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We investigated the pyrolysis of propyne and propene using aerosol mass spectrometry coupled with
tunable synchrotron vacuum ultraviolet photoionization. The results show that propyne forms particles
at pyrolysis temperatures approximately 100 K below the lowest temperature at which propene produces
particles. The aerosol mass spectra show that the carbon-to-hydrogen (C/H) ratios of the pyrolysis prod-
ucts from both reactants increase with temperature between the particle onset temperature and 1275 K.
In this temperature range, the mass peaks corresponding to species with 18 or more carbon atoms are
more saturated (i.e., have lower C/H ratios) than species predicted by the stabilomer grid. The observa-
tion of relatively high saturation (low C/H ratios) at temperatures near particle onset is consistent with
the presence of aliphatically linked hydrocarbons during the preliminary stages of soot formation. The
masses of the species presumed to be aliphatically linked suggest that these linked species are adducts of
species smaller than chrysene (CigHy2). We performed a comparative analysis of the initial PAH-growth
pathways consistent with aerosol mass spectra and associated mass-specific photoionization-efficiency
curves. The results from the comparative analysis indicate that the development of PAHs up to the size
of acenaphthylene (Ci,Hg) follow similar formation pathways for propyne and propene, but the isomeric
composition of species larger than acenaphthylene diverges for the two reactants.
© 2022 The Authors. 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/)

1. Introduction

ulates span a wide range of sizes, from ultrafine particles that can
pass from the lungs into the bloodstream, to larger particles that

Soot is formed during incomplete combustion and pyrolysis
of carbon-based fuels, such as fossil fuels and biomass. Anthro-
pogenic burning of hydrocarbons in the industrial and transporta-
tion sectors is a primary contributor to soot emissions [1,2]. The
widespread use of hydrocarbon fuels and the growing occurrence
of large wildfires has led to increased bioavailability of polycyclic
aromatic hydrocarbons (PAHs) in soil and water [2]. Several of
these PAHs are known carcinogens or have been labeled as priority
pollutants by the EPA [3,4]. Soot and combustion-generated partic-
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can become trapped in the lungs. As a result, these particles have
been linked to a wide array of negative health effects, including
respiratory disease, altered cardiac function, and increased risk of
death [5,6].

Soot emissions also have a significant negative impact on cli-
mate and air quality. Once emitted, soot particles can undergo
physical and chemical aging processes, including interactions with
other pollutants, such as ozone, sulfur and nitrogen oxides, and
nitric acid, to further contribute to air pollution [7-9]. Soot con-
tributes to global warming by directly affecting the global radiation
budget as a result of its strong absorption in the ultraviolet, visible,
and infrared wavelengths [1,8,10], and by indirect effects including
altered surface albedo for snow and ice and cloud and ice particle
nucleation [1,7,10,11].

0010-2180/© 2022 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute. This is an open access article under the CC BY-NC-ND license
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These detrimental effects on human health and the environ-
ment have led to increased regulation, with an emphasis on emis-
sions from internal combustion engines and power generation
[12,13]. The ability to substantially reduce the formation of soot
particles could have a profound effect on combustion and energy
efficiency [10,12], public health [5,6,9], and the environment [1,7-
11], and could facilitate meeting strict regulations on fine particle
emissions. A more complete understanding of particle formation
may enable the development of new fuels and control schemes
to reduce or manage soot production. The ability to control soot
emissions is hindered, however, by an incomplete understanding
of particle formation.

The chemistry associated with soot formation may also be im-
portant for the commercial production of carbonaceous materials,
such as carbon black, graphite, graphene, and carbon nanotubes
[14-16]. Developing a better understanding of the chemical mech-
anisms involved may provide more efficient routes to the synthesis
and design of novel materials.

PAHs have long been associated with soot formation [17-19]
and are accepted as gas-phase precursors to soot. Numerous mech-
anisms have been proposed to explain the growth of PAHs; the
most widely studied, validated, and invoked of these mecha-
nisms is the hydrogen-abstraction-C,H,-addition (HACA) mecha-
nism [20]. Connecting PAH growth to particle formation, however,
has proven to be more challenging, and the mechanisms driv-
ing particle inception, the transition from gas-phase precursors
to condensed-phase particles [21], have not yet been definitively
identified.

Johansson et al. [22] recently proposed an inception mechanism
involving chain reactions driven by resonance-stabilized radicals
(RSRs). This mechanism, dubbed the clustering-of-hydrocarbons-
by-radical-chain-reactions (CHRCR) mechanism, is based on exper-
imental observations of RSRs formed under a wide range of flame
conditions and fuels and theoretical investigations demonstrating
the feasibility of the mechanism. The RSRs observed by Johans-
son et al. [22] had been observed previously in soot extracted
from flames [23-28] and had been shown to be readily formed
through reactions of RSRs with the common combustion byprod-
uct acetylene [29,30]. Jin et al. [31-33] and Couch et al. [34] have
shown that reactions involving the RSRs propargyl, benzyl, vinyl-
cyclopentadienyl, and indenyl participate in radical-chain reactions
leading to molecular growth of PAHs at high temperatures. Run-
del et al. [35] further demonstrated that reactions driven by in-
denyl facilitate particle formation during the pyrolysis of indene
and ethylene seeded with a small amount of indene. These experi-
ments yielded a significantly lower particle-formation temperature
for indene pyrolysis than for ethylene pyrolysis and a similar on-
set temperature for indene-seeded ethylene as for indene pyrolysis
alone.

Small C3 hydrocarbons, such as propyne and propene, are im-
portant intermediates in combustion processes as they are formed
during both the decomposition of larger fuels and molecular-
weight growth from C;-C, fuels [36-38]; they are thus often abun-
dant during combustion and pyrolysis processes. The loss of a hy-
drogen atom leads to propargyl formation from propyne, the bar-
rier for which is 90.1 kcal/mol [39,40], as shown in Scheme 1.
Likewise, allyl is produced by the removal of a hydrogen atom
from propene with a barrier of 85.8 kcal/mol [41] (also shown in
Scheme 1). Propargyl and allyl are among the smallest and most
common RSRs. These two RSRs have been recognized as impor-
tant intermediates leading to the production of the “first aromatic
ring” through combination reactions [42,43]. Because the first aro-
matic ring is often regarded as a critical and rate-controlling
step in PAH and soot formation [44,45], a significant body of
work has been developed around the kinetics for reactions in-
volving propyne/propargyl [42,43,46,47] and propene/allyl [48-51].
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Scheme 1. Formation of propargyl and allyl radicals from propyne and propene.

However, much of this work has been limited to the examination
and modeling of species with six carbon atoms (Cg) or smaller.

More recently, investigations of propyne and propene pyroly-
sis and combustion have expanded to examine the formation and
growth of larger PAHs beyond the first aromatic ring [52-58].
These investigations have largely focused on investigating multi-
ring PAH concentrations in the gas phase and assessing the per-
formance of kinetic mechanisms in predicting PAH formation, fo-
cusing on reactions involving C3 species. In these works, studies of
detailed reaction pathways and kinetic modeling considering PAH
growth have generally focused on species smaller than Cyg or four
fused rings. Despite the extensive body of literature on the kinetics
of high-temperature hydrocarbon chemistry, there have been few
studies on the development of PAHs larger than pyrene (CigHqg)
under combustion and pyrolysis conditions. There is also a poor
understanding of the role of allyl and propargyl radicals in soot in-
ception and growth.

In this paper, we describe experiments designed to identify the
role of allyl and propargyl on particle formation during pyrolysis.
We pyrolyzed argon-diluted propyne and propene in a flow reac-
tor at 1 atm and temperatures between 973 and 1573 K, leading to
the formation of carbonaceous particles. The development of parti-
cles and associated products was studied using aerosol mass spec-
trometry coupled with tunable vacuum-ultraviolet (VUV) radiation.
Tunable VUV radiation allowed for an investigation into isomeric
compositions of pyrolysis products using mass-specific photoion-
ization efficiency (PIE) curves, with which products of the pyrol-
ysis of the two reactants were compared. The objectives of this
study were (1) to provide molecular-level insight into the pathways
and species relevant to precursor growth and soot inception and
growth in propyne and propene pyrolysis and (2) to investigate the
role(s) of propargyl and allyl as the smallest and most common
RSRs in soot formation, especially in relation to the CHRCR mech-
anism. The high degree of overlap in decomposition products be-
tween propyne and propene [53] allows for a comparative analysis
of how the propargyl and allyl radicals may influence the forma-
tion of larger precursors and the dependence of growth pathways
on the reactant structure.

2. Experimental and analysis methods
2.1. Experimental setup

Pyrolysis experiments were performed at Beamline 9.0.2 at
the Advanced Light Source (ALS) synchrotron facility at Lawrence
Berkeley National Laboratory (LBNL) in Berkeley, CA. The exper-
imental setup has been described previously [35], and only a
brief overview is given here. The pyrolysis setup uses a laminar
flow reactor made of a quartz tube heated by an electric furnace
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(MHI-H17HTC). The reactor has an inner diameter of 1.08 cm, and
the heated length is 40.6 cm. The reactor was operated under
ambient conditions at the ALS with a nominal working pressure
of 1 atm. Pyrolysis products were analyzed using a time-of-flight
aerosol mass spectrometer coupled with synchrotron tunable vac-
uum ultraviolet photoionization (VUV-AMS) [59,60].

Propyne (CH3C=CH) and propene (CH3CH=CH,) were pyrolyzed
at temperatures between 973 and 1573 K, inclusive. Within this
temperature range, particles were generated from both reactants.
Flows of 5 sccm of reactant and 200 sccm of argon were supplied
to the reactor inlet; this mixture corresponds to a reactant con-
centration that is 2.4% of the total by number density. Assuming a
uniform temperature distribution within the heated portion of the
reactor at 973 K yields an estimated minimum residence time of
approximately 3.1 s. At the exit of the reactor, pyrolysis products
were diluted with a 3000 sccm flow of nitrogen and continuously
sampled by the VUV-AMS. The VUV-AMS incorporates an aero-
dynamic lens (ADL) system [61-63], which focuses particles with
an aerodynamic diameter larger than approximately 50 nm into
a beam and removes particles and gas-phase species below this
threshold. During the sampling process, smaller particles coagulate
and form particles large enough to be transmitted through the ADL
system to the detection region. The particle beam impinges on a
heated copper target (623 K for these experiments), which vapor-
izes condensed and weakly bound species from the particles. The
vaporized species are photoionized with VUV radiation and ana-
lyzed with time-of-flight (TOF) mass spectrometry.

We typically recorded mass spectra using a photon energy of
9.5 eV, which can ionize most products within our detection range
(greater than approximately 40 u) with limited fragmentation. We
assumed the species detected were singly ionized. The resolution
of the TOF mass spectrometer (m/Am) is approximately 1600 at
m/z 230, which is sufficient to resolve mass peaks separated by a
single H atom (1 u). The energy spread of the VUV beam was ap-
proximately 0.2 eV FWHM. We measured mass spectra as a func-
tion of photon energy over the range of 7.5 — 10.2 eV. These mea-
surements provided a measure of the photoionization efficiency of
species at selected masses. We introduced a small amount of 2,5-
dimethylfuran (m/z 96) into the detection region to serve as a mea-
sure of photon flux for these photoionization efficiency measure-
ments. The 2,5-dimethylfuran peak was also useful for mass cali-
bration.

In these experiments, species concentrations are not readily
quantifiable from the VUV-AMS signal intensity because of com-
plex interactions between available species and particles [22,35].
The VUV-AMS measures species that are bound strongly enough to
the particles to transit to the ionization chamber but are bound
weakly enough to vaporize from the particle at the heated target.
This process tends to provide relatively high sensitivity to heavier
masses and certain radicals [22].

2.2. Analysis methods

Photoionization efficiency (PIE) curves were produced for se-
lected mass peaks to provide insight into their isomeric composi-
tion. The PIE curves span photon energies between 7.5 and 10.2 eV
with a sampling resolution of 0.1 eV. Integrated peak areas used
to produce PIE curves were obtained by fitting the experimental
peaks to a baseline-corrected functional form of a gaussian or ex-
ponentially modified gaussian in Igor Pro (Version 8.04 [64]). The
experimental PIE curves were corrected for photon flux based on
the response of the 2,5-dimethylfuran peak and the known pho-
toionization cross-section published by Xie et al. [65].

We compared PIE curves from propyne with those from
propene to provide a semi-quantitative analysis of the isomeric
composition for a given mass peak between the two reactants. For
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Fig. 1. Temperature dependence of the normalized, integrated VUV-AMS signal.
VUV-AMS mass spectra were integrated over the m/z range of 50-600, normalized
to unity at the integrated maximum, and plotted as a function of the flow-reactor
temperature. Results are shown for the pyrolysis of propene (open squares) and
propyne (circles).

these comparisons, both PIE curves were normalized by their max-
imum signal; then one PIE curve was vertically scaled to provide
the best fit between the two curves. The quality of the fit be-
tween PIE curves for the two reactants was assessed using the chi-
squared value for the fit, which decreases with increasing curve
similarity. We also made comparisons between the PIE curves of
the pyrolysis products and reference curves available in the liter-
ature. Overall fits between our experimental PIE curves, PIEg(v),
and multiple reference curves, PIE;(v), were computed based on a
linear combination of reference curves convolved with the photon-
energy distribution, G(v), at 9 eV. These fits were calculated as

PIEg (V) = a;(G+PIE)(v) + b (1)

where a and b are scaling factors, i is an index denoting different
isomers, and v is the photon energy. The scaling factor b repre-
sents an initial offset and was only used when there was a non-
zero signal for both the experimental and reference PIE curves at
our initial scan energy of 7.5 eV.

3. Results and discussion
3.1. Soot onset temperature

Because the VUV-AMS yields significant signal only when par-
ticles are sampled, the temperature-dependent propensity for par-
ticle formation can be inferred from the VUV-AMS ion signal inte-
grated over the range of m/z measured at each temperature [35].
Because the transmission of small particles is limited by the ADL
system, the onset temperatures for particle formation derived from
the VUV-AMS measurements may be slightly higher than those
yielded by measurements more sensitive to particles smaller than
50 nm, as suggested by previous comparisons with complemen-
tary mobility size measurements [35]. Under our conditions, how-
ever, coagulation facilitates detection of small particles, and thus
this technique provides a consistent standard for comparison. Fig. 1
shows a comparison of the integrated VUV-AMS signal as a func-
tion of temperature for the pyrolysis experiments. There is a dif-
ference of 100 K in particle-onset temperature between propyne
and propene; propyne forms particles at a lower temperature than
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propene. The integrated signal indicates that particle formation be-
gins between 975 and 1000 K for propyne and between 1075 and
1100 K for propene.

Previous similar measurements demonstrated particle-onset
temperatures in the range of 1148-1173 K for ethylene pyrolysis
and 1023-1033 K for indene pyrolysis, based on integrated VUV-
AMS ion signals [35]. For the ethylene measurements, the esti-
mated residence time (3.1 s at 973 K) and concentration (2.4% of
the total by number density) were the same as for the propyne and
propene experiments described here. For indene, the estimated
residence time of 2.5 s was shorter, and the concentration was sig-
nificantly lower (0.04% of the total by number density). Neverthe-
less, the low onset temperatures for propyne, propene, and indene,
compared to that of ethylene, indicate that the products produced
during the pyrolysis of these reactants facilitate a more efficient
pathway to particle formation. In this paper, we focus on the dif-
ferences between propyne and propene pyrolysis.

As shown in Fig. 1, propyne forms particles at lower temper-
atures than propene. Previous flow-reactor studies have shown
that propyne is produced by propene pyrolysis at temperatures
above 950-1000 K at a pressure of 80 kPa with a residence time
of 2.4 s [56]. At a similar pressure (approximately 100 kPa) and
residence time (3.1 s), our measurements demonstrate a particle-
onset temperature range for propene of 1075-1100 K. The higher
soot onset temperature for propene compared to propyne py-
rolysis indicates that the formation of propyne from propene is
not sufficiently fast at temperatures near the propyne onset tem-
perature (975-1000 K) to drive particle formation at these tem-
peratures, despite the more energetically favorable formation of
the allyl radical from propene than the propargyl radical from
propyne [39,41].

The self-reaction of propargyl radicals is likely an active path-
way in the initial stages of propyne pyrolysis because of the high
concentration of propargyl radicals. This reaction has been well
documented as an important route to the formation of benzene,
the first aromatic ring [42,66-68], which is thought to serve as a
critical step in the formation of PAHs. Recent work details the dis-
covery of a pathway in the isomerization of fulvene to benzene
with a lower barrier than suggested by previous theoretical studies
[68]. This discovery demonstrates the potential for improvements
in the understanding of the CgHg potential energy surface (PES). A
thorough understanding of the CgHg PES and important chemical
pathways and intermediates in propargyl recombination may pro-
vide further insight into the role of associated reactions on particle
formation. This information is also relevant to soot modeling and
chemical kinetic mechanisms, which often oversimplify this chem-
istry to focus on the formation of fulvene and benzene.

Previous studies have found that propyne and propene both
begin to produce benzene at comparable temperatures in a py-
rolytic environment [47,49,51,69]. Both reactants also produce al-
lyl and propargyl radicals, and reactions between allyl radicals or
allyl + propargyl reactions have been shown to lead to products
with 5- and 6-membered rings [46,70-72]. Despite these similar-
ities, propyne and propene do not start forming particles at the
same temperature. The difference in particle-onset temperatures
between the two reactants indicates that, although the formation
of the ‘first ring’ is an important step toward the formation of
PAHs, it does not account for the temperature dependence of par-
ticle formation under our experimental conditions; initial particle
formation must thus be driven by other factors. Small radicals,
such as allyl and propargyl, play an important role in the forma-
tion and growth of aromatics and, following the CHRCR mecha-
nism, one might expect both allyl and propargyl to participate in
radical addition reactions to form larger RSRs or serve as initia-
tors for hydrocarbon clustering. However, the difference in parti-
cle onset temperature suggests that the structure or kinetics of the
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species associated with RSRs and their adducts may also play an
important role in the early stages of particle formation.

3.2. Temperature dependence of large PAHs

Despite recent work that examined gas-phase molecular-weight
growth in propyne and propene systems [52,53,55,58], informa-
tion on the development of species larger than Ci,-Cy4 in these
systems is scarce. The experimental work in this study is comple-
mentary to prior gas-phase work as the VUV-AMS data emphasize
species larger than approximately C;, and products associated with
particles. This section examines the relationship between pyrolysis
temperatures and the development of species larger than m/z 160,
with an emphasis on how these findings relate to soot inception
and growth.

3.2.1. Propyne pyrolysis

Fig. 2 shows VUV-AMS mass spectra for propyne pyrolysis
at three temperatures. These mass spectra demonstrate that the
number of hydrogen atoms for a given number of carbon atoms
is strongly temperature dependent. At the onset temperature of
1000 K (Fig. 2a), when particles are first detected by the VUV-
AMS, there is a relatively large distribution of mass peaks within
a given peak series (clusters of peaks associated with a selected
number of carbon atoms), and prominent peak series are seen for
species with both even and odd numbers of carbons. The range
of peaks within each peak series corresponds to different num-
bers of hydrogen atoms (i.e., levels of saturation) for the associ-
ated number of carbons. For species larger than C;g, many of the
prominent mass peaks do not have masses that correspond to sta-
ble peri-condensed PAHs at the onset temperature. As temperature
increases, the saturation level of a given peak series decreases, and
the peaks within a series converge to masses associated with peri-
condensed PAHSs.

Such masses, particularly those with even numbers of carbon
atoms, are often assumed to correspond to those of the most ther-
modynamically stable species, i.e., stabilomers, identified by Stein
and Fahr [73]. Numerous studies have shown, however, that the
isomers associated with masses such as m/z 178, 202, 226, 228,
250, and 300 observed during high-temperature particle formation
are frequently non-stabilomers isomers [35,67,74-77]. Nevertheless,
the stabilomer grid is a convenient point of reference for the ele-
mental composition of the least saturated peri-condensed PAH ex-
pected for a given number of carbons. According to the stabilomer
grid, for example, the peak cluster associated with C,, species
would be expected to have prominent peaks at m/z 274 (CyHyg)
and 276 (Cy,Hqy). However, at 1000 K, the prominent peaks asso-
ciated with C,, species in the experimental mass spectrum shown
in Fig. 2a are in the range of m/z 278-284 (Cy;Hy4 - CooHyg), which
corresponds to a difference of as much as 8 u above the stabilomer
masses for C,, species. The species observed tend to have more
hydrogen and thus a lower carbon-to-hydrogen ratio (1.10 - 1.57)
than those of the stabilomers for C,, species (1.57-2.20).

The density of peaks observed in the mass spectra shows
a strong dependence on the pyrolysis temperature. As tempera-
ture increases, the overall number of peaks decreases significantly.
During this process, the relative intensity of odd-carbon peaks,
which have been previously linked to structures containing cy-
clopenta moieties and resonance-stabilized radicals [22,32,74], de-
creases dramatically and disproportionately relative to the even-
carbon peaks. The reduction in observed peaks occurs at tempera-
tures within approximately 100 K above the particle-onset temper-
ature as determined by the VUV-AMS signal (Fig. 2a-b). At higher
temperatures, the mass spectra converge to an abbreviated set of
peaks shown in Fig. 2c. This higher temperature mass spectrum
(i.e., Fig. 2¢) contains primarily even-numbered carbon series with
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Fig. 2. VUV-AMS mass spectra from propyne pyrolysis at selected flow-reactor temperatures. Mass spectra were recorded at 9.5 eV and temperatures of (a) 1000 K, (b)
1075 K, and (c) 1275 K. Solid vertical lines indicate the largest peak in a series, and dotted lines highlight a constant mass between the mass spectra.

only 1-2 prominent peaks per carbon number, and the masses
of these peaks correspond to those of the stabilomer PAHs. More
highly saturated species are observed in the VUV-AMS mass spec-
tra close to the particle-onset temperature, and species with sig-
nificantly larger C/H ratios are observed at higher temperatures.
The large number of mass peaks and higher saturation of
species, particularly large species (>C;7), are not explained by
thermodynamic arguments alone, e.g., based on the stabilomer
grid. These observations of large species with low C/H ratios are
also inconsistent with mechanisms predicting continued sequen-
tial growth and subsequent cyclization of the preceding reactants,
such as those typically invoked by HACA. Rather, the high hy-
drogen content of these large species is inconsistent with peri-
condensed PAHs with primarily sp? hybridization and indicates
products with aliphatic content. Such products would be expected
from radical-driven clustering reactions, possibly involving propar-
gyl. These products are likely to include structures such as aliphat-
ically bridged and linked PAHs and PAHs with aliphatic sidechains
and substitutions. These findings are consistent with the aliphat-
ically linked PAH structures initially proposed by D’Anna et al.
[78] and Dobbins and Subramaniasivam [79] and the significant
aliphatic content associated with incipient particles observed by
Wang and coworkers [26,80]. Frenklach [81] proposed that aliphat-
ically linked PAH clusters would be more likely to form under con-
ditions in which particle fragmentation does not readily occur.
The results support theories suggesting a route to soot incep-
tion through the formation of covalently bound clusters. Further-
more, the evidence of high levels of saturation for series larger
than C;7 indicates that the associated structures are primarily com-
posed of covalently bound clusters of smaller species, such as those
predicted by the CHRCR mechanism. In contrast to nucleation of
physically bound clusters, barriers for the forward reactions of the
CHRCR mechanism are expected to be much smaller than barriers
for the reverse reactions at the temperatures for which we observe
particle inception [22]. At these temperatures, chain-termination
steps associated with the CHRCR mechanism are likely to pro-
duce relatively stable (even carbon) PAHs following rearrangement;
this rearrangement may proceed at temperatures slightly higher
than onset temperatures. Our data demonstrate that this route to
molecular-weight growth occurs in the absence of acetylene and

(a) Rim-based 5-membered rings

00
000.00

(b) Aliphatic sidechai

0'0
O

QO
Y
S

(c) Aliphatic-linked aromatics

Fig. 3. Conceivable structures for species produced by clustering-type reactions.
The species shown are representative of classes of structures that could be pro-
duced by mechanisms involving chemical clustering, such as the CHRCR mechanism.

thus explains the formation of such PAHs without the need to in-
voke the HACA mechanism.

There are a couple of explanations for these observations, which
can be linked to the presence of various molecular structures, sum-
marized in Fig. 3. One possibility is that these more saturated
species are peri-condensed PAHs with multiple 5-membered rings,
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Fig. 4. VUV-AMS mass spectra from propene pyrolysis at selected flow-reactor temperatures. Mass spectra were recorded at 9.5 eV and temperatures of (a) 1100 K, (b)
1175 K, and (c) 1275 K. Solid vertical lines indicate the largest peak in a series, and dotted vertical lines highlight a constant mass between mass spectra.

each of which can have an sp? hybridized carbon if they occur at
the outer edge of the molecular structure. Species with rim-based
5-membered rings were proposed to be important in the CHRCR
mechanism because they can readily form an RSR, which can lead
to further clustering [22]. Such species have been observed to be
associated with soot inception [82,83], and recent theoretical stud-
ies have supported this hypothesis [84-86].

A second possibility involves aliphatic sidechains on substituted
peri-condensed PAHs. Such species have been hypothesized to par-
ticipate in the early stages of soot formation and lead to enhanced
particle nucleation rates [26,80,87]. Recently, PAHs with aliphatic
substitutions and sidechains were directly observed in young soot
particles via atomic force microscopy [82,83]. Molecular dynam-
ics simulations have hypothesized that aliphatic sidechains can fa-
cilitate physical dimerization of PAHs [87]. H-loss/addition on a
sidechain could also lead to the formation of an RSR.

A related third possibility involves aliphatic-linked aromatic
structures [78,79], which are also proposed to be produced during
CHRCR-type clustering [22]. These structures are formed through
chemical pathways that covalently link PAHs and can form three-
dimensional polymer-like structures [88]. Experimental investiga-
tions have provided evidence for the presence of this type of
molecular species adsorbed to incipient particles [78,79,82,83] and
extracted from an inverse flame [89]; such structures may sup-
port multiple reactive sites and maintain an RSR-type character
promoting further clustering and growth. Whereas these aliphatic-
linked aromatic structures have been considered in molecular
dynamics simulations [87,90], chemical reactions leading to this
type of structure have not been incorporated into most kinetic
models, limiting the ability to accurately model the inception
process.

The increased levels of saturation observed for large species
in the mass spectra for propyne pyrolysis are indicative of struc-
tures with increased aliphatic content, such as those shown in
Fig. 3; however, the reaction rates involved in the formation of
such species remain ambiguous. Prior work has provided evidence
of the presence of a pool of RSRs in a flame and reactions that
contribute to the development of this radical pool [22]. These RSRs
have also been linked to rapid precursor growth and clustering
reactions during particle formation and are capable of facilitating

particle formation when added as a dopant at temperatures where
the forward rates of HACA-type reactions are not favorable [35].
Johansson et al. [22] indicated that the forward reaction rates for
the growth and clustering of RSRs could support particle forma-
tion and that the reverse rates for these reactions are small; how-
ever, continued work is needed to determine the rate coefficients
associated with these reactions and incorporate them into kinetic
models.

3.2.2. Propene pyrolysis

Despite the difference in particle onset temperature be-
tween propyne and propene, propene demonstrates the same
temperature-dependent trends in peak density and C/H ratios ob-
served for propyne. Fig. 4 shows the development of the mass
spectra in propene pyrolysis with increasing temperature between
the approximate particle-onset temperature (1100 K) and 1275 K.
The implications of these trends, discussed in Section 3.2.1 with re-
spect to propyne, are also applicable to propene. The large range of
peaks indicating more saturated species for a given carbon number,
particularly for species larger than Cq7, suggests the presence of
structures that may include multiple rim-based 5-membered rings
with an sp? hybridized carbon, PAHs with aliphatic sidechains and
substitutions, and/or aliphatic-linked aromatic structures.

At the onset temperature for propene, the range of peaks ob-
served in the mass spectrum (Fig. 4a) for a specific number of car-
bons larger than Cy; is approximately 2 u smaller than observed
for propyne at the onset temperature (Fig. 2a). At comparable tem-
peratures above 1150 K, however, there are negligible differences
in the mass range of peaks for a given number of carbons be-
tween the two reactants. As with propyne, the saturation level for
propene decreases dramatically with temperature between onset
and 1275 K, particularly for species larger than Cy;, as discussed in
more detail in Section 3.2.3.

3.2.3. Carbon-to-hydrogen ratio

Fig. 5 shows the average carbon-to-hydrogen (C/H) ratio for
each mass spectrum over selected mass ranges. The C/H ratio was
calculated as the number of carbon atoms divided by the number
of hydrogen atoms for each mass peak, corrected for contributions
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from Cy3, and weighted by the peak intensities. Peaks with inten-
sities less than 1% of the largest peak were not included in the
calculations.

Fig. 5a shows that the average C/H ratio from propyne and
propene pyrolysis increases with increasing temperature for tem-
peratures below 1275 K, as noted in Sections 3.2.1 and 3.2.2. The
values are the same for propene and propyne within one standard
deviation of the mean representing the spread of values at each
temperature. Fig. 5b shows that the mean C/H ratio for species
larger than Cy; increases dramatically with increasing temperature,
indicating a transition from species with higher levels of satura-
tion and aliphatic character at lower temperatures to less saturated
species with more aromatic character at higher temperatures. This
increase in C/H ratio is correlated with an increase in the average
mass of the species observed, as shown in Fig. 5d. This correlation
is consistent with rearrangement and addition of aromatic rings as
increasing temperature allows internal rearrangements to be ener-
getically accessible. Fig. 5c shows that species the size of C;; and
smaller maintain lower C/H ratios with increasing temperature and
do not reach C/H ratios as large as those attained by the larger
species.

At temperatures above approximately 1275 K, the C/H ra-
tio plateaus or decreases (Figs. 5a-c). The average species mass
demonstrates similar behavior (Fig. 5d). The range of masses ob-
served for propyne remains relatively constant with increasing
temperatures above 1275 K, but the largest peaks are at lower
masses, shifting the average mass toward the low end of the mass
range. At higher temperatures, the species observed in the mass
spectra are smaller and primarily even-numbered carbon species
with masses corresponding to stabilomers, as shown in Fig. 2.
Although particles are likely still growing at these temperatures,
species that attach to the particle surface may be more firmly
bound by covalent bonds, preventing vaporization on the heated
target and detection by the VUV-AMS.

Fig. 6 shows comparisons of the temperature dependence of the
C/H ratio for selected series of mass peaks for propyne (Fig. 6a)
and propene (Fig. 6b). The C/H ratios for peak series larger than
Cy; demonstrate a strong temperature dependence not observed
for series at Cy7; and smaller, for both reactants. The C/H ratios
for the Ci5 and Cy; series are relatively constant with tempera-
ture, whereas the C/H ratios of the Cp; and Cy, series increase
sharply within the first 100 K following soot onset and then reach
a plateau with temperature above approximately 1275 K. Both odd-
and even-numbered carbon series exhibit the same trends in each
size regime. These trends suggest that the more saturated species
apparent at temperatures near particle onset for C,; and Cy, are
likely formed through the clustering of smaller species.

Fig. 7 shows the dependence of the C/H ratio on the num-
ber of carbons for selected peak series at selected temperatures,
compared to the C/H ratio of the associated stabilomer species. At
temperatures near their respective particle onset temperatures, the
C/H ratios for both propyne and propene are consistently lower
than the C/H ratios of the stabilomers for species larger than Cy7,
whereas the Cqg peak series is in better agreement with the C/H
ratios for stabilomer species. The Cqg series shows an intermedi-
ate trend with a slightly reduced C/H ratio, relative to the sta-
bilomers, but the decrease in the C/H ratio is not as significant
as for larger species. This trend is more pronounced for propene,
which has a higher relative intensity for m/z 230 (Cyg) at the par-
ticle onset temperature (Fig. 4a) than does propyne (Fig. 2a). As
temperature increases, however, the even-numbered carbon series
tend toward the C/H ratios of stabilomer masses associated with
the given carbon number. The large difference in structure and
composition between the observed species and the most thermo-
dynamically stable species is consistent with the hypothesis that
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covalent-clustering reactions play a prominent role in generating
large species and new particles at inception temperatures.

In addition to the temperature dependence of the C/H ratios,
Fig. 7 also demonstrates a trend in the relationship between the
C/H ratio and odd/even-numbered carbon series. At intermediate
and high temperatures, even-numbered carbon series (Cy,,) display
higher C/H ratios than the following odd-numbered carbon series
(Cong1) at a higher mass. Prior work by Campbell et al. [91] and
Desgroux et al. [28], which examined particles extracted from
flames using particle mass spectrometry, also demonstrated the
presence of large species containing both odd and even numbers
of carbons with a relatively wide range of saturation levels. Contri-
butions from oxygenated species were not fully resolved, however,
and there were no discernable trends between odd- and even-
numbered carbons and the C/H ratios for the respective peak clus-
ters. The trend between odd- and even-numbered carbons and the
C/H ratio shown in Fig. 7 suggests that, at intermediate and high
temperatures, the even-numbered carbon series have high C/H ra-
tios and significant aromatic content while the odd-numbered car-
bon species are more likely to contain features such as 5- or 7-
membered rings and sidechains. At lower temperatures, however,
the distinction in C/H ratios between odd- and even-numbered car-
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bons is significantly diminished for large species, and both series
show comparable levels of saturation, indicating decreased aro-
maticity in the even-numbered carbon series.

3.3. Comparative analysis of reaction networks

We conducted a comparative analysis of the pyrolysis products
from propyne and propene, using the VUV-AMS mass spectra and
PIE curves to develop a better understanding of the reaction path-
ways, products, intermediates, and potential effects linked to re-
actants and RSR structure. The initial masses observed in propyne
pyrolysis are very similar to those produced in propene pyrolysis,
suggesting a high degree of overlap in products and growth path-
ways for the two reactants. This analysis is used to outline a con-
textual reaction network, focusing on the initial growth pathways,
and to investigate the major isomeric components of selected mass
peaks. We focused on hydrocarbon-based reactions in a pyrolytic
environment; however, previous VUV-AMS analysis of soot parti-
cles extracted from a premixed ethylene flame revealed the pres-
ence of large oxygenated species [92], which may be relevant to
growth pathways in an oxidative environment.
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Fig. 8. Comparison of VUV-AMS mass spectra at the particle-onset temperature. Mass spectra are shown for (a) propyne at a flow-reactor temperature of 1000 K and (b)
propene at a temperature of 1100 K over the mass range of m/z 60-250. The VUV-AMS mass spectra were recorded at a photon energy of 9.5 eV.

3.3.1. Initial growth pathways

Fig. 8 shows VUV-AMS mass spectra for the two reactants at
their respective soot onset temperatures. The large peak in both
mass spectra at m/z 96 corresponds to 2,5-dimethylfuran, which
was injected into the ionization chamber as a reference and was
not present in the flow reactor. The mass spectra for both reac-
tants demonstrate prominent peaks in the range of Cs—-Cq species,
which is somewhat unexpected, considering that the VUV-AMS has
a lower sensitivity to masses in this range. Their appearance in the
mass spectra underscores their involvement during the early stages
of particle formation and growth. Scheme 2 presents a summary
of potential growth pathways for species corresponding to these
masses. The propene mass spectrum has a peak at m/z 66 (CsHg),
which corresponds to isomers of cyclopentadiene; this peak is not
apparent in the propyne mass spectrum. The absence of m/z 66
for propyne pyrolysis suggests that direct pathways for the forma-
tion of C5Hg species, such as allyl + acetylene [56] and propar-
gyl + acetylene [29,30,81], are not available for propyne pyroly-
sis at this temperature. The formation of cyclopentadiene has been
observed previously for both propyne [69] and propene [49,56]
pyrolysis and is linked to the formation of the RSR cyclopenta-
dienyl. The CHRCR mechanism suggests that cyclopentadienyl can
catalyze RSR growth [22,30] and hydrocarbon clustering through
radical chain reactions [22].

Evidence of the CHRCR mechanism is provided by the sequence
of RSR peaks at m/z 91, 115, 141, 165, 189, 215, and 239 apparent
in the propene mass spectra and, to some extent, in the propyne
mass spectra, examples of which are shown in Fig. 8. This series of
RSRs was previously observed by Johansson et al. [22] in samples
extracted from sooting flames and was used to develop the CHRCR
hypothesis. The RSR peaks at m/z 91 (C;H;) and 115 (CgHy) are
not initially observed for propyne, which indicates that acetylene
addition to cyclopentadienyl is not the primary pathway for RSR
growth under these conditions.

Prominent peaks corresponding to Cg products are apparent at
m/z 78 (CgHg) and 80 (CgHg) for both reactants. The self-reaction
of propargyl radicals is well known to produce the CgHg isomers

benzene and fulvene at low pressures [42,93]; 1,5-hexadiyne and
2-ethynyl-1,3-butadiene have also been observed at low pressures
(27-40 kPa, 200-300 Torr) and high temperatures (1300 K) [66]. At
elevated temperatures and pressures close to 100 kPa, however, the
major products are 1,5-hexadiyne, dimethylenecyclobutene, and
benzene [93].

The self-reaction of allyl has been shown to produce 1,5-
hexadiene at m/z 82 (CgHyg) at temperatures of 300 - 600 K and
pressures of 0.1 - 0.8 kPa (1-6 Torr) [94]. Although a peak at this
mass is not apparent in our mass spectra for propene or propyne
pyrolysis, it is possible that this species does not adsorb to parti-
cles strongly enough to be measurable by the VUV-AMS.

The peak at m/z 80 (CgHg) may be the cyclic product predicted
for the reaction of allyl with propargyl (methylcyclopentadiene or
cyclohexadiene) [46,72]; this product, however, has been predicted
to be less likely to form at elevated pressures [46]. The propene
pyrolysis mass spectrum has a peak at m/z 65 and suggests the for-
mation of cyclopentadienyl at (CsHs), which can react with methyl
radical at elevated temperatures to form 5-methylcyclopentadiene
[68]; the absence of a peak at m/z 65 in Fig. 8b precludes this
route to the formation of CgHg for propyne. Alternatively, the CgHg
species may be formed through direct dimerization of propyne.

The last sets of peaks in the C5-Cg subset include m/z 105,
115/116, and 118/119. The peak at m/z 105 is apparent for both
reactants. For propyne, a pathway to this mass could be through
acetylene addition to m/z 80 isomers, such as methylcyclopenta-
diene [95]. For propene, additional plausible pathways to m/z 105
include methyl addition to m/z 91 or propargyl addition to cy-
clopentadiene [96]. Pathways to Cq masses are limited and include
acetylene addition to vinyl-cyclopentadienyl, yielding m/z 116 in
propene pyrolysis, and propargyl addition to m/z 80 isomers, yield-
ing m/z 119 in propyne pyrolysis, as shown in Scheme 2. The ab-
sence of m/z 116 in the propyne mass spectrum at particle on-
set suggests that propargyl addition to phenyl is not the dominant
pathway for the formation of Cq species in propyne pyrolysis, de-
spite previous work suggesting the importance of this reaction to
indene formation [52]. Within 50 K after particle onset, m/z 91 and
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hydrogen loss from propene (bottom left) and propyne (bottom right). Gray arrows
indicate pathways that lead to stable intermediates with masses not observed in the
mass spectra. The species shown are speculative and do not necessarily represent
the isomers observed.

116 both emerge in the mass spectrum for propyne, which can be
seen in Fig. 9a. The concurrent emergence of m/z 91 and 116 sup-
ports the pathway to indene formation through acetylene addition
to vinyl-cyclopentadienyl [22] and discounts the route of propar-
gyl addition to phenyl. For propene pyrolysis at 1150 K, shown in
Fig. 9b, peaks m/z 66 and 80 are not apparent in the mass spec-
trum, but the peak at m/z 91 is still present. This result suggests
that additional pathways involving masses that are not observed
in the VUV-AMS mass spectra, such as C3 and C4 species, also con-
tribute to the formation of products at m/z 91.

The Cq species appear to be involved in the formation of larger
species. Previous work identified the reaction of the RSR indenyl
with indenyl/indene, which leads to m/z 230 (C1gH14), as an impor-
tant clustering pathway in indene pyrolysis [32,35]. At the particle
onset temperatures, the mass spectrum for propene shows a peak
at m/z 116, associated with indene (Fig. 8a), and a higher relative
intensity for m/z 230 than demonstrated in the propyne mass spec-
trum (Fig. 8b), which shows a peak at m/z 119 instead of m/z 116.
The presence of m/z 116 and higher relative intensity of m/z 230
in the VUV-AMS mass spectrum for propene indicates that, close
to the particle-onset temperature, the presence of m/z 116 and 230
are linked, providing further support for the previous identification
of the indenyl self-reaction as a potential clustering pathway. The
peak at m/z 119 in the propyne mass spectrum (Fig. 8b), on the
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Fig. 9. VUV-AMS mass spectra at 50 K above the particle onset temperature. Mass
spectra are shown for (a) propyne at 1050 K and (b) propene at 1150 K over the
mass range of m/z 60-125. The VUV-AMS mass spectra were recorded at a photon
energy of 9.5 eV.

other hand, does not appear to be directly linked to m/z 230 or
the Cyg series.

3.4. Photoionization efficiency curves

Mass-specific PIE curves can provide additional insight into the
underlying chemistry of a system by supplying information about
the isomeric composition of a given mass peak. Fig. 10 shows PIE
curves for selected masses observed in the VUV-AMS data for both
propyne and propene. The curves were recorded at a reactor tem-
perature of 1225 K, and the signals were consistent over multi-
ple experimental trials. The masses shown in Fig. 10 correspond to
CioHs, Ci1Hyp, CioHg, Ci3Hig, CiaHig, CisHip, CigHig, and CyoHyy
species. For the species between and including m/z 128 (C;oHg)
and 152 (CypHg), the PIE curves for propyne and propene are
very similar. For the masses larger than m/z 152, however, the PIE
curves for the two reactants demonstrate differences from one an-
other. These differences are apparent for both the odd- and even-
numbered carbon species. Reaction intermediates are thus similar
for propyne and propene pyrolysis for species up to approximately
the size of acenaphthylene (Ci,Hg). The PIE curves suggest differ-
ences between the reactants for larger species and the associated
kinetics related to further PAH growth.

The definitive identification of a specific isomeric structure for
PAHs with more than roughly 10 carbons is often precluded by
a large number of possible isomers with similar ionization ener-
gies and the lack of known ionization energies or reference curves
available for most of these isomers [77,97]. Nevertheless, compar-
isons can be made between experimental PIE curves and ioniza-
tion energies, when available, to rule out the involvement of some
isomers or provide some indication of the involvement of selected
isomers or classes of isomeric structures [77,97].
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Fig. 10. Normalized photoionization efficiency (PIE) curves from VUV-AMS data. PIE curves are shown for selected mass peaks resulting from propyne pyrolysis and propene
pyrolysis at 1225 K. Masses correspond to species with compositions of (a) CioHg, (b) Cy1Hyo, (¢) Ci2Hs, (d) Ci3Hyo, (€) Ci4Hyo, (f) CisHya, (g) CigHig, and (h) CyoHy,. Error
bars (shading) represent a 95% confidence interval.
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Fig. 11 shows comparisons between our experimental PIE
curves for selected masses and reference PIE curves from the lit-
erature [97-100]. In Fig. 11, reference PIE curves were scaled rela-
tive to their absolute photoionization cross-sections and, for each
respective m/z, retain their relative relationship to one another.
Fig. 11a shows that m/z 78 from propyne pyrolysis agrees well with
the reference PIE curve for benzene, suggesting that benzene is the
major product of propargyl self-reaction under these conditions.
The mass peak at m/z 78 is not apparent for propene pyrolysis at
the temperature of 1225 K at which the PIE curves were recorded.
For m/z 152, the experimental PIE curve for propene pyrolysis was
reproduced by a fit based on a combination of approximately 60%
acenaphthylene and 40% 1-ethylnaphthalene PIE curves, as shown
in Fig. 11b. Fig. 11c demonstrates that a combination of approxi-
mately 35% anthracene and 65% phenanthrene reproduces the PIE
curve for m/z 178 from propyne pyrolysis. A combination of these
curves does not provide a good fit to the data from propene py-
rolysis, and the inclusion of the m/z 178 isomer diphenylacetylene
does not improve the fit for either reactant. Anthracene is the sta-
bilomer for Ci4Hqg (m/z 178) [73], and these results again demon-
strate that the stabilomer species is not the only, or even the ma-
jor, species at this mass. Fig. 11d shows comparisons of experimen-
tal results for m/z 202 with a fit combining approximately 90% flu-
oranthene and 10% pyrene. These results are consistent with pre-
vious work indicating that fluoranthene is the major contributor
to experimental signals from combustion and pyrolysis of hydro-
carbon fuels and that pyrene contributes much less significantly to
this mass peak [35,67,74-77].

4. Conclusions

In this work, we conducted pyrolysis experiments on propyne
and propene in an atmospheric pressure flow reactor and analyzed
the products using VUV-AMS. The particle-onset temperature in
propyne pyrolysis is approximately 100 K below the onset temper-
ature for propene. The VUV-AMS mass spectra showed a significant
range of peaks with high levels of saturation for a given number of
carbons (particularly in peak sets larger than Cq7) at temperatures
within 100 K of the onset temperature. The C/H ratio is signifi-
cantly lower than those of stabilomer species and peri-condensed
PAHs, particularly for species larger than Cy;. The differences in
saturation between the pyrolysis products and the stabilomer PAHs
are largest in the low-temperature regime. The high saturation lev-
els, particularly for large species, is not well explained by sequen-
tial mass growth as traditionally predicted by the HACA mecha-
nism; these results suggest that large species with high levels of
saturation are produced through clustering-type reactions, as pre-
dicted by the CHRCR mechanism.

Two masses previously linked to RSRs, m/z 91 and 115, are
produced in propene pyrolysis but not observed for propyne py-
rolysis. At the particle-onset temperature, different peaks are as-
sociated with the Cq peak series; in propene pyrolysis, species
with m/z 116 are generated, and, in propyne pyrolysis, species
with my/z 119 are produced. The m/z 116 peak in propene pyroly-
sis is linked to indenyl and the formation of a dimer at m/z 230,
whereas the m/z 119 peak from propyne pyrolysis is not obviously
linked to the formation of any larger masses. PIE curves indicate
that, at 1225 K, PAH formation follows a common set of path-
ways and products for masses less than approximately m/z 152
(C12Hg) for the two reactants. For masses above m/z 152, differ-
ences between the PIE curves for propene and propyne pyroly-
sis indicate different isomeric profiles between the two reactants
and suggest diverging kinetic pathways in the formation of larger
PAHs.
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