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a b s t r a c t 

We measured aerosol mass spectra and mobility size distributions of particles formed during the py- 

rolysis of ethylene, indene, and a mixture of ethylene with a small amount of indene. Measurements 

were recorded with a scanning mobility particle sizer and an aerosol mass spectrometer employing vac- 

uum ultraviolet photoionization using tunable radiation from the Advanced Light Source at Lawrence 

Berkeley National Laboratory. The results demonstrate that particle formation occurs at a temperature of 

∼1123 ±50 K for ethylene alone, at ∼923 ±50 K for indene alone, and at a comparable temperature to that 

of indene for ethylene seeded with a small amount of indene. Our results demonstrate that indene and 

indenyl, a resonance-stabilized radical (RSR) formed from indene pyrolysis, promote particle formation at 

lower temperatures and in the absence of acetylene, supporting the hypothesis that RSRs promote soot- 

particle inception. Even a small amount of indene added to ethylene promotes particle formation while 

circumventing the traditional pathways for mass growth by acetylene-addition reactions. Further support 

is provided by the appearance in the aerosol mass spectra of prominent peaks for masses corresponding 

to other RSRs from particles formed at lower pyrolysis temperatures. In addition, odd-numbered carbon 

species, associated with RSRs, appear in higher concentrations at low temperatures and are closely tied 

to particle inception. In indene pyrolysis, mass signals indicative of covalently bound indenyl dimers and 

trimers are prominent at pyrolysis temperatures near soot onset. Photoionization efficiency (PIE) curves 

demonstrate that, while the isomeric composition for some of these peaks may differ between ethylene 

and indene, the addition of indene to ethylene does not notably alter the isomers formed at these peaks 

between ethylene and the ethylene-indene mixture. PIE curves also show that m/z 202, which is com- 

monly assumed to be pyrene, is composed principally of fluoranthene under these conditions. 

© 2021 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Soot plays a significant role in global human health and the 

nvironment. Combustion-generated particles are especially harm- 

ul to human health compared to similar particles that are not a 

yproduct of combustion processes [1] . These particles are linked 

o a wide array of detrimental health effects, including lung dis- 

ase and altered cardiac function [2] . Soot particles also incorpo- 

ate polycyclic aromatic hydrocarbons (PAHs), some of which have 
∗ Corresponding author. 

E-mail address: hope.michelsen@colorado.edu (H.A. Michelsen). 
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een labeled as priority pollutants by the U.S. EPA and are known 

arcinogens [3] . Research into the scope and severity of health ef- 

ects caused by these particles is ongoing, but soot emissions are 

stimated to be responsible for millions of deaths annually [ 2 , 4 ,

 ]. In addition to health impacts, soot absorbs strongly throughout 

he ultraviolet, visible, and infrared spectral regions and is a sig- 

ificant contributor to climate change, primarily through enhanced 

irect radiative forcing [ 6 , 7 ]. These particles also have secondary 

adiative effects related to decreasing surface albedo following de- 

osition on snow and ice and serving as atmospheric cloud nu- 

leation sites [ 6 , 7 ]. These particles have thus become subject to 

ncreasingly stringent regulations, and interest in mitigation strate- 

ies has grown. 
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A robust understanding of the chemistry and mechanisms in- 

olved in the formation of soot particles is critical for accurately 

odeling and predicting soot-formation rates and physicochemical 

roperties. Accurate representations of these processes could lead 

o improved control or mitigation strategies. A sizeable body of re- 

earch has developed around experimental studies of soot particles 

nd precursors and modeling of precursor kinetics, particle growth, 

nd soot yield. Nevertheless, mechanisms for precursor growth and 

article production are poorly understood. 

The largest and most widely accepted class of soot precursors 

s PAHs, which have long been linked to soot formation and are 

enerally assumed to act as the building blocks of soot particles 

8–12] . Despite widespread acceptance that PAHs play a signifi- 

ant role in soot formation, the mechanisms explaining precursor 

rowth and particle inception are still debated. There has been 

xtensive research into the gas-phase development of PAHs us- 

ng chemical kinetic models. Wang and Frenklach [ 13 , 14 ] initially 

roposed the hydrogen abstraction C 2 H 2 addition (HACA) mech- 

nism as a method for precursor growth via acetylene addition, 

nd it has been repeatedly supported by experimental and the- 

retical evidence [15–20] . HACA does not accurately capture the 

ate of particle growth [ 21 , 22 ], however, and is too distributed

o explain particle inception [23] , i.e., the transition from the gas 

hase to the condensed phase [24] . Models of soot formation and 

rowth tend to be empirical or semi-empirical because of the wide 

ange of chemical species, time scales, and spatial scales involved. 

or example, many kinetic models invoke physical dimerization of 

maller PAHs, such as pyrene, as a proxy for soot inception, de- 

pite strong theoretical and experimental evidence against small- 

AH dimerization by van der Waals forces [ 21 , 25-29 ]. 

Two broad and overlapping classes of mechanisms for parti- 

le inception are currently under active consideration. On one end 

f the spectrum of mechanisms are those mechanisms predomi- 

antly driven by the thermodynamic processes of nucleation and 

ondensation, and on the other end are mechanisms controlled 

y chemical kinetic rates and probabilities of reaction. Particles 

ormed during thermodynamically driven inception are thought to 

e formed of stacked PAHs held together by van der Waals forces 

 21 , 30 , 31 ]. This mechanism class is challenged by experimental

nd theoretical evidence demonstrating that the PAHs typically ob- 

erved during soot inception are too small to condense at flame 

emperatures [ 21 , 26 , 28 ]. During kinetically controlled inception, 

recursors cluster through covalent bonding and may form clus- 

ers of cross-linked aromatic species [ 23 , 32-35 ]. Kinetically con- 

rolled mechanisms are generally constrained by high reaction bar- 

iers and slow reaction rates for relevant reactions. Such mecha- 

isms often involve schemes predicting the activation or dimeriza- 

ion of stable PAHs, which results in particle formation at slower 

ates than experimentally observed [ 14 , 21 ]. Radical-based reac- 

ions have long been posited as a pathway for faster precursor 

rowth [36–40] . A recent study by Johansson et al. [23] proposed 

 mechanism, clustering of hydrocarbons through radical-chain re- 

ctions (CHRCR), in which resonance-stabilized radicals participate 

n hydrocarbon clustering via radical-chain reactions, providing an 

fficient route for particle inception and growth. 

Previous pyrolysis studies of ethylene and indene have largely 

ocused on the analysis of gas-phase products smaller than pyrene 

 16 , 17 , 41 ] and analysis of soot particles and condensate using

C–MS, light scattering, or mobility analysis [42–47] . Recent stud- 

es by Jin et al. [ 4 8 , 4 9 ] provide a detailed investigation of gas-

hase products associated with indene pyrolysis and relevant im- 

rovements to kinetic mechanisms. The current work builds on 

revious studies by using aerosol mass spectrometry (AMS) cou- 

led with tunable vacuum-ultraviolet (VUV) radiation for online in- 

estigations of soot and particle-associated products over a wider 

ass range. The aim of this study is to explore the influence of 
2 
esonance-stabilized radicals (RSRs) on precursor formation and 

article inception in ethylene and indene pyrolysis. Photoioniza- 

ion efficiency (PIE) curves are also used to investigate the isomeric 

omposition of selected peaks. We observed that the presence of 

mall amounts of indene in ethylene pyrolysis promotes particle 

nception by providing a larger RSR pool, thus supporting the hy- 

othesis put forward by Johansson et al. [23] . 

. Experimental and analysis methods 

.1. Experimental setup 

Experiments were performed at Beamline 9.0.2, the Chem- 

cal Dynamics Beamline, at the Advanced Light Source (ALS) 

ynchrotron facility at Lawrence Berkeley National Laboratory in 

erkeley, CA. The experimental setup consists of a laminar flow 

eactor and a time-of-flight aerosol mass spectrometer using syn- 

hrotron tunable vacuum ultraviolet photoionization (VUV-AMS) 

 50 , 51 ]. The laminar flow reactor is made of a quartz tube with

 total length of 58.4 cm and an inner diameter of 1.08 cm. The 

eated length of the reactor is 40.6 cm, and the reactor was heated 

sing an electric furnace (MHI-H17HTC). The pressure in the reac- 

or was approximately 1 atm. All gas flow rates were controlled 

sing mass flow controllers (MKS Instruments, Inc. Model GM50A) 

ith flow stability of ±3% at full scale, calibrated (using a Sierra In- 

truments, Inc. Model SL-500) prior to use. Research-grade gasses 

ere supplied by Airgas, Inc. and were filtered (Swagelok Model 

S-4F-05) immediately upstream of the mass flow controllers. Flow 

ates are given in standard (0 °C, 1 atm) cubic centimeters per 

inute (sccm). 

Soot particles were generated through the pyrolysis of indene 

C 9 H 8 ), ethylene (C 2 H 4 ), and an ethylene-indene mixture at tem- 

eratures between 873 K and 1573 K. For ethylene pyrolysis, a flow 

f 5 sccm ethylene and 200 sccm argon was supplied to the reactor 

nlet. For indene pyrolysis, 50 sccm of argon was bubbled through 

 U-tube containing liquid indene maintained at 296 K, resulting in 

n indene vapor flowrate of approximately 0.1 sccm. The indene- 

aturated argon flow was diluted with an additional 200 sccm of 

rgon before entering the reactor. For the ethylene-indene mixture, 

 sccm ethylene was seeded with 0.1 sccm indene and diluted with 

50 sccm argon. We estimated the residence times at 973 K to be 

.06 s for ethylene, 2.51 s for indene, and 2.46 s for the ethylene- 

ndene mixture. 

After exiting the reactor, the products were quenched with a 

0 0 0 sccm flow of nitrogen (N 2 ), and a continuous sample was

irected into the VUV-AMS. The VUV-AMS includes an aerody- 

amic lens (ADL) system [52–54] , which removes small particles 

nd gas-phase species and focuses particles larger than ∼50 nm 

nto a beam. The transmission function and other characteristics 

f the ADL system and particle beam have been described pre- 

iously [52–54] . In our experiment small particles tend to coag- 

late in the sampling line and are transmitted to the detection re- 

ion despite being below the transmission limit of the ADL system 

hen formed. The particle beam is focused onto a copper target in 

 vacuum chamber with a working pressure of 10 −6 Torr. The tar- 

et is heated to approximately 623 K to vaporize condensed and 

eakly bound species from the particles. These vaporized species 

re photoionized with VUV radiation, pulse-extracted at a rate of 

5 kHz, and analyzed with time-of-flight mass spectrometry. All 

ass spectra shown were recorded with a photon energy of 9.5 eV 

o ionize products. 

The relationship between VUV-AMS signal and species concen- 

rations is difficult to quantify; the VUV-AMS measures species 

hat adsorb onto soot particles strongly enough to remain attached 

o the particle during transit to the ionization chamber but weakly 

nough to vaporize from the heated copper target under vacuum. 
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Fig. 1. Temperature dependence of particle size distributions. SMPS size distribu- 

tions are shown for (a) indene and (b) ethylene as a function of the pyrolysis flow- 

reactor temperature, color-coded and labeled by temperature. Color coding for both 

(a) and (b) is shown in the color bar in (b). 
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hese species do not necessarily reproduce a representative con- 

entration distribution of the species that are present in the pyrol- 

sis products. This behavior has previously been noted to concen- 

rate certain radicals and demonstrate greater sensitivity to heav- 

er masses (i.e., m/z > ∼190), despite the lower concentrations of 

hese larger species [23] . 

The VUV soft photoionization limits species fragmentation. The 

pecies are assumed to be singly ionized. However, the photon- 

nergy distribution of the VUV radiation is relatively broad, with a 

pread of approximately 0.2 eV fullwidth at half maximum. A small 

mount of 2,5-dimethylfuran was bled into the ionization cham- 

er to serve as a mass marker for time-of-flight calibration and as 

 reference for photon flux. A reference for the photon flux was 

eeded to determine relative photoionization cross-sections, and 

,5-dimethylfuran was selected based on favorable characteristics 

dentified in previous experiments [55] . 

We also made measurements of mobility size distributions of 

oot particles produced during ethylene and indene pyrolysis. In 

hese experiments, ethylene and indene were pyrolyzed using the 

ame conditions as given above, but argon was replaced with ni- 

rogen as the bath gas. At the exit of the reactor, the products 

ere quenched with an additional 30 0 0 sccm flow of nitrogen, and 

articles were analyzed using a scanning mobility particle sizier 

SMPS, electrostatic classifier Model 3080, differential mobility an- 

lyzer, Model 3081, condensation particle counter, Model 3776, TSI, 

nc.). For these measurements, we used a differential mobility an- 

lyzer (DMA) capable of measuring particle size distributions and 

verage particle mobility sizes within the range of ∼10 – 600 nm. 

.2. Analysis 

Peak intensities for a given m/z are expressed as the integrated 

rea under a peak. The integrated area for a peak was calculated 

y fitting the peak to the functional form of a gaussian or expo- 

entially modified gaussian distribution and subtracting the base- 

ine, which was fit using the LogPoly5 baseline function in Igor Pro 

Version 8.04, WaveMetrics [56] ). All mass spectra are scaled to 

he peak with the highest intensity, excluding m/z 96, which corre- 

ponds to the 2,5-dimethylfuran added in the ionization chamber. 

Photoionization efficiency (PIE) curves, which represent the de- 

endence of ion intensity for a given mass peak on photon energy, 

ere obtained by scanning photon energy between 7.5 - 10.2 eV in 

.1 eV increments. We convolved the photon energy distribution at 

.0 eV with the photoionization cross-section of 2,5-dimethylfuran 

ublished by Xie et al. [57] to create a reference curve for 2,5- 

imethylfuran. The PIE curves for pyrolysis products were normal- 

zed by the intensity of the dimethylfuran peak and scaled by the 

eference curve for 2,5-dimethylfuran to account for photon flux. 

or consistency between experimental sets and fuel types, the cor- 

ected PIE curves for pyrolysis products were arbitrarily normal- 

zed by the signal at 10.2 eV. To compare PIE curves between fu- 

ls, a fit between two curves was performed using two parame- 

ers: a scaling factor and an offset. We made comparisons between 

IE curves for pyrolysis products and reference PIE curves taken 

rom the literature. We performed a two-parameter fit in which 

e convolved the reference curves with the photon-energy distri- 

ution and then applied scaling factors and an offset parameter. 

e assumed a linear combination of the reference curves during 

he fitting procedure in comparisons involving multiple reference 

urves. Reference curves for selected species were drawn from the 

iterature. A complete list of species for which comparisons were 

ade can be found in Section A of the supplementary material. 

n addition, we have included a species dictionary with possible 

pecies structures in Section B of the supplementary material. 
3 
. Results and discussion 

.1. Particle-formation temperatures 

Fig. 1 shows the temperature dependence of size distributions 

f particles formed during pyrolysis. The SMPS size distributions 

emonstrate that particles start to form at ∼923 ±50 K for indene 

nd ∼1123 ±50 K for ethylene. The average particle sizes are sum- 

arized in Fig. 2 a for indene and Fig. 2 b for ethylene. Particles are

bserved at much lower temperatures for indene pyrolysis than for 

thylene pyrolysis. 

The size distributions shown in Fig. 1 demonstrate a general in- 

rease in particle size with increasing temperature. At 1173 K, the 

ize distributions for indene pyrolysis are bimodal. This tempera- 

ure is close to the temperature at which Jin et al. [49] reported 

hat indene decomposes and forms acetylene at 760 Torr, and we 

peculate that this second larger mode represents the availability 
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Fig. 2. Temperature dependence of particle formation. Integrated ion counts for 

VUV-AMS signal (dashed lines, open symbols), and average particle size measured 

by SMPS (solid lines and symbols) are shown as a function of the pyrolysis flow- 

reactor temperature. Data are shown for (a) indene, (b) ethylene, and (c) the 

ethylene-indene mixture. Error bars represent the standard deviation of experimen- 

tal trials. 
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f additional pathways for particle growth, potentially involving 

raditional HACA pathways. It appears that the second mode then 

egins to grow with increasing temperature. This second mode ap- 

ears at sizes of ∼100 nm, which is larger than the first mode, 

uggesting that this second mode is not a result of new pathways 

or inception. This observation is consistent with the hypothesis 

hat indenyl-driven reactions are responsible for particle inception 

t lower temperatures. As indenyl decomposes at higher temper- 
4 
ture, it is no longer available to promote particle formation and 

rowth whereas species such as acetylene become available. 

Fig. 2 shows comparisons of the SMPS mean particle sizes with 

he integrated ion counts from the VUV-AMS as a function of tem- 

erature. The VUV-AMS produces signal when particles of suffi- 

ient size ( > ∼50 nm) are formed or coagulate in the sampling line. 

ecause of the limited transmission at the smallest particle sizes, 

hese measurements tend to demonstrate a higher particle onset 

emperature than do SMPS measurements. This effect is demon- 

trated in Fig. 2 a by the appearance of particles at a lower tem- 

erature in SMPS measurements than suggested by the VUV-AMS 

ignal. Nevertheless, the VUV-AMS data provide a point of compar- 

son, across fuels, for when particles grow to sizes large enough to 

roduce discernible signal in the VUV-AMS. 

The integrated VUV-AMS signal indicates that soot onset occurs 

etween 1023 and 1033 K for indene, between 1148 and 1173 K 

or ethylene, and between 1023 and 1048 K when we add a small 

mount of indene ( ∼2% by number density) to the ethylene, as 

hown in Fig. 2 . The onset temperature observed when a small 

mount of indene is added to ethylene is significantly lower than 

hat observed for ethylene alone. Given the temperature resolution 

f the experiments, the ethylene-indene mixture begins to form 

articles within the same temperature range as indene. The com- 

arable onset temperatures between the ethylene-indene mixture 

nd pure indene suggest that particle inception and growth in the 

ixture is driven by indene-initiated reactions. Indene is a precur- 

or for RSR formation and forms indenyl during pyrolysis; the re- 

uction in the particle onset temperature with the addition of this 

SR precursor provides strong evidence that RSR reactions are im- 

ortant in driving particle formation at temperatures near 10 0 0 K. 

.2. Ethylene pyrolysis 

Past experimental studies of ethylene pyrolysis examined gas- 

hase [ 17 , 58 ] and condensed-phase or particle-associated prod- 

cts [ 16 , 41 , 44 , 45 ]. These studies focused primarily on initial de-

omposition products and closed-shell aromatic species with m/z < 

300. Mass spectra obtained via VUV-AMS ( Fig. 3 ) show a broader 

nd more detailed distribution of products, including radicals, than 

bserved previously. 

There are a large number of peaks in the mass spectrum at the 

article threshold temperature for ethylene pyrolysis ( Fig. 3 b). The 

bundance and rapid development of peaks indicate that multi- 

le pathways, such as HACA and radical-radical reactions [ 23 , 37 , 

9 , 60 ], contribute to precursor growth. These peaks appear in 

lusters, separated by approximately the mass of a carbon atom, 

.e., 12 u. At high temperatures (e.g., Fig. 3 a), peak clusters asso- 

iated with an even number of carbon atoms tend to be larger 

han those associated with an odd number of carbon atoms. As 

oted below, however, this trend switches at lower temperatures 

lose to the onset of particle formation ( Fig. 3 b). Peak series for 

oth odd and even numbers of carbon atoms are separated by 

4 u or 26 u, as others have previously noted in examinations of 

as-phase species [ 17 , 58 , 61 ]. A sequence of radical peaks, pre-

iously hypothesized to be linked to resonance-stabilized radicals 

RSRs) by Johansson et al. [23] , is also apparent and denoted in 

ig. 3 . These RSR masses are associated with odd-numbered car- 

on sets and are one mass unit lower than the primary closed- 

hell peak in the odd-carbon series. This observation is consistent 

ith the association between RSRs, five-membered-ring structures, 

nd odd-carbon numbers [23] . Conversely, the dominant peaks of 

he even-numbered carbon series are not typically coupled with 

adical masses in the mass spectra. 

The RSR masses follow the same spacing of 24–24–26 u as 

he major peaks, and the sequence extends through the end of 

he observable peak series. At 1173 K, when particles are first de- 
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Fig. 3. VUV-AMS mass spectra of ethylene pyrolysis products. Results are shown for flow-reactor temperatures of (a) 1223 K, (b) 1173 K, and (c) 1073 K. The data were 

recorded with a photon energy of 9.5 eV. Major peaks and masses corresponding to proposed resonance-stabilized radicals and relevant closed-shell species are labeled. 
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ected, the mass spectra show unexpectedly high signals for peaks 

orresponding to odd-numbered carbon species and RSRs. Specifi- 

ally, peaks for radical masses at m/z 141 (C 11 H 9 ), 165 (C 13 H 9 ), and

89 (C 15 H 9 ) are larger than the corresponding closed-shell peaks. 

bove m/z 189, the radical masses are apparent, but the associ- 

ted closed-shell peaks at m/z 216 (C 17 H 12 ), 240 (C 19 H 12 ), and 264

C 21 H 12 ) are present at higher intensities than their radical part- 

ers. This trend may indicate that, at lower masses, radicals have a 

igher affinity for the particles than do closed-shell species, and 

hat the adsorption probability increases for closed-shell species 

ith increasing mass. This trend also suggests that these RSRs and 

dd-numbered carbon species may be relatively abundant and play 

 significant role in particle inception. 

.3. Indene pyrolysis 

For indene pyrolysis, particle formation occurs at temperatures 

ower than that at which acetylene is formed through indene py- 

olysis (1200 K at 760 Torr [49] ); particles are thus formed in 

he absence of acetylene, which demonstrates particle formation 

ithout the involvement of traditional HACA pathways. This con- 

lusion is consistent with early work in shock tubes by Graham 

t al. [43] that showed that, under their pyrolysis conditions, in- 

ene formed soot more readily than acetylene and without involv- 

ng the decomposition of indene. 
5 
In contrast to ethylene pyrolysis products, there is a relatively 

parse set of mass peaks observed for indene pyrolysis, as shown 

n Fig. 4 , even at higher temperatures. The initial sparsity in peaks 

ay be due, in part, to the stability of the indenyl radical, which 

mpedes decomposition routes for indene [49] . Given the availabil- 

ty and stability of indenyl during the initial decomposition pro- 

ess, species growth via indenyl-based reactions is favored over 

ontinued decomposition at lower temperatures. This propensity 

or species growth from reactions with indenyl is demonstrated 

n Fig. 4 . At 1073 K ( ∼40 K above sooting onset as measured by

UV-AMS), major peaks include m/z 216 (C 17 H 12 ), 228 (C 18 H 12 ), 

nd 230 (C 18 H 14 ). Previous studies on indene pyrolysis have also 

emonstrated these masses as major products and proposed re- 

ction pathways to both C 17 and C 18 products based on indenyl 

eactions [ 4 8 , 4 9 , 62 ]. Lu and Mulholland [62] calculated reac-

ion pathways, summarized in Scheme 1 , for which a bi-indenyl 

tructure can undergo a series of ring-closing and opening steps 

o form isomers of m/z 228, chrysene, benzo[ c ]phenanthrene, and 

enz[ a ]anthracene. Such pathways were also proposed by Badger 

nd Kimber [ 63 , 64 ] and Wentrup et al. [65] . The formation of

hrysene from indenyl dimer formation was also proposed in 1966 

y Davies and Scully [42] . Lu and Mulholland [62] additionally pro- 

osed a pathway for formation of benzo[ b ]fluorene ( m/z 216), a C 17 

roduct, via loss of the methyl group from the proposed interme- 

iate methyl benzo[ b ]fluorene, as shown in Scheme 2 . Jin et al. [ 48 ,
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Fig. 4. VUV-AMS mass spectra of indene pyrolysis products. Results are shown for reactor temperatures of (a) 1223 K and (b) 1073 K. The data were recorded with a photon 

energy of 9.5 eV. Major peaks and masses corresponding to proposed resonance-stabilized radicals and relevant closed-shell species are labeled. 

Scheme 1. Summary of indenyl dimerization and subsequent isomerization path- 

ways proposed by Badger and coworkers [ 63 , 64 ], Lu and Mullholland [62] , and 

Wentrup et al. [65] to form isomers at m/z 228. Solid arrows represent single-step 

reactions, and hollow arrows represent multi-step reactions. Chrysene formation 

was also proposed by Davies and Scully [42] . 

4

b

b

t

K

o

s

c  

s

Scheme 2. Indenyl dimerization and isomerization pathway to form C 17 species. 

This scheme is based on pathways proposed by Lu and Mullholland [62] and by Jin 

et al. [ 4 8 , 4 9 ], based on an analogous scheme from Kislov and Mebel [66] . Solid 

arrows represent single-step reactions, and hollow arrows represent multi-step re- 

actions. 
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9 ] proposed a route to the formation of benzo[ b ]fluorene via the 

i-indenyl radical ( Scheme 2 ); their pathway proceeds via methyl 

enzo[ b ]fluorenyl and is based on the scheme for indene forma- 

ion via the cyclopentadiene-cyclopentadienyl adduct proposed by 

islov and Mebel [66] . 

Whereas bi-indenyl is the dominant route to forming C 18 H 14 , 

ther pathways may exist after further decomposition of indene, 

uch as the radical-radical combination of fluorenyl (C 13 H 9 ) and cy- 

lopentadienyl (C 5 H 5 ) [ 48 , 62 , 65 ]. These reaction schemes empha-

ize the importance and involvement of radical-radical reactions 
6 
nd resonance-stabilized radicals in precursor growth. The impor- 

ance of these types of reactions has been previously noted [ 40 , 59 ,

7 ] and is consistent with the CHRCR mechanism. 

In addition to peaks at m/z 216, 228, and 230, prominent peak 

ets observed include m/z 330 (C 26 H 18 ) and 344 (C 27 H 20 ), begin-

ing at 1033 K when particles are first detected in the VUV-AMS 

ass spectra. These masses were not observed in gas phase stud- 

es of indene pyrolysis [ 4 8 , 4 9 , 60 , 62 , 65 ]. The combinations of

bserved masses and the initial sparsity of peaks in the mass spec- 

ra suggest that these peak series are formed from reactions of in- 

enyl with C 17 and C 18 species. The stability of the C 26 and C 27 

pecies throughout the vaporization and ionization processes in- 

icates that they are covalently bound and not physical dimers. 

he presence of the mass peaks at m/z 330 and 344 among the 

rst masses detected by the VUV-AMS indicates that these species 
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Scheme 3. Summary of acetylene addition to indenyl. Larger RSRs are proposed to 

form in the reaction of acetylene with indenyl, including vinylindenyl radical ( m/z 

141), benzotropyl radical ( m/z 141), fluorenyl ( m/z 165), phenalenyl ( m/z 165), and 

benz[ e ]indenyl ( m/z 165). (a) The first step (1-indenyl to vinylindenyl) was proposed 

by Johansson et al. [23] . The other steps were proposed by Zhao et al. [60] . (b) – (c) 

These mechanisms were proposed by Johansson et al. [23] . Solid arrows represent 

single-step reactions, and hollow arrows represent multi-step reactions. 
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ay be rapidly and efficiently formed through radical-clustering- 

ype reactions, such as those predicted by the CHRCR mechanism. 

As reactor temperature increases between 1073 and 1223 K, the 

ajor peaks in the C 26 and C 27 series shift downward by 2–4 mass 

nits. In this temperature range, very few peak series are observed 

etween m/z 230 and 330, and this downward shift corresponds 

o a similar shift in intensities for the C 18 series. These trends im- 

ly a direct link between these masses that is indicative of growth 

hrough repeated indenyl addition. 

There are fewer RSR mass peaks in indene pyrolysis across all 

emperatures, relative to the number observed in ethylene pyrol- 

sis. The sparsity of RSR peaks is likely attributable to the lack 

f acetylene or vinyl radical necessary to form the radical pool 

23] . Based on previous work [23] , we would expect indenyl radical 

o readily form species with m/z of 141 (C 11 H 9 ), 165 (C 13 H 9 ), 189

C 15 H 9 ), 215 (C 17 H 11 ), 239 (C 19 H 11 ), and 263 (C 21 H 11 ) in the pres-

nce of acetylene or vinyl radical. Except for m/z 215, these masses 

re not apparent in the mass spectra associated with lower reac- 

or temperatures. At higher temperatures, however, these masses 

o appear, suggesting that indene dissociates at these tempera- 

ures to form species (i.e., acetylene or vinyl) that can react with 

ndenyl to generate these larger RSRs. This observation is consis- 

ent with the results of Jin et al. [49] , which demonstrate forma- 

ion of acetylene in the pyrolysis of indene at temperatures above 

200 K at 760 Torr. Reactions of indenyl with acetylene and viny- 

acetylene are proposed to form species, such as a vinylindenyl 

nd benzotropyl radical at m/z 141 and fluorenyl, phenalenyl, and 

enz[ e ]indenyl at m/z 165 [ 23 , 60 ], as shown in Scheme 3 . Despite

alculations suggesting that the production of benzotropyl should 

e kinetically and thermodynamically favored over that of vinylin- 

enyl in reactions of acetylene with indenyl [60] ( Scheme 3 a), 

etailed experiments by Zhao et al. [60] demonstrated that 1- 

thynylindene ( m/z 140) is exclusively formed via the vinylindenyl 

ntermediate at high temperatures and that benzotropyl is not 

ormed ( Scheme 3 a). At such temperatures we observe only m/z 

41 and not 1-ethynylindene. We also observe m/z 142, which 

ould be produced by hydrogen addition to vinylindenyl to gener- 

te the closed-shell species vinylindene ( Scheme 3 a). Although we 

annot rule out production of benzotropyl, our current results and 

hose of Zhao et al. [60] are consistent with the previous identifi- 

ation of m/z 141 as vinylindenyl. 

.4. Ethylene-indene mixture pyrolysis 

Fig. 5 shows mass spectra for the mixture at several tempera- 

ures. Fig. 5 c presents the mass spectrum recorded for the pyrolysis 

emperature of 1073 K, which is above the particle onset temper- 

ture for indene and the mixture, but below the onset tempera- 

ure for ethylene. Fig. 6 a shows a comparison of the three fuels for

073 K. At this temperature, prominent peaks at m/z 178 (C 14 H 10 ) 

nd 202 (C 16 H 10 ) are present in the mass spectrum for the mix-

ure that are not observed in indene alone. The presence of these 

eatures confirms that reactions at this onset temperature do not 

nvolve the pyrolysis products of indene alone, but that the pres- 

nce of indene/indenyl has a synergistic effect on particle forma- 

ion through reactions involving ethylene or products from ethy- 

ene pyrolysis. The constructive effect of an additional pool of RSRs 

n particle formation and growth is consistent with behavior pre- 

icted by the CHRCR mechanism. Despite the additional features in 

he mass spectrum for the ethylene-indene mixture, there is a rel- 

tive sparsity of mass peaks, as with indene pyrolysis. If the HACA 

echanism were responsible for the growth in gas-phase precur- 

ors associated with particle inception at these temperatures, the 

UV-AMS mass spectra would demonstrate a sequence of mass 

eaks separated in mass by 24 or 26 u. Such a sequence is not 

pparent in the VUV-AMS mass spectra at temperatures close to 
7 
hat of particle onset for either indene or the ethylene-indene mix- 

ure. Fig. 5 b shows the mass spectrum for 1148 K. At this temper- 

ture there are a few additional peaks, largely associated with RSR 

pecies. Fig. 6 b shows a comparison with ethylene and indene at 

173 K, demonstrating the relative sparsity of peaks in the mixture 

ompared with ethylene alone near the onset temperature for par- 

icle formation from ethylene. The sparsity of peaks in the mass 

pectra for the mixture indicates that the initial formation and 

rowth of species associated with soot particles are not readily ex- 

lained by the HACA mechanism. 

For indene, the initial mass peaks at m/z 216, 228, 230, 330, and 

44 are closely linked to reactions involving the indenyl radical. 

or the ethylene-indene mixture, reactions involving indenyl can 

lso be linked to the mass peaks at m/z 178 (C 14 H 10 ), 202 (C 16 H 10 ),

28 (C H ), and 230 (C H ), but the absence of peaks at m/z
18 12 18 14 
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Fig. 5. VUV-AMS mass spectra of ethylene-indene mixture pyrolysis products. Results are shown for reactor temperatures of (a) 1273 K, (b) 1148 K, and (c) 1073 K. The data 

were recorded with a photon energy of 9.5 eV. Major peaks and masses corresponding to proposed resonance-stabilized radicals and relevant close-shell species are labeled. 

Fig. 6. VUV-AMS mass spectra of pyrolysis products for ethylene, indene, and the ethylene-indene mixture. Results are shown for reactor temperatures of (a) 1073 K, (b) 

1173 K, (c) 1273 K, and (d) 1423 K. Data were recorded with a photon energy of 9.5 eV. 
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78 and 202 in indene pyrolysis indicates that the formation of 

hese masses relies on ethylene or precursors formed in ethylene 

yrolysis, which are not available in indene pyrolysis. 

Peaks at m/z 266 (C 21 H 14 ) and 278 (C 22 H 14 ) are also apparent in

he mass spectra for the mixture at temperatures below the onset 

emperature for ethylene. Species at these masses have been ob- 

erved to form by non-sequential mass growth in flames, appear- 

ng earlier in the soot-formation process than smaller species [ 37 , 
8 
8 ]. Their production appears to skip traditional HACA pathways 

nd instead proceeds through radical-radical reactions [37] . Indene 

r indenyl apparently facilitates production of these radicals 

At higher temperatures, indenyl is predicted to participate in 

eactions with RSRs generated by ethylene pyrolysis. Sinha et al. 

40] performed a series of quantum chemical calculations and pro- 

osed a route to pyrene and fluoranthene (C 16 H 10 ) formation via 

he reaction of indenyl with benzyl radicals ( Scheme 4 ). An effi- 
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Scheme 4. Summary of pyrene and fluoranthene formation pathways proposed by 

Sinha et al. [40] . 

Scheme 5. Summary of anthracene and phenanthrene formation pathways pro- 

posed by Mulholland et al. [69] . 
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ient pathway to the formation of anthracene and phenanthrene 

C 14 H 10 ) can proceed through the combination of cyclopentadienyl 

nd indenyl radicals [69] ( Scheme 5 ). Whereas both benzyl and cy- 

lopentadienyl radicals may be formed through indene decomposi- 

ion [ 48 , 70 ], the availability of these precursors in the ethylene-

ndene mixture likely relies on their formation via pathways from 

thylene pyrolysis. 

At temperatures above the onset temperature for ethylene, the 

resence of mass peaks observed in the mass spectra for ethylene 

nd the ethylene-indene mixture are in excellent agreement for 

/z < ∼300. However, the relative intensities of mass peaks are 

ot well matched for these two fuels below 1273 K. The signal in- 

ensities for odd-carbon masses are significantly less pronounced 

elative to the even-carbon species in the ethylene-indene mixture 

han in ethylene alone, at matching temperatures below 1273 K. 

his discrepancy may be due to a higher rate of particle inception 

nd precursor growth for the mixture than for ethylene alone; soot 

nception occurs at a lower temperature for the mixture, which 

ay preferentially partition RSRs in or on particles. 

At temperatures of 1273 K and higher, the mass spectra for 

thylene and the mixture are nearly identical, as shown in Fig. 6 c 

nd d. The apparent tendency of the mixture to behave like ethy- 

ene may be expected, given that the relative concentrations of the 

uels in the mixture are approximately 98% ethylene and 2% indene 

y number density, but this behavior is apparent only at high tem- 

eratures. At these higher temperatures, the enhanced RSR concen- 

rations offered by small amounts of indene have less of an effect 

n the flame composition and the distribution of species we sam- 

le than at lower temperatures. 
9 
.5. Resonance-stabilized radicals 

At temperatures ≤1223 K, species growth for both indene and 

he ethylene-indene mixture appear to be driven primarily by 

adical-based reactions. Specifically, the indenyl radical is linked to 

ormation pathways for the initial major mass peaks observed for 

yrolysis of both indene and the mixture. At intermediate temper- 

tures, between 1223 K and 1373 K, the mass spectra are more 

ensely populated with peak series within the range of m/z 150 to 

50. These peak series exhibit the typical 24–24–26 u spacing in- 

ervals that are consistent with HACA-type growth. The added pool 

f indenyl radicals does not appear to alter the HACA-based growth 

f precursors in the ethylene-indene mixture, compared with ethy- 

ene at intermediate and higher temperatures, as shown in Fig. 6 c 

nd d. At these temperatures indene decomposes, forming acety- 

ene and other smaller hydrocarbons [49] . 

An increased pool of indenyl radicals in the ethylene-indene 

ixture is presumably the driving force for decreased onset tem- 

erature for the mixture relative to pure ethylene. The indenyl rad- 

cal facilitates species growth in the mixture, at lower tempera- 

ures, by introducing a bicyclic RSR that has efficient pathways for 

rowth through self-reaction or reactions with smaller precursors 

nd other RSRs, such as cyclopentadienyl. The presence of this RSR 

llows precursors in ethylene pyrolysis to accelerate the particle- 

nception process. 

The influential role of indenyl in precursor growth and soot on- 

et at lower temperatures observed in this study provides clues 

o the role of RSRs in soot inception. The sparsity of mass peaks 

nd the large separation between peak series near the onset tem- 

erature in indene pyrolysis supports the hypothesis that radical 

eactions, in this case involving indenyl, rapidly grow precursors 

nd initiate inception. This growth pattern agrees with the clus- 

ering steps of the CHRCR mechanism, which predicts low barri- 

rs for an H-abstraction or H-ejection following a radical-radical 

eaction. 

The first step of the CHRCR mechanism is growth of RSRs 

hrough repeated acetylene addition, but the underlying kinetic- 

hermodynamic coupling in the mechanism does not necessi- 

ate a continuous sequence of molecular-weight growth through 

he addition of acetylene, or other small gas-phase species, to 

SRs until they reach a prescribed size. Specific RSR species de- 

eloped through such addition steps are not mandated and are 

ikely dependent on the fuel and local conditions. The heart of 

he CHRCR mechanism is the particle-inception process initiated 

y the pool of RSRs formed. In the CHRCR mechanism, incep- 

ion occurs through radical-chain reactions that covalently clus- 

er a range of both radical and unsaturated closed-shell hydrocar- 

on species. In this scheme, clustering refers to the grouping of 

pecies that become bound together at growth centers and should 

ot be confused with molecular-weight growth on distributed gas- 

hase species. Because these reactions are centralized at growth 

enters, particle inception does not require high concentrations of 

adicals (e.g., on the order of acetylene concentrations for growth 

ia HACA-type reactions). In addition, the clustering reactions are 

hain reactions, which regenerate radicals, preventing depletion 

f the radical pool. The clustering process described by CHRCR 

s hypothesized to produce disordered, covalently bound, three- 

imensional incipient particles. 

In the initial stages of the CHRCR mechanism gas-phase precur- 

ors may grow through both radical-radical reactions, such as in- 

enyl combinations, and sequential additions of acetylene or vinyl. 

eactions between RSRs have previously been projected to pro- 

ide efficient pathways for mass growth [ 23 , 39 , 48 , 49 , 62 , 71 ].

his behavior is supported by the indenyl-centric growth patterns, 

bserved at low temperatures in both indene and the ethylene- 

ndene mixture, which demonstrate that the progression of RSR 
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Fig. 7. Temperature dependence of formation of selected masses. Integrated mass peaks are shown for (a-c) masses corresponding to proposed resonance-stabilized radicals 

and (d-f) selected major peaks corresponding to closed-shell species. The associated fuels are given in the legends. Signals in (a-c) are normalized by the highest peak 

intensity across all mass peaks for each fuel, and signals in (d-f) are individually normalized by the highest intensity for each mass peak. In (a-c), m/z values correspond 

to molecular formulas of C 7 H 7 for m/z 91, C 9 H 7 for m/z 115, C 11 H 9 for m/z 141, C 13 H 9 for m/z 165, and C 15 H 9 for m/z 189. In (d-f), solid lines correspond to even-numbered 

carbon species (C 16 H 10 for m/z 202, C 18 H 10 for m/z 226, and C 18 H 12 for m/z 228) and dashed lines correspond to odd-numbered carbon species (C 17 H 12 for m/z 216 and C 19 

H 12 for m/z 240). 
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rowth and clustering is not limited to a strict growth sequence 

riven by the addition of vinyl or acetylene. Other recent work 

as also validated pathways and species consistent with this stage 

f the CHRCR mechanism [ 32 , 72 ]. This conclusion explains the 

ery early results of Davies and Scully [42] and Graham et al. [43] ,

hich showed that the yield of soot from indene was more than 

n order of magnitude higher than the yield from acetylene at the 

ame concentrations. 

Fig. 7 a, b, and c present intensity variations with temperature 

or masses corresponding to RSRs. The most prominent radical 

asses depend on the fuel. For ethylene ( Fig. 7 c) and the ethylene-

ndene mixture ( Fig. 7 b), the most prominent radical masses are 

/z 165 and 189, whereas m/z 115 and 165 are prominent for in- 

ene ( Fig. 7 a). As expected, the mass peak corresponding to in- 

enyl at m/z 115 (scaled up by a factor of 20 in Fig. 7 a, b, and c) is

ore prominent for indene pyrolysis, compared to the other fuels. 

he trends in Fig. 7 a-c illustrate that the importance of individual 

SRs, along with the dominant reaction pathways for the forma- 

ion and growth of specific RSRs, is likely to depend on fuel and 

eaction conditions. 

For both ethylene ( Fig. 7 c) and the ethylene-indene mixture 

 Fig. 7 b), signal intensities for radicals decrease significantly be- 

ween 1273 K and 1373 K, whereas the signals for radicals in in- 

ene ( Fig. 7 a) fall off between 1173 K and 1273 K. The temperature

ange over which radical intensities decrease significantly approxi- 

ately corresponds to the region with the broadest range of mass 

eaks. Previous pyrolysis studies on soot particle size and yield 

ave demonstrated that yield and inception rates increase with 

emperature [ 46 , 47 , 73 ]. PAH sizes, on the other hand, exhibit a

aximum before decreasing with further increases in temperature 

 16 , 46 , 61 ]. Continued growth of large PAHs appears to become

nfavorable at higher temperatures, resulting in a reduced range 

f PAH masses. RSR intensities also decrease with increasing tem- 

eratures, but this falloff occurs at lower temperatures than those 

t which PAH growth appears to become unfavorable. This trend 

uggests that RSRs likely serve as a critical component in the in- 

eption process. 
10 
Fig. 7 d, e, and f demonstrate the relationship between the 

rowth rates of odd-numbered carbon species, corresponding to 

/z 216 (C 17 H 12 ) and 240 (C 19 H 12 ), and even-numbered carbon 

pecies, corresponding to m/z 202 (C 16 H 10 ), 226 (C 18 H 10 ), and 228

C 18 H 12 ). The trends for RSR masses at m/z 215 and 239 mirror 

he trends for the masses at m/z 216 and 240 but are omitted for 

larity. RSR signals above approximately m/z 189 are less promi- 

ent, whereas the closed-shell peaks associated with proposed RSR 

asses within odd-numbered carbon peak series appear with in- 

ensities close to or higher than the intensities of the major peaks 

n adjacent even-numbered carbon peak series. The signal intensi- 

ies of the odd-numbered carbon species are higher at lower tem- 

eratures than the even-numbered carbon species. This observa- 

ion indicates that the odd-numbered carbon species, and the as- 

ociated RSRs, which appear in higher concentrations at low tem- 

eratures, are closely tied to particle inception. 

Odd-carbon species reach their signal maxima 50 – 350 K be- 

ow the maxima for the even-carbon species. Moreover, the odd- 

arbon species reach their maxima below 1273 K, which is in the 

ame temperature range in which the RSRs reach their maxima, 

upporting the association between species with five-membered 

ings and RSRs [ 23 , 74 , 75 ] and suggesting a role of odd-carbon

pecies in the onset of particle formation. This observation aligns 

ith studies that have linked species containing five-membered 

ings to soot inception [ 23 , 32 , 76-79 ]. An exception to the trend

etween odd and even-numbered carbon species is the mass at 

/z 228, which closely follows the trend of the odd-numbered car- 

on species. This behavior may result from the close link between 

/z 228 and indenyl via the reactions between indenyl radicals. If 

he major pathway to m/z 228 is through indenyl reactions, then 

/z 228 would be expected to mirror the same trends as the RSRs 

r odd-numbered carbon species. The species associated with m/z 

26, on the other hand, displays the expected behavior of slower 

rowth with temperature associated with even-numbered carbon. 

his distinction implies that m/z 226 is formed via a different path- 

ay than m/z 228, and it is unlikely that m/z 226 and m/z 228 are

elated by hydrogen addition/elimination reactions. 
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Fig. 8. Normalized photoionization efficiency curves from VUV-AMS data. PIE 

curves are shown for selected mass peaks for ethylene at 1223 K, the ethylene- 

indene mixture at 1223 K, and indene at 1573 K. Error bars (gray shading) represent 

the standard error of the mean. 
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The observation that the odd-carbon species reach a peak at 

ower temperatures than do the even-carbon species is consistent 

ith the even-carbon species being more stable at higher temper- 

tures than the odd-carbon species. We would then expect that 

article inception initiated by even-carbon species would be more 

ikely to occur at higher temperatures, The evidence of a second 

ode in the SMPS size distribution for indene at 1173 K sug- 

ests that these high-temperature even-carbon reactions may pro- 

ide additional pathways for particle growth, rather than incep- 

ion, because the particle sizes for the second mode ( ∼100 nm) 

re much larger than expected for incipient particles. This result 

uggests that, in a flame, soot inception occurs low in the flame at 

elatively low temperatures, and growth and maturation occur at 

igher temperatures and higher heights in the flame. 

.6. Photoionization efficiency curves 

Identification of large PAHs and radical species is limited by (1) 

 lack of existing photoionization cross-sections and (2) the pres- 

nce of numerous isomers with similar ionization energies [ 37 , 55 , 

0 ]. Despite this difficulty in identifying large molecular structures 

hrough ionization energies, differences in the PIE curves between 

ifferent isomers can provide qualitative information about ma- 

or constituents, even if definitive isomer speciation is not pos- 

ible [ 80 , 81 ]. Fig. 8 shows selected experimental PIE curves for

hree pyrolysis cases: ethylene at 1223 K, ethylene-indene mixture 

t 1223 K, and indene at 1573 K. These PIE curves were recorded 

t photon energies between 7.5 and 10.2 eV for masses at m/z 216 

C 17 H 12 ), 226 (C 18 H 10 ), 228 (C 18 H 12 ), and 230 (C 18 H 10 ). 

The PIE curves for pyrolysis products of ethylene and the 

thylene-indene mixture are identical to each other within exper- 

mental uncertainties at 1223 K, as shown in Fig. 8 and Fig. S1 

n the supplementary material. Differences between PIE curves for 

roducts of ethylene and indene are most significant for m/z 216, 

28, and 230 and suggest the formation of different isomers or dif- 

erent distributions of isomers at these masses between the two 

uels. The PIE curves at m/z 226 ( Fig. 8 b), on the other hand, ap-

ear to be nearly the same for the two fuels. In indene pyrolysis, 

he masses at m/z 216, 228, and 230 are linked to indenyl self- 

eactions. Lu and Mulholland [62] attribute the C 17 H 12 species at 

/z 216 in indene to benzofluorenes formed as a product of bi- 

ndenyl, but alternate formation pathways in ethylene may include 

yclopentadienyl addition to acenaphthylene or propargyl addition 

o anthracene. Such pathways are likely to be more pronounced in 

ndenyl pyrolysis. 

Fig. 9 shows comparisons of our experimental PIE curves with 

eference curves for several masses associated with RSRs. For the 

asses shown, curves for indene and the ethylene-indene mixture 

re nearly identical to curves for ethylene (see Fig. 8 ), and we have

ncluded only the curves for ethylene for clarity. The lack of agree- 

ent between the experimental and reference PIE curves shown in 

ig. 9 a demonstrates that m/z 142 is unlikely to be predominantly 

ttributable to 1-methylnaphthalene. Given that m/z 141 is likely 

o include vinylindenyl, as proposed by Johansson et al. [23] and 

n Section 3.3 above, we might expect m/z 142 to be vinylindene, 

ut we do not have a reference curve for this isomer. 

Fig. 9 b shows a similar comparison between m/z 165 and the 

eference curves for fluorenyl radical. This mass appears to be a 

ombination of isomers including fluorenyl, which demonstrates 

ood agreement with the experimental PIE curve at the lower pho- 

on energies. We would expect m/z 165 and 166 to be linked by 

-addition/H-loss reactions. Fig. 9 c shows a comparison of the PIE 

urve for m/z 166 with several reference curves. A fit based on a 

inear combination of these reference curves gives excellent agree- 

ent with the experimental curve and yields ∼88% fluorene, ∼8% 

-(prop–1-yn-1-yl)-naphthalene, and ∼4% 3H-benz[ e ]indene. This 
11 
esult, suggesting that fluorene is the main contributor to the sig- 

al at m/z 166, is consistent with the assignment of fluorenyl as a 

ignificant isomeric component at m/z 165 since loss of a hydrogen 

tom from fluorene produces fluorenyl. 

Zhao et al. [82] suggested a route to forming 3H-benz[ e ]indene 

 m/z 166) through acetylene addition to 1-methylnaphthalene ( m/z 

42). However, the comparisons shown in Fig. 9 demonstrate that 

/z 142 is unlikely to be predominantly 1-methylnaphthalene, and 
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Fig. 9. Normalized photoionization efficiency curves from VUV-AMS data compared 

to reference PIE curves from the literature. PIE curves are shown for masses asso- 

ciated with resonance-stabilized radicals from ethylene pyrolysis at 1223 K. Error 

bars (gray shading) represent the standard error of the mean for the pyrolysis data. 

Reference curves shown are reproduced from [82–84] . 
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Table 1 

Potential assignments for major isomers produced during pyrolysis. 

m/z Name Formula Structure 

115 1-Indenyl radical C 9 H 7 

116 Indene C 9 H 8 

141 Vinylindenyl radical C 11 H 9 

142 Vinylindene C 11 H 10 

152 Acenaphthylene C 12 H 8 

165 Fluorenyl radical C 13 H 9 

166 Fluorene C 13 H 10 

166 3H-benz[ e ]indene C 13 H 10 

202 Fluoranthene C 16 H 10 

226 Benzo[ ghi ]fluoranthene C 18 H 10 

226 7-Ethynylfluoranthene C 18 H 10 

228 Chrysene C 18 H 12 

228 4-vinylpyrene C 18 H 12 

230 1,1-Bi-Indene C 18 H 14 

[

i

t

e

m

f

n

i

/z 166 is unlikely to be predominantly 3H-benz[ e ]indene, leading 

s to conclude that acetylene addition to methylnaphthalene is not 

 major route to forming m/z 166 from m/z 142. 

Table 1 provides a consolidated list of possible assignments for 

ajor isomers at selected masses, and Table S1 in Section A of 

he supplementary material provides a complete list of species for 

hich comparisons were made and the literature sources for all 

eference curves. Table S2 in the supplementary material presents 

ossible structures for species considered in this study. 

Fig. 10 shows a comparison of the PIE curves for other promi- 

ent mass peaks in the VUV-AMS data with reference curves avail- 

ble from the literature. Fig. 10 excludes the curves for indene and 

he mixture for the masses for which those curves are nearly iden- 

ical to those of ethylene and reference curves for species that 

ere not found to be major contributors to the experimental PIE 

urve. 

PIE curves at m/z 202 were compared to reference PIE curves 

or pyrene and fluoranthene ( Fig. 10 a). The peak at m/z 202 is com-

only attributed to pyrene, the most stable isomer at this mass 
12 
85] , especially in kinetic mechanisms. The fits between the exper- 

mental PIE curves and the reference curves indicate that fluoran- 

hene is the primary contributor to m/z 202 for ethylene and the 

thylene-indene mixture. The PIE curve from indene pyrolysis for 

/z 202 deviates slightly from both fluoranthene and the curves 

or ethylene and the mixture. However, a fit using a linear combi- 

ation of the pyrene and fluoranthene reference curves with scal- 

ng and offset parameters did not improve on the fit using fluoran- 



J.A. Rundel, C.M. Thomas, P.E. Schrader et al. Combustion and Flame 243 (2022) 111942 

Fig. 10. Normalized photoionization efficiency curves from VUV-AMS data for 

masses associated with resonance-stabilized radicals compared to reference PIE 

curves from the literature. PIE curves from VUV-AMS data are shown for ethylene 

at 1223 K. Error bars represent the standard error of the mean. Reference curves 

shown are reproduced from [ 13 , 18-20 ]. 

t

t

s

p

m

n

Scheme 6. Summary of fluoranthene formation pathways. Reactions shown were 

proposed by a) Wang and Violi [87] , b) Sinha et al. [40] , and c) Jin et al. [48] . 
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a  
hene alone. The result of the combined fit confirms that fluoran- 

hene is a major contributor to the m/z 202 peak in the VUV-AMS 

pectra. This result supports previous studies of the isomeric com- 

osition of m/z 202 that found the major contribution from iso- 

ers other than pyrene and identified fluoranthene as the domi- 

ant isomer at this mass [ 37 , 40 , 68 , 80 , 86 ]. 
13 
There are multiple reaction pathways in the literature that may 

xplain the formation of fluoranthene. Identification of m/z 202 

s fluoranthene supports proposed growth pathways from ace- 

aphthylene through HACA [17] , rather than schemes asserting 

yrene formation from phenanthrene as a dominant route. Several 

athways for fluoranthene formation have been suggested previ- 

usly. Wang and Violi [87] proposed fluoranthene formation via 

yclopentadienyl addition to acenaphthylene ( Scheme 6 a); Sinha 

t al. [40] , through the combination of benzyl and indenyl radi- 

als ( Scheme 6 b), and Jin et al. [48] proposed fluoranthene forma- 

ion via propargyl addition to fluorenyl ( Scheme 6 c). These path- 

ays involve reactions of resonance-stabilized radicals with five- 

embered rings. Notably, a study by Johansson et al. [37] found 

hat pyrene only contributed to 12% of the m/z 202 signal from 

 premixed ethylene/oxygen/nitrogen flame, and the remainder of 

he signal was due to isomers containing five-membered rings. In 

 later study, Johansson et al. [80] concluded that m/z 202 from 

his flame was a combination of pyrene and fluoranthene. These 

bservations highlight the limitations of stabilomer reactions and 

heir importance to soot inception [68] . Furthermore, they indicate 

hat five-membered rings play an important role in PAH growth 

nd soot inception, as suggested by other studies [ 23 , 32 , 76-

9 ]. Since fluoranthene is the dominant C 16 species, growth via 

ACA or radical-based reactions supports previous assignments of 

enzo[ ghi ]fluoranthene as a prominent C 18 H 10 isomer [17] . 

In contrast to the PIE curves for m/z 216, 228, and 230, the 

urves for ethylene pyrolysis and indene pyrolysis at m/z 226 are 

easonably consistent with each other. These differences in the 

omparisons of the PIE curves for m/z 226 and 228 support our 

onclusion, based on differences in temperature dependences of 

hese species, that, despite being close in mass, these species are 

ikely formed via different pathways; m/z 226 is not simply the 

esult of hydrogen losses from species at m/z 228. The reference 

urve for benzo[ ghi ]fluoranthene at m/z 226 appears reasonably 

onsistent with the experimental PIE curves. However, fits includ- 

ng 7-ethynylflluoranthene yield better agreement with the exper- 

mental curves. The best fit for m/z 226 is provided by ∼57% from 

enzo[ ghi ]fluoranthene and ∼43% from 7-ethynylfluoranthene. 

For m/z 228, there are differences between the experimental PIE 

urves for ethylene and indene pyrolysis, as shown in Fig. 8 c; these 

ifferences suggest different isomeric compositions at this mass 

etween the two fuels. The mass peak at m/z 228 is commonly 

scribed to chrysene [ 14 , 16 , 48 ] as it is the stabilomer at this
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ass [85] . Our results demonstrate that chrysene is not the sole 

ontributor to the m/z 228 peak for ethylene or indene pyrolysis. 

ther potential isomers of C 18 H 12 , such as benzo[ c ]phenanthrene 

nd benz[ a ]anthracene, have been proposed for reactions involving 

he dimerization of indenyl radicals [48] . Fits based on the linear 

ombination of available reference curves demonstrate that a com- 

ination of chrysene ( ∼49%), 4-vinylpyrene ( ∼43%), and 9-(but–

-en-1-yn-1-yl)-phenanthrene ( ∼8%) is a consistent representation 

f the experimental curve for indene pyrolysis, whereas a combi- 

ation of chrysene ( ∼67%), 4-vinylpyrene (24%), and triphenylene 

 ∼9%) produced a reasonable representation of the experimental 

urve for ethylene pyrolysis. 

Finally, we compared experimental PIE curves to a reference 

urve for coronene ( m/z 300). The reference curve for coronene 

as not consistent with the experimental curves for the corre- 

ponding masses. Although m/z 300 is commonly assumed to be 

oronene [ 58 , 88 ], this species was not found to be sole contrib-

tors to m/z 300 in our experiments. This finding is similar to 

he conclusion that m/z 250 is not predominantly the stabilomer 

orannulene, as shown in Fig. S2 in the supplementary material. 

ikewise, the stabilomers anthracene and phenanthrene appear not 

o be the sole contributors to m/z 178, as discussed in Section 

.3 of the supplementary material. These results support previous 

ork indicating that species from the stabilomer grid proposed by 

tein and Fahr [85] do not adequately capture the variety of species 

nd isomers present in the experimental data [68] . 

. Conclusions 

We conducted an experimental study of the pyrolysis of ethy- 

ene, indene, and an ethylene-indene mixture using VUV-AMS and 

MPS. Seeding ethylene with a small amount of indene decreased 

he particle onset temperature by at least 125 K, compared to ethy- 

ene alone. The reduction in particle onset temperature for the 

thylene-indene mixture was linked to the increased pool of in- 

enyl radicals, formed by the decomposition of indene. These re- 

ults further support the presence and involvement of resonance- 

tabilized radicals and radical-induced hydrocarbon-clustering re- 

ctions in precursor-mass growth and particle-inception processes. 

he results also show that odd-numbered carbon species asso- 

iated with RSRs appear to be closely tied to particle incep- 

ion, supporting the association between carbon species with five- 

embered ring structures and RSRs. 

PIE curves indicate that fluoranthene is the major contributor to 

/z 202, and pyrene is not a significant contributor in ethylene, in- 

ene, or the mixture. In addition, m/z 152 appears to be composed 

rimarily of acenaphthylene, and m/z 226 appears to be predomi- 

antly benzo[ ghi ]fluoranthene, but both masses have contributions 

rom other isomers. PIE curves also indicate that the most ther- 

odynamically stable species (stabilomers) at m/z 178, 226, 228, 

50, and 300 were not the sole contributors to these masses in 

ny of the fuels studied. Differences in PIE curves between ethy- 

ene and indene at masses of m/z 216, 228, and 230 indicate that 

here are likely contributions from different isomers for the two 

uels because of different fuel-dependent formation pathways for 

hese masses. 

Mass growth via the CHRCR mechanism appears to be partic- 

larly important during initial particle formation at temperatures 

elow ∼1173–1223 K. At temperatures less than ∼1173 K, the HACA 

echanism appears not to be a significant contributor to parti- 

le inception and growth, but it may contribute at higher tem- 

eratures. These results add to a growing body of work detail- 

ng the importance of radical-chain reactions in particle inception 

nd growth. Accurately understanding and modeling soot forma- 

ion will require further consideration and investigation of these 

eactions. 
14 
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