpretations and Expected Mechanisms.Weak
mass peaks of an species above∼a4 indicate their formation in
an inefficient way. Their structure reflects that their formation
is only possible by the two-step HACA mechanism, which is
expected to be inefficient for faster ring growth. Against this
expectation, the observation of significant mass peaks for a3

and a4 in the present study can be explained in terms of different
reaction routes for their formation as explained previously.

The next abundant PAH is assigned to the first member of
the condensed PAH [andm] species, i.e., a4d2 (m/z ) 202)
exclusively pyrene, which is easily formed from the acetylene
addition to phenanthrene while in the case of the toluene and
acetylene mixture self-reaction of phenylaceylene also cannot
be ignored, which is supported by the high concentration of
phenylacetylene and rather significant signal of pyrene. Other
strong peaks continue on higher masses with a C6 interval, say,
m/z ) 252/276, 326/350, ..., are assigned to a5d2/a6d4, a7d4/
a8d6... The mechanism relevant to this continuation is implied
to be the phenyl radical addition to small PAHs. This is further
backed up by the abundance of [an(dm)-a1] peaks, which appear
at +2 mass number larger than primary PAHs.

On the basis of abundance of phenyl PAHs [an(dm)-a1] it is
not difficult to assume that these species are produced by the
reaction of benzene and PAH radicals, phenyl radical, and neu-
tral PAHs or by the direct addition of phenyl and PAH radicals.
This is supported by the decrease in signal intensity of benzene
above 1214 K. These+2 mass peaks [an(dm)-a1] become weaker
at high temperature in the case of only toluene and when acety-
lene was added at this temperature. This is clearly supported
by the significant signal of biphenyl (m/z ) 154) over acena-
phthalene (m/z)152) (Figure 9), which becomes reverse at high
temperatures (Figure 11) and after addition of acetylene (Figure
10). This decrease in intensity is expected to be due to trapping
of phenyl and PAH radicals before attacking each other by
acetylene to form phenylacetylene and ethynyl derivatives of
PAHs. This is supported by the appearance of a significant signal
of phenylacetylene only at high temperature in the case of only
toluene and from the beginning of the decomposition process
(1136 K) in the case of the toluene and acetylene mixture.

A decrease in the intensities of phenyl PAHs at high
temperatures also might be due to their conversion into new
PAHs. Phenyl PAHs produced by the phenyl radical attack at
the triple fusing site are changed to condensed (benzenoid)
PAHs while phenyl PAHs produced by the phenyl radical attack
at the double fusing site are changed to PAHs having a
cyclopenta ring enclosed among the six-membered rings (non-
benzenoid PAHs) followed by H2 elimination and ring closing
processes. For example, phenylphenanthrene resulted due to the
attack of phenyl radical at the triple fusing site of phenanthrene
is changed to benzo[e]pyrene (a5d2), and phenylnapthalene
resulted from phenyl radical attack on the double fusing site is
changed to fluoranthene (m/z ) 202), an isomer of pyrene (as
shown below in schemes a and b). As resulting products in both
cases consist triple fusing sites, they can easily further grow
into the large PAHs (either benzenoid or non-benzenoid) both
by the HACA mechanism as well as by the phenyl radical attack.

This reaction sequence is also supported by Frenklach et al.64

who have demonstrated the formation of benzocoronene from
the reaction of benzo[ghi]perylene and benzene.

The odd carbon number compounds that are prominent in
the toluene spectrum at 1315 K are ascribed to be the methyl-
substituted PAHs [an(dm)-CH3] and the derived PAHs with a
five-membered ring [an(dm)-c-CH2]. At elevated temperatures
an(dm)c-CH2 species are dominant over an(dm)-CH3 species. At
this temperature, the odd carbon number compounds are
accompanied by corresponding radicals [an(dm)c-CH•]. From
these observations, it is not difficult to assume that methyl-
substituted PAHs analogous to toluene are unstable at high
temperatures and are converted to corresponding radicals
[an(dm)-CH2

•] both by direct dissociation and by the attack of
free H atoms. These resulting radicals are changed to stable
PAHs having a five-membered ring [an(dm)-c-CH2] by H
elimination and ring closing reactions. PAHs with a five-
membered ring such as 4H-cyclopenta[def]phenanthrene

produced from methylphenanthrene

are fairly stable, and their derived radicals

C6H5CH2CH2C6H5 + M ) 2 C6H5CH2 + M (R21)
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Figure 9. Experimental mass spectra of products (m/z > 110) of toluene pyrolysis at a temperature of 1315 K with microanalysis of mass peaks
showing many sequences of species.

Figure 10. Experimental mass spectra of products (m/z > 110) of pyrolysis of the toluene and acetylene mixture at a temperature of 1315 K with
microanalysis of mass peaks showing many sequences of species.
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Figure 11. Experimental mass spectra of products (m/z > 110) of toluene pyrolysis at a temperature of 1507 K with microanalysis of mass peaks
showing many sequences of species.

Figure 12. Experimental mass spectra of products (m/z > 110) of pyrolysis of the toluene and acetylene mixture at a temperature of 1507 K with
microanalysis of mass peaks showing many sequences of species.
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are expected to be very stable with resonance electronic
structures similar to cyclopentadienyl

and indenyl

It should be noted that the mass peaks for PAH species with
a five-membered ring [an(dm)-c-CH2 or an(dm)hC] are ac-
companied by the mass peaks with-1 mass, assigned to the
resonantly stabilized radicals. This is also clearly supported by
the appearance of the mass peaks atm/z ) 115 amu for indenyl
andm/z) 165 amu for fluoryl radicals. These resulting radicals
are expected to contribute efficiently in the ring growth by the
inter- and intramolecular reactions followed by H2 elimination
and ring-closing processes similar to

On the other hand, methyl-substituted PAHs produced from
methyl radical attack at single and double fusing sites, for
example, methylnaphthalene or methylpyrene also form their
corresponding radicals at high temperatures, which further
changed to PAHs with three- and four-membered rings by H2

elimination and ring closing processes such as

These resulting PAHs having three- or four-membered rings
contain only single and double fusing sites due to which they
cannot contribute in the further ring growth process efficiently
to form large PAHs. Existence of PAHs with an odd number
of carbons is also proposed by Apicella et al.19 without any

mechanistic discussion. Finally the kinetic mechanisms dis-
cussed in this temperature range can be summarized as:

(a) The formation pathways of large PAHs in toluene
pyrolysis are contributed by inter and intramolecular reactions
of cyclopenta fused radicals, i.e., radical species with an odd
number of carbon atoms.

(b) The growth of large PAHs is highly influenced by the
phenyl radical attack especially on the triple fusing site of
PAHs.

(c) The role of the HACA mechanism is only found important
for ring growth by two carbon atoms from the PAHs containing
triple fusing sites produced by the above reactions.

Chemical Kinetics in High-temperature (>1500 K) Re-
gion. An overview of Figures 11 and 12 gives the following
information. In both cases most of the signals of species having
an odd number of carbon atoms are suppressed while large PAH
signals as well as signals of phenyl-PAHs [an(dm)-a1] completely
disappeared.

On the other hand, new peaks for polyynes such as triacety-
lene (74 amu) and several weak peaks with mass number-2
from primary PAHs appeared.

Mass peaks atm/z ) 50 assigned to diacetylene suddenly
increased.

Detailed Interpretations and Expected Mechanisms.These
peaks with-2 mass numbers are attributed to the ethynyl
derivatives (andmC1) and diethynyl derivatives (andmC2). Par-
ticularly in both cases diacetylene, triacetylene (m/z )74 amu),
phenyldiacetylene a1C2 (m/z )126 amu), and diacenaphthylene
a2C2 (m/z )176 amu) are found to be significant. These
observations support the production of acetylene in high
concentrations from the decomposition of some neutral and
radical species such as C6H6, C6H5, C7H7, andc-C5H5 (Figure
13) as well as provide evidence for the disappearance of phenyl
PAHs and depression of methyl PAHs due to trapping of the
resulting radicals (phenyl and methyl) by C2H2. This indicates
that most of the toluene is converted into smaller species
(especially acetylene) through decomposition reactions R13 and
R22. The depression of large PAH growth and growth of
abundance of an(dm)Cl species can be explained together based

TABLE 1: Chemical Species Detected during the Pyrolysis
of Toluene

mass
(amu)

chemical
formula

mass
(amu)

chemical
formula

mass
(amu)

chemical
formula

15 CH3 168 C6H5CH2C6H5 350 C28H14

28 C2H4 176 C2HC10H6C2H 352 C28H16

40 C3H4 178 C14H10 364 C28H14CH3

50 C4H2 180 C14H12 374 C30H14

52 CH2CHCCH 182 C14H14 376 C30H16

66 c-C5H6 190 C15H10 390 C30H15CH3

78 C6H6 192 C14H9CH3 398 C32H14

79 c-C5H5CH3 202 C16H10 400 C32H16

91 C6H5CH2 204 C16H12 402 C32H18

92 C6H5CH3 216 C16H9CH3 414 C32H15CH3

102 C6H5C2H 226 C18H10 424 C34H16

104 C6H5C2H3 228 C18H12 426 C34H18

106 C6H5C2H5 or 230 C20H10 438 C34H15CH3

CH3C6H4CH3 242 C18H11CH3 448 C36H16

115 C9H7 252 C20H12 450 C36H18

116 C9H8 254 C20H14 464 C36H17CH3

126 C2HC6H4C2H 266 C20H11CH3 472 C38H16

127 C10H7 276 C22H12 474 C38H18

128 C10H8 278 C22H14 486 C38H15CH3

130 C10H10 290 C22H11CH3 496 C40H16

140 C11H8 300 C24H12 498 C40H18

142 C10H7CH3 302 C24H14 512 C40H17CH3

152 C10H6C2H2 314 C24H11CH3 520 C42H16

154 C6H5-C6H5 326 C26H14 522 C42H18

166 C13H10 340 C26H13CH3
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on the production of sufficient C2H2 from unimolecular
decompositions, as:

1. Unstable primary (linear chain) PAHs are expected to grow
to fully stable condensed (benzenoid) PAHs by the HACA. As
unstable primary PAHs with zigzag structures contain triple
fusing sites, they easily changed by one-step HACA to
condensed PAHs having only single and double fusing sites.
These resulting condensed PAHs can be easily changed into
PAHs with five-membered ring by one-step HACA, which is
supported by the observation of such species at this temperature.

2. Another cause of the depression of large PAHs is the
trapping of the key radicals CH3 and phenyl by C2H2 before
attacking the small PAHs, which stops their further growth into
large PAHs. This is supported by the appearance of pheny-
lacetylene and propyne signals together with the disappearance
of phenyl PAH [an(dm)-a1] signals.

The increase in the intensity of diacetylene (C4H2, 50 amu)
may also be contributed by the reactions R23-R31. Diacetylene
(C4H2)is further consumed by reaction R32 to form triacetylene
(C6H2, m/z ) 74 amu)

Because of the decrease in concentrations of key radicals,
especially C6H5CH2, C6H5, c-C5H5, and CH3, the dominant
routes for the formation of large PAHs cannot be accelerated
enough. As a result, large PAH concentration becomes insuf-
ficient to be detected. Acetylene could not be detected in this
study due to its high ionization potential (11.40 eV) greater than
the ionization energy of SPI (10.5 eV) used in the present study.

According to the polyynes kinetic model,68 diethynyl deriva-
tives are produced by the ring -opening reactions of the closest

Figure 13. Formation mechanism of products of toluene pyrolysis above 1507 K dominated by the HACA mechanism and decomposition reactions.
Bold arrows indicate dominant routes, and numbers represent molecular masses.

c-C5H5 + M ) C2H2 + C3H3 + M (R22)

C6H5CH2 + M ) C4H4 + C3H3 + M (R23)

C6H5 + M ) C4H3 + C2H2 + M (R24)

C6H6 + M ) C4H4 + C2H2 + M (R25)

C4H4 + M ) C4H2 + H2 + M (R26)

C4H3 + M ) C4H2 + H + M (R27)

C4H4 + H ) C4H3 + H2 (R28)

C4H3 + H ) C4H2 + H2 (R29)

C2H2 + H ) C2H + H2 (R30)

C2H2 + C2H ) C4H2 + H (R31)

C4H2 + C2H ) C6H2 + H (R32)
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large PAH species by the fission of one of the C-C bonds of
the aromatic ring. These ethynyl derivatives further converted
to polyynes by C2H2 elimination following sequential reactions.
On the other hand our experimental results support the formation
of diethynyl derivatives by the HACA mechanism and polyynes
by the above explained chain reactions. Reaction mechanisms
discussed at this temperature are summarized in Figure 13.
Observation of the disappearance of large PAHs at high
temperatures was also reported in other studies.13,16,30,31Finally,
it can be concluded that the kinetic mechanism in this temper-
ature zone is dominated by the HACA mechanism.

Benzyl radical decomposition is the most important reaction
in toluene pyrolysis because it decides the formation routes of
products. Both reactions R13 and R23 are suggested by Colket
et al.10 and Smith et al.30,31 for benzyl decomposition routes.
On the other hand, reaction R33 is proposed by shock tube
studies25,26,28,29,58,67and Frochtenicht et al.69 based on a pho-
tolysis study in a molecular beam with a mass spectrometer

Jones et al.67 suggested both reactions R13 and R33 based on
their experimental and theoretical (especially by ab initio
quantum chemical calculations) results. Observation of mass
peaks for cyclopentadiene (c-C5H6), vinylacetylene (C4H4), and
diacetylene (C4H2) in the present study indicates the decomposi-
tion of the benzyl radical by reactions R13 and R23.

Marsh et al.20 reported that the concentration of PAHs
decreases with an increase in number of aromatic rings. Thus,
PAHs larger than 522 amu could not be detected in this study
probably due to very low concentration. Similar to Mathieu et
al.13 and Dobbins et al.14,15most of our detected species masses
coincide with those predicted by Stein and Fahr82 to be the most
thermodynamically stable isomers (Stabilomers). Mass spectra
do not identify the species. Therefore, only sequential discus-
sions are presented here.

Wang and Frenklach70 modeled the kinetics of the combustion
process through the network of elementary reactions for PAH
formation by using the HACA mechanism. This mechanism was
further supported by many other studies.13,71-77 However, an
increase in the mass of PAHs by the HACA is not sufficient to
explain the very fast formation of soot in combustion
processes.10,11,30,31,62-65 The mechanism for the formation of soot
precursor by aromatic radical-radical combinations and radi-
cal-molecule reactions proposed by Homann and Wagner78 is
thought to be the major path and addition of di-acetylene and
acetylene as mortar to hold aromatic breaks together. The present
study has found qualitative evidence for the active role of
cyclopenta-fused PAH radicals and the phenyl radical in large
PAH growth while the role of the HACA is found to be only
significant for ring growth from triple fusing sites. Thus, it seems
clear that only HACA is not sufficient to explain the fast process
of soot generation.

Conclusions

The mechanistic study of toluene pyrolysis at low pressures
(8.25-15.11 Torr) and temperatures (1136-1507 K) can be
summarized as following:

1. Several sequences of PAHs from small to large PAHs up
to mass 522 amu (C42H18), their methyl, phenyl, and ethynyl
derivatives including some kinetically important radicals are
detected.

2. This study confirms that any one kinetic model alone
cannot explain perfectly the large PAH formation in toluene

pyrolysis. The role of aromatic radical-radical and radical-
molecule reactions are found to be dominant while the influence
of the HACA mechanism is also important for ring growth in
one step by two carbon atoms from PAHs having a triple fusing
site.

3. Different reaction flow paths for the formation of PAHs
are proposed on the basis of experimental results with a major
emphasis on phenyl, cyclopentadienyl, benzyl, indenyl, and
cyclopenta-fused PAHs radicals resulting from methyl PAHs.
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