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An experimental study of indene pyrolysis with
synchrotron vacuum ultraviolet photoionization
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Pyrolytic kinetics of indene was studied in a flow reactor at 30 and 760 Torr. Indene and its decomposition
products, as well as polycyclic aromatic hydrocarbons (PAHs), were measured with synchrotron vacuum
ultraviolet photoionization mass spectrometry (SVUV-PIMS). Five literature models were selected to
reproduce the experimental data and analyze the reaction kinetics of indene. The experimental and
predicted results illustrate that an indenyl radical is the dominant decomposition intermediate and also
the main contributor to the further growth of aromatic rings in the pyrolysis of indene. The indene
consumption process needs further precise characterization, especially the subsequent dissociation
reactions of indanyl and indenyl radicals. A self-recombination reaction of the indenyl radical and the
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combination reactions between indenyl and other radicals are found to be necessary for the eﬃcient
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measurements. In contrast, literature models adopting indenyl global reactions for PAH formation
generally overestimate the system reactivity. Proper radical combination pathways proposed in a future
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model should consider not only the PAH formation eﬃciency but also its impact on system reactivity.

formation of large PAHs. The absence of these pathways leads to the underprediction of experimental

Introduction
Soot particles are primarily formed from combustion processes
and contribute adversely to air pollution. Regulations have
become increasingly stringent on soot emissions due to the
worsening air quality, particularly in cities with close proximity
to power generation plants or those with a large number of
vehicles. Human exposure to a high density of particulates
enhances the likelihood of heart and lung diseases, according
to a number of medical studies.1,2 Investigations of the formation of large polycyclic aromatic hydrocarbons (PAHs), precursors
to soot formation, have therefore gained increasing attention.
Scientists started to build up detailed mechanisms of PAH3–6
and soot7,8 formation in the 1990s, although some preliminary
studies were performed in earlier decades.9–11 A number of
combustion models12–16 have been developed to predict the
a
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PAH formation and soot growth. Most of these models include
phenanthrene (A3) and pyrene (A4), while some even contain
species up to seven aromatic rings or more. However, the predictive accuracy of these models is quite lacking due to the
unavailability of wide-ranging experimental validations, particularly for large PAHs. McEnally et al.17 reviewed the status of
the aromatic model development in 2006, and recommended the
need to close the gap between PAHs and nascent soot. Recently,
Johansson et al. emphasized the importance of resonantly stabilized radical chain reactions in the PAH growth to soot.18
Indene (C9H8) is a typical bicyclic aromatic species, which is
an important platform intermediate in the aromatic growth
sequence. The indenyl (C9H7) radical, derived via H-abstraction
reactions, is very active in addition reactions with small molecules. It has a resonantly stabilized molecular structure. Such
radicals have longer life times compared to normal free radicals, while having higher reactivity than neutral intermediates.
Therefore, these radicals possess high probability to participate
in radical–radical and radical–neutral reactions.19 A clear map
of indene kinetics can thus improve our knowledge of large
PAHs, thereby narrowing the gap between PAHs and soot.
Previous investigations in sooting flames3,4,7,10,11,14,20–22 and
hydrocarbon pyrolysis23–29 focused on the carbon aggregation
process, from small hydrocarbons or mono-cyclic aromatics to
indene, and from indene or indenyl to large PAHs. General and/or
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skeletal PAH sub-mechanisms were proposed in previous
studies, which may lose some details of indene reactions and
produce inaccurate carbon fluxes in the PAH growth. A few
literature studies are related to the detailed chemical kinetics of
indene.6,9,30–34 Badger and Kimber9 performed gas chromatography (GC) measurements of indene pyrolysis, and observed
a significant amount of benzofluorenes, benz[a]anthracene,
benzophenanthrene and chrysene. Laskin and Lifshitz6 measured
thermal decomposition products of indene behind reflected
shock waves using a GC. Indenyl and indanyl radicals were
recommended in their work as the main pathways of indene
consumption. Benzene, toluene and phenylacetylene were
proposed to be formed via the five-membered ring dissociation
of an indanyl radical, while the decomposition of indenyl
formed 1-ethynyl-cyclopenta-2,4-dienide (C7H5) and cyclopentadienyl (C5H5) radicals. Lifshitz et al.34 investigated the pyrolysis
of 2-methyl-indene in a shock tube, and partially described the
mechanism of indenyl radicals. Flash pyrolysis of indene and
2-ethynyl-toluene (C2HC6H4CH3) was conducted by Ajaz et al.,30
and that of 3-methyl-4-(2 0 -methyl)benzylideneisoxazol-5(4H)-one
by Wentrup et al.31 The quantum chemical calculations of
Wentrup et al.31 explained the interconversion between indene
and 2-ethynyl-toluene by Roger-Brown rearrangement. Measurements of Ajaz et al.30 and Wentrup et al.31 showed that the
combination of indenyl or indene could produce large PAHs,
such as bi-indenyl and chrysene.
Quantum chemical investigations of indene in the literature
have focused on the addition reactions of indenyl radicals. The
addition of acetylene to an indenyl radical was calculated in the
work of Cavallotti et al.32 In the studies of Mebel et al.35 and
Dubnikova and Lifshitz,36 the conversion from indene to
naphthalene was calculated. 1-Methyl-indene and 1-methylindenyl were emphasized as critical intermediates in this
process by Mebel et al.35 The reaction between indene and
indenyl radicals was investigated by Lu and Mulholland,33
where they proposed chrysene formation via a 9-step mechanism based on quantum calculations and species identification
in the experiments, in analogy to the formation of naphthalene
from cyclopentadiene.
In the current work, flow reactor experiments are performed at
30 and 760 Torr to study indene pyrolysis. Synchrotron vacuum
ultraviolet photoionization mass spectrometry (SVUV-PIMS) combined with a supersonic molecular-beam sampling technique is
used for the measurement of intermediates, particularly chemically active species. Five PAH models from the literature12–16 are
selected to simulate the experimental data and to clarify indene
reaction pathways. Important intermediates and reactions are
discussed for their critical role in the decomposition and ring
expansion of indene.

Experimental details
Experimental facilities
Pyrolysis of indene in a flow reactor was studied at an undulatorbased VUV beamline (BL03U) at Hefei Light Source (HLS II), China.
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This new pyrolysis beamline facility has been introduced in detail
in the work of Zhou et al.;37 only a brief description will be given
here. The tunable VUV radiation is applied as the ionization
source of a mass spectrometer. The photon wavelength is selected
by grating with an energy resolution of 4000. High-order harmonic radiation is eliminated by a gas filter, using argon or neon to
cover diﬀerent photon energy ranges.
The flow reactor is composed of a home-made furnace and
an a-type alumina ceramic tube (inner diameter 7.0 mm, wall
thickness 1.5 mm). For the furnace, electrically heated wire is
uniformly twined in the inner layer, and the outermost layer
acts as a heat shield. The total length of the heating zone is
about 220 mm. A tungsten–rhenium (W–Re) thermocouple is
positioned at the middle region to control the reactor temperature. During the experiment, mixtures of argon and indene were
fed into the alumina tube in the gas phase, and the pyrolysis
species were sampled 10 mm downstream from the outlet of
the ceramic tube by a quartz nozzle. The forming molecular
beam was passed through the skimmer, and then ionized by
the orthogonal VUV light. Ions were detected by a time-of-flight
mass spectrometer (TOF-MS) using an ion introducer. The mass
resolution of this spectrometer is about 2100. Since temperature along the centreline of the flow reactor is a key parameter
for the pyrolysis process in the flow reactor, accurate temperature profiles were measured by an S-type thermocouple before/
after each measurement (see Fig. S1 in the ESI†).
Liquid indene (purity 97%) was injected in a vaporizer at 485 K
before being fed into the flow reactor. It was regulated by a highpressure chromatography pump, while argon (Ar, purity 99.99%)
was regulated by an MKS mass flow controller. The molar composition of the mixture was 0.32% indene/99.68% argon, and the total
flow rate of the mixture was 1.5 SLM. The residence time is
estimated to be 20 and 500 ms at 30 and 760 Torr, respectively.
Near-threshold photoionization mass spectra were also taken at
diﬀerent temperatures (in steps of 25 K over 975–1450 K) and
photon energies (17.2, 13.0, 11.0, 10.5, 10.0, 9.5, 9.0, 8.5 and 8.0 eV).
Mole fraction evaluations
The mole fraction of observed pyrolysis species can be evaluated
from the measurements of photoionization mass spectra. Argon
is used as the internal standard for mole fraction evaluation due
to its inert chemical nature. Since the pressure remains constant
at the sampling position, the variation of Ar signal with increasing temperature is mainly caused by gas expansion and the
variation of the total amount of substance in indene pyrolysis.
The total influence on Ar signals is defined as the gas expansion
coeﬃcient l(T), which is assumed identical for all pyrolysis
species. This coeﬃcient decreases monotonically with increasing
reactor temperature. Based on the strategy by Cool et al.,38 a
modified method was introduced for pyrolysis experiments.39
Herein, only a brief description is presented.
For species i, the ion signal Si* may be written as:
Si*(T,E) = C ! Xi(T,E) ! si(E) ! Di ! jp(E) ! l(T)

(1)

Here, C is a proportional constant, Xi(T,E) is the mole fraction
of species i at temperature T and photon energy E, si(E) is the
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photoionization cross section of the species i at photon energy
E, Di is the mass discrimination factor for species i, and jp(E) is
the photon flux. Signal Si* normalized by photon flux is defined
as Si. Thus, gas expansion coeﬃcient l(T) may be calculated by:
l(T) = SAr(T,E)/SAr(T0,E)

(2)

For a fixed photon energy and photon flux, the mole fraction of
indene at temperature T may be evaluated as:
Xindene(T,E) = Xindene(T0,E) ! Sindene(T,E)/Sindene(T0,E)/l(T)

(3)

Here, Sindene(T0,E) and Xindene(T0,E) represent the ion signal and
the inlet mole fraction of indene at initial temperature, respectively; Xindene(T0,E) is a known parameter, i.e. 0.32% in this
experiment. By taking indene as a reference species, the mole
fraction of species i can be calculated as:
Xi ðT; E Þ ¼

Xref ðT0 ; E Þ
Si ðT; E Þ
Dref sref
!
!
!
Di
si
lðTÞ
Sref ðT0 ; E Þ

(4)

Di was measured in this study for various species, and it is
expressed as (Mi/30)0.36267 where Mi is the mass of species.
Photoionization cross-sections (PICS) are either measured in
this study or referred to the database.40 The detailed information about the PICS references can be found in Section 2 of the
ESI.† The uncertainty of SVUV-PIMS measurements is mainly
related to the sampling process and the photoionization crosssections (PICS) of the species.41 The PICSs of some species were
measured in this study with the same flow reactor experimental
facility. The mole fraction uncertainty of these species is %10%.
For stable species, we calculated their mole fractions with PICSs
reported in the literature, the uncertainty is %25%. For free
radicals reported in this study, their mole fraction uncertainty
could be a factor of 2. Further details of the experimental method,
such as purity of chemicals and carbon balance are provided in
Sections 1.2 and 1.3 of the ESI,† respectively.

Results and discussion
In this work, a number of small intermediates and aromatic
species were experimentally measured in the pyrolysis of indene.
As shown in Fig. 1, it is a typical mass spectrum measured at
a photon energy of 11.0 eV under the conditions of 1448 K and
30 Torr. Important species are labelled by their molecular mass.
Among them, the species involved in the indene dissociation

channels and the ring expansion routes from an indenyl radical
are discussed in the following sections.
Literature PAH models, such as those from Lawrence Livermore National Laboratory15 (MLL), Politechnico di Milano16
(MPO), King Abudullah University of Science and Technology14
(MKA), Blanquart et al.13 (MBL), and Yuan et al.12 (MYU), are
adopted to simulate experimental observations and analyse the
reaction kinetics of indene. Simulations are performed with
OpenSMOKE++, which is a universal chemical kinetic tool
developed by Cuoci et al.42 The energy equation is not solved;
instead temperature profiles measured along the flow reactor
are used as input parameters.
Indene decomposition
Indene consumption profiles are presented in Fig. 2a and compared with the predicted results. The experimental data were
only obtained below 1320 K at 760 Torr and 1520 K at 30 Torr,
with the corresponding conversion ratio of indene close to 50%
at both pressures, because of the increasing influence of soot
particles on the sampling process at higher temperatures. The
consumption profiles of indene predicted by diﬀerent models
have large discrepancies. The simulation results of MPO underpredict the consumption rate of indene, while those of MLL,
MBL and MKA overestimate it. MYU correctly captures the consumption temperature window of indene at 30 Torr; however, at
760 Torr, MYU predicts a fast consumption rate below 1300 K
while it turns to slow when the temperature exceeds this value.
Indene has a weak C–H bond (80.9 kcal mol&1 43), slightly
smaller than its weakest C–C bond (82.0 kcal mol&1 31). Unimolecular C–H bond dissociation reaction of indene is therefore favored besides the H-abstraction reaction. In the previous
investigation of Wentrup et al., a Roger-Brown rearrangement
pathway is proposed to explain the unimolecular isomerization
of indene.31 2-Ethynyl-toluene was recommended to be a possible product according to their quantum chemical calculations.
However, this reaction is very sensitive to pressure. The dominant decomposition product of indene is observed to be an
indenyl radical under the experimental conditions of this study.
The mole fractions of indenyl predicted by models are presented
in Fig. 2b, although its concentration cannot be quantified due
to the lack of cross section. An estimated cross section of the
indenyl radical is provided in the Photoionization Cross Section
Database (Version 2.0).40 The indenyl mole fractions estimated

Fig. 1 Typical mass spectrum of indene pyrolysis measured at 1448 K and 30 Torr with a photon energy of 11.0 eV. Some of the expected small
intermediates and aromatic species are labelled by their molecular mass.
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Fig. 3 Rate constants of (R1) and (R2) in five models. (R1) is plotted at
1 atm for MYU. The values of MKA and MBL are identical for (R1), calculated
from its reverse expression.

Fig. 2 (a) Measured and model predicted indene (C9H8) mole fraction
profiles, shadows aside the data plots represent the uncertainty of the
measurements. (b) Normalized mass signal intensity of indenyl (C9H7) at
30 (black squares) and 760 (red circles) Torr; model predicted indenyl mole
fractions are accordingly scaled. Literature models are represented by
diﬀerent types of broken lines.

by this value are in the magnitudes of 10&4 and 10&5 for 30 and
760 Torr, respectively. Since we would not introduce unnecessary
uncertainty to quantify intermediate species, the experimental
data are plotted by its normalized intensities of mass signal
in Fig. 2b. In order to compare experimental data of different
conditions, the original mass signal Si* is normalized by photon
flux jp(E) and gas expansion coefficient l(T). So that the effects of
the pressure, temperature and ionization intensity under different experimental conditions are eliminated in the normalized
mass signal (SN
i ). Similar to the predictions of indene consumption by different models, the indenyl formation trends predicted
by MLL, MBL and MKA are faster than the experimental data at
both pressures, while those of MPO have an opposite tendency
showing a shift to high temperature region.
Unimolecular C–H bond dissociation (R1) and H-abstraction
by H-atom reactions (R2) are two main consumption reactions
of indene in literature models. The rate constant of (R2) was
calculated by the DFT method in the MKA model; and all the
rest of the rate constants in these models are mainly estimated
from similar reactions of cyclopentadiene. The rate constants
of (R1) and (R2) in five literature models are plotted in Fig. 3.
Normally, the unimolecular decomposition is quite sensitive

Phys. Chem. Chem. Phys.

to pressures, and H-abstraction reaction becomes more important with increasing pressure. Among the five models, only
MYU adopts a pressure-dependent expression for (R1) (only the
value at 1 atm is plotted in Fig. 3a), while other models use
different pressure-independent rate constants. As a result, MYU
well catches the pressure effects in both indene and indenyl
radicals. MBL and MKA have the highest (R1) rate constants,
MLL and MKA have very fast (R2) rate constants (see Fig. 3).
This could be a possible reason for the overprediction of the
indene consumption, shown in Fig. 2a. MLL has a slower (R1)
rate constant than MKA, and similar rate constants of (R2) to
MKA. But model predictions of indene consumption by MLL
are even faster than those by MKA, because MLL incorrectly
double counts indenyl by two species. We could also observe in
Fig. 2b that MBL and MLL models predict much higher indenyl
mole fractions than other models at 760 Torr. This could be due
to the overestimation of (R2), but a more important reason may
be the lack of effective indenyl consumption reactions in MBL
and MLL.
C9H7 + H = C9H8

(R1)

C9H8 + H = C9H7 + H2

(R2)

Formation of small intermediates
Reactions of indene besides (R1) and (R2) may lead to the
formation of mono-cyclic aromatics and small hydrocarbons.
Model predictions of these species are shown in Fig. 4–6. Since
all the species in Fig. 4 and 5 have well-known PICSs, their mole
fractions are quantified with relatively small uncertainties (see
Table S1 of the ESI† for the reference of each species’ cross
section). However, for the radicals shown in Fig. 6, the situation
is different. The PICSs of propargyl (C3H3) and cyclopentadienyl
(C5H5) have been measured in the literature,44,45 and their mole
fractions were then provided accordingly in this study. But the
PICS of the benzyl radical (C6H5CH2) is not available, so its
normalized mass signal intensities instead of mole fractions
are compared with model predictions in Fig. 6c.

This journal is © the Owner Societies 2019

View Article Online

Published on 09 February 2019. Downloaded by King Abdullah Univ of Science and Technology on 2/20/2019 4:03:56 PM.

PCCP

Paper

Fig. 4 Measured mole fraction profiles of C6H6, C7H8 and C8H6 at 30 (black squares) and 760 (red circles) Torr. Shadows with the data plots represent
the uncertainty of the measurements. Literature models are represented by diﬀerent types of broken lines.

The simulation results of benzene by diﬀerent models show a
certain degree of consistency. Compared with the experimental
measurements, MYU and MBL could well capture the mole
fractions of benzene at both pressures, while MLL overpredicts
this species. In contrast, the simulation results of toluene are
quite diﬀerent among the five models. MBL predicts the highest
mole fraction of toluene, which probably has the most eﬃcient
toluene formation pathway; whilst MYU, MKA and MLL produce
a negligible amount. The model predictions of phenyl-acetylene
are diﬀerent from the other two monocyclic aromatics shown in
Fig. 4c. All models predict higher formation temperatures of
phenyl-acetylene than the measurements at both pressures. Rate
of production analysis (ROP) of these monocyclic aromatics was
performed among the five models. This analysis shows that the
carbon flux of these pathways from indene to benzene, toluene
and phenyl-acetylene is not well characterized. Taking MBL as an
example, the formation of a benzyl radical is favored by the
reaction of a H-atom and indene (R3). And toluene is a product
of a benzyl and H-atom in MBL. Therefore, we found higher
predictions from MBL in Fig. 4b and 6c. In contrast, MYU also
proposes the reaction of H-atom and indene but producing
benzene and propargyl (R4). The diﬀerence then results in the
model predictions shown in Fig. 4a and b. (R4) is also included
in MLL, but with an overestimated rate constant, as the result
shows in Fig. 4a. For toluene and phenyl-acetylene, the model
predictions reveal a lack of reasonable and eﬃcient pathways
from indene in all five models.
C6H5CH2 + C2H2 = C9H8 + H

(R3)

C3H3 + C6H6 = C9H8 + H

(R4)

Global pathways via the indanyl radical were emphasised in
the study of Laskin and Lifshitz6 to produce benzene, toluene
and phenyl-acetylene. We suggested having a detailed indanyl
scheme included in future models which competes carbon flux
with PAH growth reactions. H-addition of indene yields two
indanyl isomers, 1-indanyl and 2-indanyl. b-Scission of these
two radicals opens the five-membered ring forming vinyl-benzyl
and phenyl-allyl radicals. Vinyl-benzyl is a resonantly stabilized
radical, its subsequent reactions could form 2-vinyl-toluene,
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2-ethynyl-toluene, methyl-phenyl or vinyl-phenyl. The yielded
intermediates finally convert to toluene, styrene and phenylacetylene. Phenyl-allyl could isomerize to four radical isomers:46
3-phenyl-1-propen-1-yl, 3-phenyl-1-propen-2-yl, 3-phenyl-2-propen3-yl and 3-phenyl-2-propen-2-yl radicals, then decomposes to
benzyl, phenyl and phenyl-acetylene.
Among the comparisons in Fig. 5, the predicted results of
acetylene and butadiyne are better than those of other species.
MYU and MLL could reasonably capture the measured results at
both 30 and 760 Torr (Fig. 5c and f). Both the models consider
that acetylene is a primary product of indene through (R3). MKA
predicts far more acetylene than experimental data, probably
because it includes a global reaction of two indenyls yielding
pyrene, acetylene and hydrogen. This is not a suitable assumption, as chrysene and its isomers will be the products of indenyl
combination according to the calculation of Lu and Mulholland.33
MBL also has an overprediction of acetylene but well reproduces
butadiyne. In their model, butadiyne is formed by the subsequent
reaction of acetylene.
C5H6 (m/z = 66) and C5H5 (m/z = 65) are cyclopentadiene and
cyclopentadienyl. The mole fractions of C5H6 are measured at a
level of 5 ! 10&6 at both pressures, whilst that of C5H5 at 30 Torr
is around 7 ! 10&6. Fig. 5a and 6b indicate that C5H6 and C5H5
are underpredicted by most models except MPO and MYU.
Cyclopentadiene is totally derived from the H-addition reaction
of a cyclopentadienyl radical, while the source of cyclopentadienyl is diﬀerent in the two models. MPO prefers the decomposition of benzyl (R5), whilst MYU favors the dissociation of
indenyl forming cyclopentadienyl and butadiyne (R6). Simulation results in Fig. 5a, c and 6b indicate that both (R5) and (R6)
should be necessary pathways, however, MYU may overestimate
the rate constant of (R6).
C6H5CH2 = C5H5 + C2H2

(R5)

C9H7 = C5H5 + C4H2

(R6)

C4H4 (m/z = 52) is calibrated as vinyl-acetylene. Its mole
fraction is in a ppm level at 30 Torr, while it decreases to less
than 1 ppm at 760 Torr. As shown in Fig. 5b, none of the five
models could well reproduce its concentration at both
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Fig. 5 Measured mole fraction profiles of C2–C5 intermediates at 30 (black squares) and 760 (red circles) Torr. Shadows with the data plots represent the
uncertainty of the measurements. Literature models are represented by different types of broken lines.

Fig. 6 (a) and (b) Measured mole fraction profiles of C3H3 and C5H5 at 30 (black squares); shadows with the data plots represent the uncertainty of the
measurements. (c) Normalized mass signal intensity of C7H7. Mole fractions predicted by literature models are represented by diﬀerent types of broken
lines, and those of C7H7 are accordingly scaled.

pressures, although MLL and MKA could roughly capture its
initial formation temperature. For the kinetics of vinylacetylene, MKA proposes that it is formed through the dissociation of benzyl; but in MLL, it is derived from a propargyl radical
(formed via (R4)). Considering the underpredictions of both
C5H5 and C4H4 (Fig. 5b and 6b), a possible pathway from
indanyl may be proposed in further model development.
2-Vinyl-benzyl and phenyl-allyl radicals derived from the
penta-ring opening reaction of indanyl could be considered
as a potential source of C5H5 and C4H4.
Propyne and allene isomers (C3H4, m/z = 40) are separated by
diﬀerent ionization energies in this study. Their mole fractions
are presented in Fig. 5d and e. Most models have good predictions at 30 Torr, but MYU is the only one which also performs
well at 760 Torr. As introduced in the discussion of benzene,
MYU proposes (R4) yielding benzene and propargyl. Here, MYU

Phys. Chem. Chem. Phys.

also proposes competing channels of (R4) yielding C6H5 + pC3H4
and C6H5 + aC3H4. Generally, a propargyl radical is the precursor
of C3H4 isomers. Most of the models could well reproduce
the formation of propargyl except MLL. It is either formed via
(R3) (MBL) or (R4) (MYU, MKA). An additional pathway from a
cyclopentadienyl radical can be found in MKA; and lumping
pathways are included in MPO.
PAH formation
Since a resonantly stabilized molecular structure makes the
indenyl radical diﬃcult to further dissociate, it has a higher
tendency than normal radicals to undergo mass growth pathways. As shown in Fig. 1, various peaks of aromatic hydrocarbons
are observed by SVUV-PIMS in the pyrolysis of indene. All
aromatics can be ionized at the photon energy of 11.0 eV.
Those species whose concentrations are within the detection
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limit of the mass spectrometer can be measured in this study.
We can easily find the mass peak m/z = 230 in Fig. 1 whose mass
equals two indenyl radicals, since it has the highest intensity
among aromatics. Peaks of m/z = 128, 130, 226 and 228 have
medium signal intensities. They are believed to be C10 and C18
aromatic species based on quick algebraic calculations. We
also detected some weak signals, like the groups near m/z = 152
and 192. Even weaker peaks can still be found in this mass
spectrum (like m/z = 216), but we will not discuss them in detail
in this study. However, the molecular structures of these large
PAHs are not possible to be identified by photoionization
eﬃciency spectra, because large PAHs have numerous isomers
with very close ionization energies.47–49 Part of these mass
peaks are therefore speculated to be the molecular structures
recommended in previous studies.5,8,12,13,17,30,31,33,35,47,50–56
Fig. 7 presents the comparison of six typical PAH groups
in both experiments and simulation. Each group has several
isomers. The following part of this section will illustrate their
reaction kinetics one by one.
Combination reactions of resonantly stabilized radicals play
a significant role in PAH formation.18 In the reacting system of
this study, PAH formation is primarily driven by indenyl
radicals. C18H14 is the formulae of peak m/z = 230, which is
proposed to be 1,1-bi-indene or 1,2-bi-indene (C9H7C9H7).31,33
However, the cross section of bi-indene is not available in the
literature, so Fig. 7d plots the normalized mass signal intensities of m/z = 230. Fig. 7d also shows the mole fractions of
1,1-bi-indene predicted by MYU, which is the only C18H14 species
included in the five models. Simulation results show that the
mole fraction of 1,1-bi-indene at 760 Torr is 10 times more than
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that at 30 Torr. In contrast, experimental data show a diﬀerence
of 2–3 times under the two conditions. According to the MYU
model, only two reactions are included for 1,1-bi-indene. One is
the combination of the indenyl radical (R7), and the other is a
H-atom catalytic decomposition to chrysene and hydrogen (R8).
An estimated value is adopted for the rate constant of (R7)
without temperature and pressure dependencies.
C9H7 + C9H7 = C9H7C9H7

(R7)

C9H7C9H7 + H = C18H12 + H2 + H

(R8)

The mass peak of m/z = 228 contains a number of possible
isomers. The recommended structures for C18H12 in the literature
are chrysene, benzo[c]phenanthrene and benz[a]anthracene.9,33
The chemistry of chrysene represents that of C18H12 species in
previous models.12,22,50 So in this study, the mole fraction of
C18H12 is calculated by the PICS of chrysene.47 Two models
among five, MYU and MKA, include chrysene as a possible PAH
but are not able to well predict this species, as shown in Fig. 7a.
In MYU, a global reaction of two indenyl radicals is assumed
yielding chrysene and two H-atoms (R9). The subsequent reactions of C9H7C9H7 have comparatively lower contribution in
this model.
C9H7 + C9H7 = C18H12 + H + H

(R9)

Actually, because of the similar molecular structures, a
reaction scheme analogous to that of cyclopentadienyl is suggested to be added in future PAH models for indenyl combination. Cavallotti and Polino studied the combination of two
C5H5 and its subsequent reactions;57 and Long et al. recently

Fig. 7 (a–c) Measured mole fraction profiles of C18H12, C16H10 and C10H10 at 30 (black squares) and 760 (red circles) Torr; shadows with the data plots
represent the uncertainty of the measurements. (d–f) Normalized mass signal intensity of C18H14, C12H8 and C10H8. Mole fractions predicted by literature
models are represented by different types of broken lines, and those in d–f are accordingly scaled.
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revisited this reaction by quantum chemical tools and reached
similar conclusions.58 Six diﬀerent C5H5C5H5 isomers are considered in their study,57,58 including 1,1-, 2,2-, 3,3-, 1,2-, 2,3-, and
1,3-C5H5C5H5. Among all the C5H5C5H5 isomers, the energies of
2,2-, 2,3-, and 3,3-C5H5C5H5 are more than 6 kcal mol&1 lower
than those of the other isomers.58 The isomerization among
these isomers is very easy, which only needs to overcome a small
energy barrier of about 21.5 kcal mol&1.58 As suggested by Lu and
Mulholland, a cyclopentadienyl-to-naphthalene scheme could be
extended to the indenyl radical via a 9-step elementary reaction
to C18H12.33 Some C9H7C9H7 structures yielded from indenyl
self-combination may be more stable among the six C9H7C9H7
isomers, and the isomerization energy barrier between C9H7C9H7
isomers could also be similar to those of C5H5C5H5 isomers.36,59
Similar to C5H5C5H5, further reactions of C9H7C9H7 are able to
form chrysene and its isomers via at least three reactions, as
shown in Fig. 8: H-abstraction of C9H7C9H7, C18H13 radical
isomerization and following H-elimination. We believe it to be
a more reasonable reaction sequence than the global reaction,
because the global reaction consumes two less active radicals but
produces two very active H-atoms. As concluded by Long et al.
based on the quantum calculations of cyclopentadienyl selfaddition reactions, an additional H-abstraction step is necessary
for the C5H5C5H5 intermediate yielded from cyclopentadienyl
combination.58 In this way, the reactivity of PAH growth is
properly controlled, that is three radicals are consumed whilst
only one H-atom is formed in the whole reaction process.

Fig. 8 Proposed reaction scheme for PAH formation driven by indenyl
radicals. Solid arrows indicate elementary reaction steps; dashed arrows
indicate multiple reaction steps. Isomers are represented by one probable
molecular structure according to previous studies.5,8,12,13,17,30,31,33,35,47,50–56
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C16H10 (m/z = 202) is usually considered as pyrene5,8,12,13,17
(pC16H10) or fluoranthene8,19,22,50,51,60 (fC16H10) in previous
studies. It certainly has other isomers, like acephenanthrylene,
aceanthrylene, etc. recommended in recent publications.48,61 But
the PICSs of the latter isomers are not available in the literature
or database. So the mole fraction of C16H10 shown in Fig. 7b is
calibrated as pyrene with the PICS measured by Johansson et al.47
The mole fraction of C16H10 is more than 10 times smaller than
C18H12, which means the formation pathway of C16H10 from the
indenyl radical may not be that eﬃcient. Model performance of
C16H10 is clearly divided into two groups, MPO and MKA predicts
an extremely fast formation rate, while the rest of the literature
models underpredict it. Not surprisingly, both MPO and MKA
include indenyl global reaction for pyrene. MBL and MYU only
contain the HACA route3 and the combination of phenyl and
naphthyl radicals in the formation of pyrene. However, they are
not eﬃcient enough, as shown in Fig. 7b. Since PAH formation
is mainly driven by the indenyl radical in indene pyrolysis, the
absent pathway for the formation of pyrene or fluoranthene
could be C9 + C7, for example the addition of benzyl on indenyl.
Recently, Sinha et al. calculated the potential energy surface (PES)
and rate constants for the reactions between indenyl and
benzyl.62 This pathway could be a necessary complement for
the PAH growth from bicyclic to tetracyclic ones. As shown in
Fig. 8, a scheme is proposed for the reaction of indenyl and
benzyl. The combination of these two radicals followed by the
sequential H-abstraction, radical isomerization and C–H bond
fission of 2-phenyl-2-hydronaphth-1-yl yields phenyl-naphthalene.
Then, another cycle of H-abstraction, radical isomerization and
C–H bond fission yields pyrene or fluoranthene. However, a
branching route competes with the carbon flux. The C–C bond
fission of 2-phenyl-2-hydronaphth-1-yl yields naphthalene and
phenyl. Other C7 radicals could also react with indenyl forming
C16H10 PAHs, such as vinyl-cyclopentadienyl and ethynyl-cyclopentadienyl. They have similar structures to cyclopentadienyl,
and their reaction sequences can be analogized to the combination of indenyl and cyclopentadienyl.63
m/z = 152 is the mass peak of C12H8, and mainly includes the
isomers of acenaphthalene (A2R5), ethynyl-naphthalene and
bi-phenylene.52–54 Acenaphthalene is assumed to be the major
isomer according to models and quantum calculations.12–14,22,50,52–54
The quantification of C12H8 is not available due to the lack of its
PICS, and only the normalized signal intensity is presented in
Fig. 7e with the comparison of literature model simulations.
Estimated cross sections of acenaphthalene, ethynyl-naphthalene
and bi-phenylene are provided in the Photoionization Cross
Section Database (Version 2.0).40 The C12H8 mole fraction is
evaluated at a level of 5 ! 10&6 if the estimated cross section of
acenaphthalene is adopted. Most models have a good performance on C12H8, while only MPO underpredicts its formation.
Kinetic analysis reveals that the combination of indenyl and
propargyl dominants the formation of acenaphthalene (R10).
It is a global reaction proposed by Blanquart et al. yielding two
H-atoms besides acenaphthalene.13 Similar to the reaction of
two cyclopentadienyls, we also suggest a necessary H-abstraction
step for the formed complex after the combination reaction step
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of indenyl and propargyl, as shown in Fig. 8. The formation
temperature predicted at 30 Torr may be corrected by this
modification, since the occurrence possibility of H-abstraction
reaction reduces at low pressure.
C9H7 + C3H3 = A2R5 + H + H

(R10)

The conversion from indene to naphthalene (A2) is reflected
by species of C10H10 and C10H8. The structure of C10H10 is proposed to be methyl-indene (C9H7CH3) in this study,36,55 but we
do not quantitatively separate each of the isomers. For C10H10,
Fig. 7c presents its mole fractions calculated by the cross sections
of 3-methyl-indene measured in this study, because three isomers
of methyl-indene have similar PICSs.64 The dominant structure of
C10H8 is naphthalene, although azulene and methylene-indene
are also possible isomers. The PICS of naphthalene is not
available in the literature, so normalized mass signal intensities
are plotted for C10H8 in Fig. 7f. The estimated value in the
Photoionization Cross Section Database (Version 2.0)40 suggests a quantity of around 10&5 for naphthalene in this study.
Model predictions of C10H10 and C10H8 are not good, as shown
in Fig. 7c and f. MYU is the only model that includes the species
of 1-methyl-indene. The formation reaction in this model is
proposed to be indenyl + methyl (R11). MBL could well capture
the trend of naphthalene at 30 Torr, because a global reaction
is proposed between indenyl and methyl radicals yielding
naphthalene and hydrogen (R12). But this reaction fails to
predict the pressure eﬀect. A reaction scheme converting from
indene to naphthalene may improve model performance, see
Fig. 8. The addition of methyl on indenyl can produce methylindene, which has at least three isomers: 1-, 2-, and 3-methylindene. All three methyl-indene isomers can convert to each
other over a low energy barrier around 39 kcal mol&1.36 After
the loss of an H-atom from methyl-indene, most of the yielded
C10H9 radicals are resonantly stabilized, and start to isomerize
on the PES of C10H9. Dubnikova and Lifshitz36 studied this C10H9
isomerization process with quantum chemical tools, which
recommended a- and b-hydronaphthyl radicals to be precursors
of naphthalene.
C9H7 + CH3 = C9H7CH3

(R11)

C9H7 + CH3 = A2 + H2

(R12)

Another peak that is worthy to be discussed in this experiment
is m/z = 216, whose formulae is C17H12. Lu and Mulholland
assumed benzo[b]fluorene as the structure of this C17H12 species,
derived from methyl-benzo[b]fluorene.33 However, we suggested
a slightly diﬀerent formation reaction sequence, as shown
in Fig. 8. Kislov and Mebel calculated the reaction between
cyclopentadienyl and cyclopentadiene,65 and suggested a formation pathway to indene (R13). A similar pathway could also
be proposed for indenyl and indene (R14). As a result, a C17H12
molecule can be formed after eliminating a methyl from the
C18H15 intermediate.
C5H5 + C5H6 - C10H11 - C9H8 + CH3

(R13)

C9H7 + C9H8 - C18H15 - C17H12 + CH3

(R14)

This journal is © the Owner Societies 2019

Finally, we summarize in Fig. 8 an indenyl reaction network
worthy of being considered in future model development, based
on the kinetic analysis and experimental observations in this
study. In this figure, isomers of each formula are represented
by one of their molecular structures recommended in the
literature.5,8,12,13,17,30,31,33,35,47,50–56 Meanwhile, the products
formed via multiple radical isomerization channels are not
listed one by one as well, only one representative is presented
in Fig. 8. The missing part of the reaction route that leads to an
under-prediction of PAH species needs to be added in a future
model; and the global reaction that leads to over-predictions of
PAH formation and system reactivity shall be replaced by the
multi-step scheme presented in Fig. 8.

Conclusions
Pyrolysis of indene was investigated in a flow reactor at 30 and
760 Torr in this study. Besides indene, eleven decomposition
intermediates including two free radicals were identified and
quantified with SVUV-PIMS using PICSs measured in this study
or collected from the literature. Indenyl and benzyl radicals
were reported with normalized mass signal intensities since their
cross sections are unknown. For large PAHs such as C18H12 and
C18H14, SVUV-PIMS cannot identify their molecular structures. All
their molecular structures were speculated according to the
recommendations in previous studies. Mole fractions of three
aromatics among them were calculated with the literature PICSs
of the speculated structures.
On the aspect of chemical kinetic analysis, five literature
PAH models were selected to predict the experimental observations and to illustrate the indene reaction kinetics. Simulation
results show that the decomposition process of indene is not
accurately characterized in models. Subsequent decomposition
reactions of indanyl radicals are suggested to be included in
future PAH models for better predictions of monocyclic aromatic
and small intermediates. Further quantum chemical studies may
make indanyl kinetics clearer. The indenyl radical is the dominant product of indene decomposition, as well as the main
contributor in PAH growth. Literature models that contain global
radical–radical reactions as key PAH formation pathways generally overpredict their mole fractions, because such reactions
produce too many active H-atoms which boost the general system
reactivity. In contrast, a lack of radical–radical reactions in the
model leads to the under predictions of PAHs. Therefore, indenyl
involved reaction schemes are suggested to be properly included
in a future model, such as the indenyl self-addition reaction,
methyl addition on the indenyl radical, etc.
In summary, we provide the experimental data of indene
pyrolysis at diﬀerent pressures in this study, which are helpful
for further PAH model validation. We have also given suggestions of future model improvements based on the comparison
of measured and simulated results and kinetic analysis of five
literature models. However, detailed theoretical calculations for
possible formation pathways and accurate rate constants are
still required to better understand the chemistry of PAHs.
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