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The role of methyl radicals in the networking of sp2 carbons has been explored through
kinetic analysis of mass spectra of the gas-phase products of the pyrolysis of toluene and
toluene/acetone mixtures. Pyrolytic reactions were performed in a flow tube reactor at
temperatures of 1140–1320 K and a constant total pressure of 10.38 Torr with a residence
time of 0.585 s. On addition of acetone, methyl substituted products and their derivatives
were enhanced. Mass peaks were observed in several sequences at an interval of 14 mass
units; these ions correspond to methyl substituted products formed as a result of hydrogen
abstraction (�H) followed by methyl radical addition (�CH3). Each major peak was
usually preceded by a peak at two mass units lower, which was likely produced through
dehydrogenation/dehydrocyclization (�H2) of methyl substituted products. Detected
species include a large number of alkyl, cyclotetrafused (CT), cyclopentafused (CP) mono-,
di-, and polycyclic aromatic hydrocarbons (PAHs) along with primary PAHs. The analysis
showed that MAC (methyl addition/cyclization) has a unique capacity to induce the
sequential growth of hexagonal networks of sp2 carbons from all fusing sites [1] of a PAH.
Moreover, MAC was found capable of answering an important question in PAH growth,
which is expansion of the CT ¡ CP ¡ hexagonal network for which other reported
mechanisms are inefficient. (J Am Soc Mass Spectrom 2010, 21, 534–544) © 2010 American
Society for Mass Spectrometry

The construction of a mechanism of soot formation
for fuel oxidation and pyrolysis remains an inter-
esting and challenging topic for combustion re-

searchers. Soot formation is a very fast, complex process
and it is not completely understood. There are four
main factors impeding a better understanding of the
sooting mechanism. The first is the reactions that are
responsible for soot nucleation involve highly reactive
species such as radicals that have a complicated chem-
istry. The second is the involvement of many competing
reactions. The third is the existence of a large number of
isomers, especially of PAHs, and the fourth is the
unavailability of thermodynamic and kinetic parame-
ters for the large number of neutral and radical species
involved.
One of the popular mechanisms for the growth of

PAHs under pyrolytic conditions is hydrogen abstrac-
tion and acetylene addition (HACA) [2–5], which has
been found to be slow relative to the very fast process of
PAH and soot formation [6, 7]. As an alternative fast
process, Böhm et al. [6] proposed aromatic ring-ring
condensation followed by a C2H2 addition mechanism.
In addition, aryl-aryl combination followed by ring
cyclization [8–11] and a particle filler model [12] were
reported in other studies. Similarly, the condensation of
an aromatic radical and neutral species was proposed

by Unterreiner et al. [13]. Very recently, we have
proposed a highly efficient phenyl addition/cyclization
(PAC) mechanism [14] for the growth of large PAHs
accelerated by the phenyl radical chain carrier. How-
ever, all these mechanisms have ignored the role of
alkyl radicals in the formation of PAHs from alkylaro-
matic compounds, such as toluene present in fuels.
Similar to acetylene, methyl radical is also produced
significantly during pyrolysis and oxidation of most
aliphatic and alkylaromatic hydrocarbons. On the basis
of the substantial growth of a graphene layer by methyl
radicals, Wellmann et al. [15] suggested that the influ-
ence of methyl radicals might also be significant in soot
formation. From a literature review of the reactions of
methyl radical with aromatic species and PAHs, it is
found that studies have been generally limited to the
reaction of methyl radical with toluene. Some papers [9,
16–18] have reported faster abstraction of H atom from
the aromatic ring of toluene by methyl radical to
produce o- and p-xylenes, while other studies [19–21]
have observed faster abstraction of H atom from the
side chain to produce ethylbenzene. Unterreiner et al.
[22] have reported the chemisorption of methyl radicals
on large PAHs. However, the role of methyl radicals in
PAH growth and soot formation has not yet been
explored. Although methyl radical is an unstable spe-
cies that reacts rapidly with other radicals and neutral
species, its role in the formation of PAHs may be
relevant to mechanisms of combustion. Moreover,
methyl radical might be significantly influencing the
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chemical vapor deposition (CVD) growth of carbon
nanotubes (CNTs) and “graphene,” an important re-
search area, since many groups have been synthesizing
CNTs [23–25] and graphene [26, 27] from methane. In
our previous study [1], the importance of methyl radi-
cals in PAH growth was suggested. In the present
study, we have explored this process in detail. Pyrolysis
of toluene with and without addition of acetone was
performed in a flow tube reactor, and the resulting
gas-phase products were detected by using vacuum
ultraviolet (VUV) single photon ionization (SPI) time-
of-flight mass spectrometry (TOFMS). Acetone was
selected as a methyl source due to its facile thermal
decomposition.

Experimental

The details of the experimental setup have been de-
scribed elsewhere [1]. Briefly, the apparatus consists of
a quartz reaction tube wrapped with a tungsten heater
placed into a source chamber aligned with the linear
time of flight mass spectrometer (TOFMS). An ultravi-
olet (UV) laser pulse (355 nm) was loosely focused into
the frequency tripling cell filled with xenon (pressure�
7.41 Torr) to generate vacuum ultraviolet (VUV) pho-
tons at 118 nm (10.5 eV). The UV beam was separated
and removed by a LiF crystal prism to avoid the (1 � 1)
ionization by 355 nm and 118 nm photons. Flows of 40%
toluene with 60% He or 20% toluene, 20% acetone, and

60% He (by volume) were supplied into the reactor
through the mass flow controllers. The gaseous prod-
ucts were continuously sampled through a pinhole and
were collimated by a 1.0 mm orifice skimmer mounted
3.0 mm from the pinhole. 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, lenses, and deflectors through the [field-
free] drift tube to the MCP (multi-channel plate). Mass
spectra were recorded at three different temperatures of
1140–1320 K and at a constant total pressure of 10.38
Torr with a constant residence time of 0.585 s.
The occurrence of electron impact ionization by

photoelectrons produced by stray light and the possi-
bility of multi-photon ionization that may cause frag-
mentation were considered; these processes were ruled
out by the absence of signal from species with ion-
ization energies greater than 10.5 eV and the absence
of fragment ions. The laser power dependence was
monitored to avoid fragmentation from multi-photon
ionization.

Results

All observed mass peaks have been normalized with
respect to VUV intensities observed at each temperature
just before the sample introduction. Mass spectra of the
products of pyrolysis of the toluene/acetone mixture

Figure 1. Typical TOF mass spectra of products of a toluene/acetone mixture at three different
temperatures and a constant total pressure of 10.38 Torr with a residence time of 0.585 s. These
mass peaks have been normalized with respect to VUV intensities observed at each temperature
just before the sample introduction.
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are shown in Figure 1. Generally, mass peaks appeared
in bundles in which each successive peak differs from
its closest former neighbor by two mass units (2 u),
indicating the corresponding species with the same
number of carbons and two fewer hydrogen atoms.
Mass peaks of methyl substituted products are found at
the highest mass number and their derived dehydroge-
nated/dehydrocyclized products at consecutive�2 u in
the same-carbon-number block of peaks. Also, com-
pounds with smaller masses (�78 u) were observed
uniquely. From all possible candidates for a mass peak,
the most probable identity has been assigned with the
help of chemical kinetics, which will be discussed in
detail in the discussion section.

Changes in Mass Spectra on Addition of Acetone

The mass spectra observed at three different temper-
atures in toluene/acetone pyrolysis are compared
with those for toluene only in Figure 2, and the assign-
ment of mass peaks is shown in Table 1. Identified mass
numbers, especially for aromatic products, have been
shown in the ladder-like Scheme 1. The addition of
acetone significantly increases the intensities of ethyl-
benzene (m/z � 106) and its derived products by
significantly depleting the intensity of bibenzyl (m/z �
182). Moreover, a unique result is the appearance of
mass peaks at regular intervals in sequential patterns as
shown at the top of Figure 1 and below in Scheme 1.

Particularly in the case of the toluene/acetone mixture,
mass peaks appeared at equal intervals of mass 14 u
(horizontal arrows) followed by another similar se-
quence of mass peaks at �2 u; these latter peaks either
appear or become significant only at high temperatures
(downward vertical arrows).
This scheme clearly shows the systematic growth of

aromatic species from benzene (m/z � 78) to a PAH,
pyrene (m/z � 202), and beyond. The most interesting
feature is the regular growth by 14 u that most probably
corresponds to loss of H and addition of methyl radical, a
chain accelerating species for the overall growth process.

Figure 2. Comparison of TOF mass spectra of products of a toluene/acetone mixture and those of
pure toluene recorded at three different temperatures and a constant total pressure of 10.38 Torr with
a residence time of 0.585 s. These mass peaks have been normalized with respect to VUV intensities
observed at each temperature just before the sample introduction.

Scheme 1. Schematic representation of detected mass numbers.
Horizontal arrows represent the regular increase in mass by 14 u and
downward vertical arrows represent the decrease in mass by 2 u.
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Table 1. Species detected during the pyrolysis of a toluene/acetone mixture that were not produced in pure toluene (species
produced in pure toluene can be seen in Shukla et al. [1].

m/z Assigned compounds

42 Ketene CH2 � CO
118 Propenylbenzene/indane

120 Propylbenzene

130 Methylindene

132 Methylindane

142 1-Methylnaphthalene

154 Ethenylnaphthalene/acenaphthene

156 Ethylnaphthalene

166 1H-phenalene/methylacenaphthylene/
1H-benz[e]indene

168 Methylbiphenyl/1-(2-propenyl)
naphthalene/1H-benz[e]indane

180 Dihydrophenanthrene/methyl
1H-benz[e]indene/methylyfluorene/

182 Ethylbiphenyl

190 4H-cyclopenta[def]phenanthrene
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Changes in Mass Spectra with Increasing Temperature

The most remarkable change observed in the mass
spectra with increasing temperature was the appear-
ance or enhancement of �2 u peaks with the loss of the
neighboring higher mass number peaks in each bundle.
This result suggests that the �2 u species are the
dehydrogenated or dehydrocyclized products of the
corresponding higher mass species. Figure 3 shows
the temperature-dependent variations of the intensities
of some important species. With increasing tempera-
ture, most of the toluene and all of the acetone reagents
were found to be consumed, reflecting the greater rate
for thermal decomposition of acetone (eqs 1a and 1b),

over toluene (eqs 2a and 2b); through these decompo-
sition reactions, the primary active species, C6H5CH2,
C6H5, H, and CH3, are produced,

CH3-CO-CH3�M ¡ CH3COCH2�H�M (1a)

CH3COCH2 ¡ CH2�CO�CH3 (1b)

C6H5CH3�M ¡ C6H5CH2�H�M (2a)

C6H5CH3�M ¡ C6H5�CH3�M (2b)

At low-temperature (1140 K) when acetone was added
to toluene, there was significant enhancement in the

Table 1. Continued

m/z Assigned compounds

192 Methylphenanthrene

194 Methyldihydrophenanthrene

204 Dihydropyrene/methyl-4H-
cyclopenta[def]phenanthrene

206 Ethylphenanthrene

216 Methylpyrene

218 Methyldihydropyrene

226 Cyclopenta[cd]pyrene

228 Ethenylpyrene/3–4
dihydrocyclopenta[cd]pyrene
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peaks for ethylbenzene (m/z � 106) and its derived
products, as well as loss of bibenzyl (m/z � 182); in
addition, some aliphatic products at m/z � 78 and
aromatic products at m/z � 116, 118, 120, 128, 130, 132,
142, 190, 192, 196, 204, and 206 were also observed.
Detection of these species upon addition of acetone, a
major source of methyl radicals, suggests that they are
either methyl substituted species or their derived prod-
ucts. At 1236 K, the appearance of many new species,
especially at higher masses, enhancement in cycliza-
tion products (�2 u peaks), and the significant de-
crease of ethylbenzene (m/z � 106) and styrene or
bicyclo[4.2.0]octa-1,3,5-triene (m/z � 104), are remark-
able. At 1320 K, there is a sharp decrease in concentra-
tions of most species; however, enhancement in the
production of naphthalene and pyrene, as shown in the
middle and bottom frames of Figure 3, reflects their
higher rates of production with lower rates of consump-
tion by methyl radicals.

Discussion

The mass spectrum of acetone at room-temperature was
measured and is shown in Figure 4. This spectrum

clearly shows the negligible effect of photolysis of
acetone in the present study, similar to the results of
Mullen et al. [28] and Wei et al. [29a]. These results
indicate that all observed products are the result of
bimolecular reactions caused by thermal decomposition
of toluene and acetone.
On addition of acetone to toluene, the significant

enhancement in the intensity of ethylbenzene (m/z �
106, C6H5C2H5), which is the product of benzyl
(C6H5CH2) � methyl (CH3), and the depletion of biben-
zyl (m/z � 182), which is the product of benzyl
(C6H5CH2) � benzyl (C6H5CH2), reflects the higher
rates of production of methyl radical (eqs 1b, 2b) than
that of benzyl radical (eq 1a). On the basis of the rapid
quenching of benzyl radical by the methyl radical to
form ethylbenzene, this result also indicates that the
radical recombination reaction (eq 3) is faster than that
of (eq 4), which may be due to the smaller size and
higher reactivity of methyl radicals.

C6H5CH2�CH3 ¡ C6H5CH2CH3 (3)

C6H5CH2�C6H5CH2 ¡ C6H5CH2CH2C6H5 (4)

The change in major pyrolysis products from pure
toluene to the mixture especially at low-temperature
(i.e., benzene to ethylbenzene, top frame of Figure 3)
suggests that the chain carrier H, which produces
benzene by (eq 5) in the toluene pyrolysis, reacts with
acetone (eq 6) in the toluene/acetone mixture to accel-
erate reaction (eq 1b); this process results in the rapid
decomposition of acetone to produce methyl radicals.

Figure 3. Temperature-dependent variation of signal intensities
of some important species. Bold lines represent products from
pure toluene (100%) and dotted lines represent products from the
toluene/acetone mixture (1:1).

Figure 4. TOF mass spectra of acetone at room temperature 298
K, which shows the negligible fragmentation caused by laser
photolysis.
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C6H5CH3�H ¡ C6H6�CH3 (5)

CH3-CO-CH3�H ¡ CH3COCH2�H2�M (6)

The occurrence of ion sequences with an interval of 14 u
results from H-atom abstraction (�1 u) followed by
CH3 radical addition (�15 u). Another interesting series
is the appearance of one to three additional peaks that
sequentially appear at 2 u lower than the dominant
peak; these ions dominate at high temperatures with
simultaneous loss of the higher mass peaks. These
experimental facts clearly suggest the following forma-
tion and successive conversion routes:

1. The probable candidates for the 14 u interval peaks
from stable species such as benzene (e.g., m/z � 92,
106, 120), are methyl, ethyl/dimethyl and propyl/
ethylmethyl-derivatives, respectively. The presence
of dimethyl or ethylmethyl-derivatives, rather than
their isomers, ethyl and propyl-derivatives, is unlikely
due to steric hindrance in the ortho derivatives; more-
over, the meta and para derivatives cannot readily
form dehydrogenated or dehydrocyclized products
(�2 u peaks).

2. Generally in each bundle of peaks, the appearance
or dominance of the �2 u peaks at high tempera-
tures indicates the formation of stable cyclization
products, such as externally fused CT-PAHs, CP-
PAHs, and primary PAHs as a result of dehydrocy-
clization of alkyl-PAHs because of their thermal
instabilities.

On the basis of these results for the observed sequen-
tial mass spectra, kinetic mechanisms for the formation
of detected species are discussed below.

Kinetics of the Formation of CT and CP Fused
Aromatic Products and Primary PAHs

It is interesting to note that the observed unique se-
quences of mass peaks at repeating intervals of 14 u
have been found starting from mono-, di-, and tricyclic
aromatic hydrocarbons. For example, those sequences
started (1) from benzene (m/z � 78), with corresponding
peaks at m/z � 92, 106, 120, which are assigned to
toluene, ethylbenzene, and propylbenzene produced by
reaction (eq 7), (2) from naphthalene (m/z � 128), with
corresponding peaks at m/z � 142, 156 (very weak)
which are assigned to 1-methylnaphthalene and 1-
ethylnaphthalene produced by reaction (eq 8), and (3)
from phenanthrene (m/z � 178) with corresponding
peaks at m/z � 192, 206, which are assigned to methyl-
phenanthrene and ethylphenanthrene produced by re-
action (eq 9). Once again the main reason for assigning
ethylbenzene, propylbenzene, 1-ethylnaphthalene and
ethylphenanthrene as the identities for the mass peaks
at m/z � 106, 120, 156, and 206 instead of their dialkyl
isomers, such as dimethylbenzene (xylene), ethylmeth-
ylbenzene, dimethylnaphthalene, and dimethylphenan-

threne, is the steric hindrance between two alkyl groups
at ortho positions; moreover, the meta and para isomers
cannot readily lose 2 u by dehydrogenation/dehydro-
cyclization. The observation of these sequences sug-
gests that the addition reaction of a methyl radical with
an aromatic compound forming a side chain only
proceeds until the formation of a propyl derivative, i.e.,
addition of three methyl radicals.

Each arrow in reactions (eqs 7–9) represents H-atom
abstraction (�H) followed by methyl radical addition
(�CH3), and the numbers indicate the mass numbers of
the species. These results indicate that the reaction of
methyl radical with the side-chain of alkyl benzenes
such as toluene [19–21] is faster than with the aromatic
ring [9, 16–18]. Interestingly, the appearance of the �2
u peaks especially for alkyl aromatic species clearly
indicates that alkyl aromatic compounds have less
thermal stability; they are frequently converted to their
respective radicals that further adopt the stable cyclic
structures by dehydrocyclization (eqs 10 and 11). For
example, ethylnaphthalene is converted into acenaph-
thene through reactions (eqs 10 and 11).

This expectation coincides with the previous prediction
of Stein and Fahr [29b] that condensed PAHs are
thermally more stable than alkyl-PAHs. On this basis,
the most probable candidates for (1) the mass peaks at
m/z � 104, 118 are bicyclo[4.2.0]octa-1,3,5-triene and
indane produced by the reaction (eq 12), (2) the peaks at
m/z � 140, 154 are cyclopropanaphthalene and acenaph-
thene produced by the reaction (eq 13), and (3) the peaks
atm/z � 190, 204 are 4H-cyclopenta[def]phenanthrene and
4,5-dihydropyrene produced by the reaction (eq 14).
The main reason for considering these cyclic products
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instead of dehydrogenated products, alkenyl and alky-
nyl derivatives, is the further growth of the resulting
products by additional methyl radicals; these processes
might be difficult for alkenyl and alkynyl derivatives.
The consecutive methyl products at �14 u will be
discussed briefly in the following section (each arrow in
reactions 12–14 represents dehydrocyclization (�H2)
following reactions (eqs 10 and 11).

Moreover, mass peaks of species having C2 or C3 cyclic
attachments as a result of the above reactions (eqs
12–14), were found to have a similar sequence of �2 u
peaks. These peaks occur at m/z � 102, 116, 152, and
202; they become dominant with increasing tempera-
ture as the higher mass peak is suppressed (Figure 1).
Therefore, these ions are identified as the dehydrogenated
products of the species resulting from reactions (eqs
12–14). More clearly (1) m/z � 102, 116 are identified as
bicyclo[4.2.0]octa-1,3,5,7-tetraene and indene; (2) m/z �
152 is acenaphthylene, and (3) m/z � 202 is pyrene. Their
formation can be seen in reactions (eqs 15–17) in which
each arrow represents dehydrogenation (�H2).

The above discussion is well supported by the increas-
ing intensities of the final products, bicyclo[4.2.0]octa-
1,3,5,7-tetraene, indene, acenaphthylene, and pyrene
(m/z � 102, 116, 152, and 202) relative to their parent
species ethylbenzene, propylbenzene, and phenan-
threne (except naphthalene, Figures 1 and 2 in the case
of the mixture). This discussion suggests the impor-

tance of methyl addition/cyclization (MAC) processes
in the growth of PAHs. The cause of the significant
enhancement in the naphthalene concentration will be
discussed in the following section. Figure 2 shows the
higher concentration of phenanthrene (m/z � 178) in the
mixture than in pure toluene even though it is con-
sumed for the formation of pyrene by reactions (eqs 14
and 17). There is a relatively lower contribution of
biphenyl atm/z � 154 (Figures 1 and 2) in the case of the
mixture than in pure toluene, and the sequential mass
growth peaks at m/z � 168, 182 are also weaker than in
pure toluene. These weak peaks relative to the strong
peak at m/z � 178 explain the formation of phenan-
threne (m/z � 178) via reaction (eq 18), similar to
reactions (eqs 14 and 17), since biphenyl also has a triple
fusing site as does phenanthrene.

Considering the contribution of benzylbenzene atm/z �
168 due to the presence of toluene in the mixture and its
neighboring strong peak at m/z � 178, formation of
anthracene, an isomer of phenanthrene (m/z � 178), can
also be expected by MAC through reaction (eq 19).

Similar to the peak assignments and formation path-
ways (eq 13) and (eq 16) for products formed from
naphthalene, a PAH with double fusing sites, the as-
signment and growth process for masses m/z � 218 and
216, which are 14 u from m/z � 202 (pyrene), can be
easily understood. The appearance of rather weak
peaks for the products of MAC with double fusing sites
both in the case of naphthalene and pyrene, even
though the concentrations of both starting species are
quite high (Figure 3), suggests that the MAC process
with double fusing sites is rather slow compared with
single and triple fusing sites.

Kinetics of Ring Expansion: CT- and CP-Fused
Rings into Benzenoid Ring

These experimental results do not provide direct evi-
dence for the significant production of naphthalene in
spite of its consumption through reaction (eq 13); how-
ever, the data suggest the growth of indene into naph-
thalene by the MAC/ring expansion via reaction (eq
20). Figure 1 shows the presence of m/z � 130 that is
14 u above m/z � 116 (indene), as well as the dehydro-
genation sequence ending in naphthalene (m/z � 128).
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Moreover, the percentage decrease in intensity of in-
dene above 1236 K is equivalent to the percentage
increase in intensity of naphthalene (�36% middle
frame of Figure 3).

Due to the presence of toluene in the mixture, contri-
butions to the formation of naphthalene from benzyl �
C3H3 as well as phenylacetylene � C2H2 cannot be
overlooked; however, considering the lower concentra-
tions of benzyl, C3H3, and C2H2 in the reaction mixture,
the rate of production by reaction (eq 20) is likely higher
than for the other possibilities.
Similarly, significant production of indene (m/z �

116) through reactions (eq 12) and (eq 15) alone seems
unlikely from the correlation of the percentage decrease
in intensity of its consecutive 2 u peaks atm/z � 118, 120
and of the increase in intensity of indene. On the
other hand, significant decrease in concentration of
bicyclo[4.2.0]octa-1,3,5-triene (m/z � 104) with consis-
tency in the production of its derived dehydrogenated
product, bicyclo[4.2.0]octa-1,3,5,7-tetraene (m/z � 102)
at high-temperature (top frame of Figure 3) clearly
indicate that bicyclo[4.2.0]octa-1,3,5,7-tetraene must be
consumed for producing a new product. On the basis of
the exact 14 u difference of indene from a CT fused
species bicyclo[4.2.0]octa-1,3,5,7-tetraene (m/z � 102), a
secondary source for the production of indene from
bicyclo[4.2.0]octa-1,3,5,7-tetraene by MAC through ring
expansion via reaction (eq 21) can be reasonably
expected.

For this specific case, methyl radical addition followed
by cyclization resulting in ring expansion has also been
reported by McEnally et al. [30, 31] and Lifshitz et al.
[32]. In the discussion above, it is found that most of the
final species in a vertical column in Scheme 1 involve a
network of sp2 carbons. The absence of very large PAHs
in this study might be due to the following reasons:

1. Since the reactivity of large PAHs with methyl
radical increases with size [32, 33], their higher
reactivity might be accelerating the sequential
growth of increasingly larger species.

2. A continuation of the above chain causes rapid
formation and consumption of products that might
result in very low concentrations of large PAHs that
lie below the detection limit. The appearance of
higher mass species with increasing temperature in
Figure 1 supports this expectation.

Scope of MAC in Combustion and Growth of
CNTs and Graphene

The above kinetic pathways for product formation are
summarized in Figure 5, which includes the formation
of benzene to pyrene, primary PAHs, together with
some CT-PAHs and CP-PAHs. This figure provides an
overview of all possible routes for ring growth by the
attack of one or more methyl radicals followed by
cyclization. Since methyl radical is a highly reactive
species and it is readily produced in combustion and
pyrolysis of most hydrocarbons in addition to C2 radi-
cal/neutral species, the suggested reaction flow dia-
gram is expected to be useful for other pyrolysis and
combustion environments as a secondary route to sup-
plement the primary PAC and HACA mechanisms.
Moreover, the methyl radical may play a role in the
CVD growth of CNTs and graphene. Its special capacity
to grow benzenoid rings from all fusing sites as well as
to expand CT and CP fused rings produced by the
addition of C2 and C3 radical/neutral species to hexag-
onal networks of sp2 carbons might protect the forma-
tion of CT and CP rings in graphitic structured materi-
als like CNTs and graphene. The MAC process can be
summarized as

Conclusions

The above kinetic discussion of experimental results for
toluene and toluene/acetone mixtures can be summa-
rized as follows:

1. A novel growth mechanism for PAHs, methyl addi-
tion/cyclization (MAC), has been proposed.

2. The MAC mechanism was found to be capable of
growing the sp2 network of carbons from any fusing
site of a PAH, as well as growing CT and CP-PAH
into benzenoid PAHs.

3. The MAC mechanism is not as efficient as HACA or
PAC in the rate of growth of PAHs; this results from
the lower mass of the accelerating species, CH3 for
MAC, relative to C2H2 for HACA and C6H5 for
PAC.

4. Many methyl-PAHs, CT-PAHs, CP-PAHs, methylCP-
PAHs, and large PAHs were produced and detected.

5. Formation of three types of CP-PAHs indicates that
cyclopentafused rings can be grown at single, dou-
ble, and triple fusing sites; this mechanism has been
discussed for systems where HACA and PACmech-
anisms are inefficient.
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6. Abstraction of hydrogen from a side chain with
further addition of methyl radical was found to be
preferable over hydrogen atom abstraction by
methyl radical from the aromatic ring of alkyl
aromatic compounds such as toluene.

Acknowledgments
B.S. thanks Professor Veronica Bierbaum for her editorial assis-
tance and Takeshi Saito for communication about this manuscript.
This work was completed in the Department of Chemical System
Engineering, University of Tokyo, during the Ph.D. studies of B.S.

References
1. Shukla, B.; Susa, A.; Miyoshi, A.; Koshi, M. In Situ Direct Sampling
Mass Spectrometric Study on Formation of Polycyclic Aromatic Hydro-
carbons in Toluene Pyrolysis. J. Phys. Chem. A 2007, 111(34), 8308–8324.

2. Wang, H.; Frenklach, M. A Detailed Kinetic Modeling Study of Aro-
matics Formation in Laminar Premixed Acetylene and Ethylene Flames.
Combust. Flame 1997, 110, 173–221.

3. Frenklach, M.; Clary, D. W.; Gardiner, W. C.; Stein, S. E. Detailed Kinetic
Modeling of Soot Formation in Shock-Tube Pyrolysis of Acetylene. Proc.
Combust. Inst. 1985, 20, 887–901.

4. Frenklach, M.; Wang, H. Detailed Modeling of Soot Particle Nucleation
and Growth Proc. Combust. Inst. 1991, 23, 1559–1566.

5. Bockhorn, H.; Fetting, F.; Wenz, H. W. Investigation of the Formation of
High Molecular Hydrocarbons and Soot in Premixed Hydrocarbon-
Oxygen Flames. Ber. Bunsen-Ges. Phys. Chem. 1983, 87, 1067.

6. Böhm, H.; Jander, H.; Tanke, D. PAH Growth and Soot Formation in the
Pyrolysis of Acetylene and Benzene at High Temperatures and Pres-
sures: Modeling and Experiment. Proc. Combust. Inst. 1998, 27, 1605–
1612.

7. McKinnon, J. T.; Howard, J. B. The Roles of PAH and Acetylene in Soot
Nucleation and Growth. Proc. Combust. Inst. 1992, 24, 965–971.

8. Badger, G. M. Pyrolysis of Hydrocarbons. Prog. Phys. Org. Chem. 1965,
3(1), 1–40.

9. Badger, G. M.; Donnelly, J. K.; Spotswood, T. M. The Formation of
Aromatic Hydrocarbons at High Temperatures. XXIII. The Pyrolysis of
Anthracene. Aust. J. Chem. 1964, 17, 1147–1156.

10. Sarofim, A. F.; Longwell, J. P.; Wornat, M. J.; Mukherjee, J. In Soot
Formation in Combustion–Mechanisms and Models, Bockhorn, H.; Ed.;
Springer Series in Chemical Physics 59, Springer-Verlag: Heidelberg,
Germany, 1994; pp 485–500.

11. Griesheimer, J.; Homann, K.-H. Large Molecules, Radicals, Ions, and
Small Soot Particles in Fuel-Rich Hydrocarbon Flames. Part I. Aro-
matic Radicals and Intermediate PAHs in a Premixed Low-Pressure
Naphthalene/Oxygen/Argon Flame. Proc. Combust. Inst. 1998, 27,
1753–1761.

12. Dong, G. L.; Huttinger, K. J. Consideration of Reaction Mechanisms
Leading to Pyrolytic Carbon of Different Texture. Carbon 2002, 40,
2515–2528.

13. Unterreiner, V. B.; Sierka, M.; Ahlrichs, R. Reaction Pathways for
Growth of Polycyclic Aromatic Hydrocarbons Under Combustion Con-
ditions, a DFT Study. Phys. Chem., Chem. Phys. 2004, 6, 4377–4384.

14. (a) Shukla, B.; Susa, A.; Miyoshi, A.; Koshi, M. Role of Phenyl Radicals
in the Growth of Polycyclic Aromatic Hydrocarbons. J. Phys. Chem. A
2008, 112(11), 2362–2369; (b) Shukla, B.; Koshi, M. A Highly Efficient
Growth Mechanism of Polycyclic Aromatic Hydrocarbons. Phys. Chem.,
Chem. Phys. 2010, DOI:10.1039/B919644G.

15. Wellmann, R.; Böttcher, A.; Kappes, M.; Kohl, U.; Niehus, H. Growth of
Graphene Layers on HOPG Via Exposure to Methyl Radicals. Surf. Sci.
2003, 542, 81–93.

16. Cher, M. The Reaction of Methyl Radicals with Toluene. J. Phys. Chem.
1964, 68, 1316–1321.

17. Levy, M.; Szwarc, M. The Kinetics of Decomposition of Acetyl Peroxide.
III. The Reactions of Radicals Produced in the Decomposition. J. Am.
Chem. Soc. 1954, 76, 5981–5985.

18. Meyer, R. A.; Burr, J. G. The Hydrogen Carrier Technique for The
Pyrolysis of Toluene and Deuterated Toluenes. J. Am. Chem. Soc. 1963,
85, 478–479.

19. Trotman-Dickenson, A. F.; Steacie, E. W. R. The Reactions of Methyl
Radicals. IV. The Abstraction of Hydrogen Atoms from Cyclic Hydro-
carbons, Butynes, Amines, Alcohols, Ethers, and Ammonia. J. Chem.
Phys. 1951, 19, 329–336.

Figure 5. Detailed explanation of MAC reaction routes showing the reaction of methyl radical with
different fusing sites of a PAH, CT-PAH, and CP-PAHs. Bold arrows indicate hydrogen abstraction
followed by methyl addition while thin arrows represent dehydrogenation or dehydrocyclization.
Numbers are the mass numbers of the corresponding species.

543J Am Soc Mass Spectrom 2010, 21, 534–544 ROLE OF METHYL RADICALS IN THE GROWTH OF PAHs



20. Burkley, I. B.; Robbert, R. E. The Reactions of Methyl Radicals with
Aromatic Compounds, Toluene, Ethylbenzene, and Cumene. J. Phys.
Chem. 1963, 67, 168–169.

21. Cher, M.; Hollingsworth, C. S.; Sicilio, F. The Vapor Phase Reaction of Methyl
Radicals with Toluene at 100–300°. J. Phys. Chem. 1966, 70(3), 877–883.

22. Unterreiner, V. B.; Carissan, Y.; Klopper, W. Density Functional Study
of Methyl Chemisorption on Polycyclic Aromatic Hydrocarbons. Chem.
Phys. Chem. 2006, 7, 1311–1321.

23. Grujicic, M.; Cao, G.; Gersten, B. Optimization of the Chemical Vapor
Deposition Process for Carbon Nanotubes Fabrication. Appl. Surf. Sci.
2002, 191, 223–239.

24. Kong, J.; Cassel, A. M.; Dai, H. Chemical Vapor Deposition of Methane
for Single-Walled Carbon Nanotubes. Chem. Phys. Lett. 1998, 292,
567–574.

25. Colomer, J. F.; Stephan, C.; Lefrant, S.; Van Tendeloo, G.; Willems, I.;
Kónya, Z.; Fonseca, A.; Laurent, C; Nagy, J. B. Large-Scale Synthesis of
Single-Wall Carbon Nanotubes by Catalytic Chemical Vapor Deposition
(CCVD) Method. Chem. Phys. Lett. 2000, 317, 83–89.

26. Reina, A.; Jia, X.; Ho, J.; Nezich, D.; Son, H.; Bulovic, V.; Dresselhaus,
M. S.; Kong, J. Large Area Few-Layer Graphene Films on Arbitrary
Substrates by Chemical Vapor Deposition. Nano Lett. 2009, 9(1), 30–35.

27. Kim, K. S.; Zhao, Y.; Jang, H.; Lee, S. Y.; Kim, J. M.; Kim, K. S.; Ahn, J. H.;
Kim, P.; Choi, J. Y.; Hong, B. H. Large-Scale Pattern Growth of

Graphene Films for Stretchable Transparent Electrodes, Nature Lett.
2009, 457, 706–710.

28. Mullen, C.; Irwin, A.; Pond, B. V.; Huestis, D. L.; Coggiola, M. J.; Oser,
H. Detection of Explosives and Explosive Related Compounds (ERCs)
by Single Photon Laser Ionization Time of Flight Mass Spectrometry.
Anal. Chem. 2006, 78, 3807–3814.

29. (a) Wei, L.; Yang, B.; Yang, R.; Huang, C.; Wang, J.; Shan, X.; Sheng, L.;
Zhang, Y.; Qi, F.; Lam, C.-S.; Li, W.-K. A Vacuum Ultraviolet Photoion-
ization Mass Spectrometric Study of Acetone. J. Phys. Chem. A 2005, 109,
4231–4242; (b) Stein, S. E.; Fahr, A. High-Temperature Stabilities of
Hydrocarbons. J. Phys. Chem. 1985, 89, 3714–3725.

30. McEnally, C. S.; Pfefferle, L. D. An Experimental. Study in Non-
Premixed Flames of Hydrocarbon Growth Processes That Involve
Five-Membered Carbon Rings. Combust. Sci. Technol. 1998, 131, 323–344.

31. McEnally, C. S.; Pfefferle, L. D. Improved Sooting Tendency Measure-
ments for Aromatic Hydrocarbons and Their Implications for Naphtha-
lene Formation Pathways. Combust. Flame 2007, 148, 210–222.

32. Lifshitz, A.; Tamburu, C.; Suslensky, A.; Dubnikova, F. Decomposition,
Isomerization, and Ring Expansion in 2-Methylindene: Single-Pulse
Shock Tube and Modeling Study. J. Phys. Chem. A 2004, 108, 3430–3438.

33. Levy, M.; Szwarc, M. Methyl Affinities of Aromatic Hydrocarbons.
J. Chem. Phys. 1954, 22, 1621–1623.

544 SHUKLA ET AL. J Am Soc Mass Spectrom 2010, 21, 534–544



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


