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ABSTRACT: Based on quantum mechanically guided experiments
that observed elusive intermediates in the domain of inception that
lies between large molecules and soot particles, we provide a new
mechanism for the formation of carbonaceous particles from gas-
phase molecular precursors. We investigated the clustering behavior
of resonantly stabilized radicals (RSRs) and their interactions with
unsaturated hydrocarbons through a combination of gas-phase
reaction experiments and theoretical calculations. Our research
directly observed a sequence of covalently bound clusters (CBCs)
as key intermediates in the evolution from small RSRs, such as
benzyl (C7H7), indenyl (C9H7), 1-methylnaphthyl (1-C11H9), and
2-methylnaphthyl (2-C11H9), to large polycyclic aromatic hydro-
carbons (PAHs) consisting of 28 to 55 carbons. We found that
hydrogen abstraction and RSR addition drive the formation and growth of CBCs, leading to progressive H-losses, the generation of
large PAHs and PAH radicals, and the formation of white smoke (incipient carbonaceous particles). This mechanism of progressive
H-losses from CBCs (PHLCBC) elucidates the crucial relationship among RSRs, CBCs, and PAHs, and this study provides an
unprecedentedly seamless path of observed assembly from small RSRs to large nanoparticles. Understanding the PHLCBC
mechanism over a wide temperature range may enhance the accuracy of multiscale models of soot formation, guide the synthesis of
carbonaceous nanomaterials, and deepen our understanding of the origin and evolution of carbon within our galaxy.

■ INTRODUCTION
The evolution of small precursor molecules into large
polycyclic aromatic hydrocarbons (PAHs) is a topic of
sustained interest in nanoparticle material synthesis, interstellar
evolution, pyrolysis, and combustion. PAHs have been
identified as crucial reaction intermediates in molecular
mass-growth processes, leading to nanotubes and fullerenes.
For instance, C60 and C70 were observed in pyrolysis and flame
soot.1−3 Graphene and carbon nanotubes are primarily
composed of large PAHs, and they are promising materials
for future capacitors, sensors, and transistors.4,5 Beyond the
Earth, aromatic structures have been proposed as potential
carriers of the diffuse interstellar bands and unidentified
infrared bands in extraterrestrial environments, such as
circumstellar envelopes of carbon-rich stars;6,7 PAHs are
believed to contribute up to 30% of the interstellar carbon
budget and have been associated with the prebiotic evolution
of the interstellar medium.8,9 Understanding the formation of
PAHs in combustion environments is driven by the crucial role
they play in producing environmentally hazardous soot
particles from incomplete combustion processes,10,11 which
can have detrimental effects on human health, including an

increased risk of cancer and respiratory illnesses.12,13 Despite
their significance, the understanding of the possible mecha-
nisms of molecular weight growth processes of PAHs from
small precursor molecules is incomplete.
The hydrogen-abstraction/acetylene-addition (HACA)

mechanism, involving stepwise addition of C2H2 to an
aromatic hydrocarbon radical, was the first “bottom-up”
mechanism proposed to explain the molecular weight growth
of most PAHs, especially under high-temperature combustion
conditions.14−17 Other small-molecule and radical-addition
mechanisms have also been reported as alternative ways to
understand PAH formation in high-temperature combustion
and low-temperature interstellar environments.18,19 Experi-
ments have demonstrated hydrocarbon mass growth via
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hydrogen abstraction-vinylacetylene (C4H4) addition
(HAVA)20−22 and phenyl-addition dehydrocyclization
(PAC).23 A kinetic modeling study indicated a slow efficiency
of stepwise C2H2/C4H4 addition to reproduce the observed
PAH concentrations in flame experiments.24 The mass growth
of PAH and soot in the absence of hydrogen radicals suggests
that these documented pathways may not be favorable in
radical-deficient environments as many free radicals are
required for the activation of stable PAH molecules in the
HACA, HAVA, and PAC mechanisms.25 In addition, distinct
aromatics such as peri-condensed aromatic hydrocarbons,26

cata-condensed and pentagonal-ring linked species,27 and
bridged aromatics linked by aliphatic chains28 have been
suggested in flames and soot. However, the existing
mechanisms do not fully explain the formation behavior of
PAHs in various environments.
Localized π-radicals, also known as resonance stabilized

radicals (RSRs), have been directly detected in nascent soot
from flames,29 hydrocarbon pyrolysis,30,31 and even in the cold
molecular cloud TMC-1.32 RSR can accumulate in reactive
environments and contribute to the formation of PAHs and
soot. The discovery of RSRs in a combustion environment may
imply an unknown mechanism of soot inception. Johansson et
al. proposed clustering of hydrocarbons by radical chain
reactions (CHRCR) as an important pathway for soot
inception33 by proposing that PAHs form without depleting
the radical pool through RSR chain reactions, where radical−
radical recombination is followed by immediate H atom
ejection to form a new RSR. The prompt H loss in CHRCR
allows sequential growth without requiring reactivation
through H-abstraction reactions. Despite the promising
potential of radical chain reactions for rapid hydrocarbon
growth, there is a lack of research investigating the role of RSR
radical−radical chain reactions in the molecular weight growth
of PAHs.34 Using a microreactor, researchers have concen-
trated on the investigations of radical−radical recombination

reactions,35−38 revealing the formation of prototypical PAHs
such as tricyclic phenanthrene (C14H10) and tetracyclic pyrene
(C16H10).
Understanding the role of RSR and elucidating the

molecular weight growth processes via radical chain reactions
in the combustion or pyrolysis of hydrocarbon fuels are
challenging due to the involvement of numerous reactive
species. In this work, we chose to pyrolyze halogenated radical
precursors in a laminar flow reactor, where RSR is exclusively
produced via cleavage of the C−Br bond at a high temperature.
The clean environment permits better assessment of the RSR-
involved radical chain reactions, unlike the “dirty” combustion
or pyrolysis. By preparing typical RSRs such as benzyl (C7H7),
indenyl (C9H7) 1-methylnaphthyl (1-C11H9), and 2-methyl-
naphthyl (2-C11H9), and examining their reactivity under the
pyrolytic condition, we find that the obtained array of data
consistently reveals a previously unseen and smooth
progression from small RSRs to much larger PAHs consisting
of C28−C55 carbons. A sequence of covalently bound clusters
(CBCs) is directly observed as the key intermediate species
that bridges the gap between the small RSRs and the large
PAHs. Hydrogen abstraction and RSR addition drive the rapid
formation and growth of CBCs, which undergo progressive H-
losses and evolve into large PAHs and large PAH radicals. We
hence propose a mechanism of progressive H-losses from
CBCs (abbreviated as PHLCBC), to explain the crucial
“golden triangle” relationship among RSR, CBC, and PAH.
Recognition of the PHLCBC mechanism may enhance the
fidelity and accuracy of multiscale models of soot inception,
guide the synthesis of carbonaceous nanomaterials, and further
deepen our understanding of the origin and evolution of
carbon within our galaxy.

■ RESULTS AND DISCUSSION
Recent flame experiments have indicated that benzyl is a
significant precursor of various aromatic hydrocarbons.39

Figure 1. Calculated reaction pathway for repetitive H-abstractions and •C9H7 additions. Abstraction steps, enthalpy changes, and barriers are
evaluated with H as the abstracting radical. The total number of H atoms is identical for all of the calculated enthalpies, but only active species
involved during the H-abstraction reactions are shown in the figure. The ordinal numbers denote the number of •C9H7 additions. The blue arrows
suggest the formation of peri-condensed PAHs via progressive H-losses (discussed in the text).
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Dimerization of benzyl was one of the most fundamental
reactions to generate phenanthrene (C14H10) consisting of
three fused benzene rings.35 Indenyl (C9H7), a key RSR with a
cyclopenta-fused bicyclic structure, and the dimerization of 1-
lndenyl (1-C9H7) can form chrysene (C18H12).

40 By the
pyrolysis of indene (C9H8), and a mixture of ethylene with a
small amount of indene, Rundel et al. found that indenyl can
promote the soot particle formation.30 Hence, the dimerization
of benzyl and indenyl radical are experimentally validated
processes, and additionally, PAH dimers stabilized through the
formation of covalent bonds have recently been evidenced in
the study of a laminar diffusion methane flame.41

RSR Additions to Form CBCs: Dimerization and
Polymerization Processes of RSRs by Radical Chain
Reaction. First, we investigate the potential energy surfaces
(PESs) of benzyl and indenyl clustering. Figure 1 shows a
quantum mechanical reaction pathway for a mechanism with
repeated H-abstractions and indenyl (•C9H7) additions (see
the Computational Methodssection). Barrierless self-recombi-
nation of 1-indenyl radicals gives diindene (the C18H14 reactive
dimer). Then, H-abstraction of C18H14 forms a •C18H13 radical
with a forward barrier of ∼4.5 kcal/mol. This new RSR can

either undergo another •C9H7 addition to produce C27H20
(trimer) or undergo progressive H-losses to produce the stable
benzenoid C18H12 (a PAH discussed below). Then, H-
abstraction and •C9H7-addition steps can be repeated to
form much larger CBCs and RSRs, e.g., C36H26, •C36H25,
C45H32, •C45H31, C54H38, and so forth. The overall reaction is
exothermic, and consequently, the formation of CBCs is
expected to be highly efficient. A similar mechanistic step is
also calculated to be feasible for repetitive H-abstraction and
benzyl (•C7H7) addition (Figure S1).
To generate the reaction sequence predicted by theory, we

pyrolyzed a controlled mixture of RSR precursors in a laminar
flow reactor. A sequence of CBCs is observed by using in situ
synchrotron radiation ultraviolet photoionization mass spec-
trometry (SVUV-PIMS) (see the Experimental Methods
section and Figure S2). Figure 2a shows the mass spectra (as
mass/charge ratio m/z in Da) of the products from the
pyrolysis of 2-bromoindene (C9H7Br) at 800 K. The mass
signal at m/z = 115 is identified as the 1-indenyl radical
(discussed below). Self-recombination of 1-indenyl produces
diindene C18H14 (dimer) at 230. The signal at m/z = 229 is
attributed to a radical intermediate •C18H13 formed from the

Figure 2. SVUV-PIMS mass spectra of products from the pyrolysis of selected precursors in a flow reactor at a pressure of 20 mbar. (a) 2-
Bromoindene (C9H7Br) at 800 K and 9.5 eV, (b) benzyl bromide (C7H7Br) at 800 K and 10.0 eV, (c) 1-bromomethyl naphthalene (1-C11H9Br) at
1100 K and 10.5 eV, and (d) 2-bromomethyl naphthalene (2-C11H9Br) at 1100 K and 10.5 eV. The photon energy is tuned to avoid the
interference of photodissociation. The mass peaks of RSRs and CBCs are labeled with their molecular formula. Factors are applied to better
visualize the mass peaks and are indicated in the figure.
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H-abstraction of C18H14. A second •C9H7 addition on C18H13
forming C27H20 (trimer) is evidenced by the signal at 344. The
series of tetramer (C36H26) at 458, pentamer (C45H32) at 572,
and hexamer (C54H38) at 686 demonstrate the consecutive H-
losses and five stepwise additions. The earlier aerosol
experiments by Rundel et al. have also detected the indenyl
dimer and trimer as the chemical composition of the soot
particle from indene pyrolysis,30 implying the probable roles of
the clusters for soot formation. Figure 2b−d shows the mass
spectra of the products from reactions of benzyl (•C7H7), 1-
methylnaphthyl (•1-C11H9), and 2-methylnaphthyl (•2-
C11H9), respectively. The •C7H7 reaction leads to three
successive benzyl-radical additions forming dimer (C14H14),
trimer (C21H20), and tetramer (C28H26). Analogously, the mass
spectrum of 1-methylnaphthyl reactions reveals three succes-
sive •C11H9 radical additions forming dimer (C22H18), trimer
(C33H26), and tetramer (C44H34), and the mass spectrum of 2-

methylnaphthyl reveals four successive •C11H9 radical
additions to dimer (C22H18), trimer (C33H26), tetramer
(C44H34), and pentamer (C55H42).
To evaluate the significance of the CBCs under combustion-

like conditions, we pyrolyzed indene (a practical fuel) at 1300
K and ambient pressure in a laminar flow reactor. The matrix-
assisted laser desorption/ionization mass spectrometry
(MALDI-MS) was used to analyze the pyrolytic products.
Although there are many mass peaks associated with the
pyrolytic and mass growth products of indene, Figure S3
clearly shows a sequence of mass peaks associated with the
covalent bound clusters formed through the six consecutive H-
abstraction and C9H7 addition and the progressive H-loss
products, and the clusters of C18−C63 remain prevalent in the
indene pyrolysis.
Clustering of stable unsaturated hydrocarbons such as

benzene (C6H6), naphthalene (C10H8), and phenanthrene

Figure 3. Product identification of indenyl radical reactions. (a) PIE curves of m/z = 230 from the pyrolysis of 2-bromoindene (C9H7Br) in a flow
reactor (800 K and 4 mbar), (b) photoionization mass spectrum of m/z = 229 at 7.0 eV, and (c) PIE of m/z = 228. (d) GC-MS spectrum of the
enrichment products in the C9H7Br pyrolysis. The inset shows structures and the retention times of the standard C18H12 samples. (e) EPR
spectrum of the enriched products in C9H7Br pyrolysis. (f) Difference ion intensity of the measured CxHy products with the odd number of
hydrogen atoms after subtracting (see text) the 13C contributions. (g) The number of H-losses from the parent clusters. (h) Black dots are the
CxHy distribution of the measured PAH products at 1000 K. The shaded area corresponds to an H/C ratio of 0.4−0.8. The empirical limits of cata-
condensed (dashed line) and peri-condensed (dotted line) PAHs are also shown.
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(C14H10) with RSRs (•C9H7, •C7H7) is also examined in this
work because most of the carbon is in the form of stable
closed-shell species. Under the same conditions, only one RSR
can be added to the stable unsaturated hydrocarbon, and its
signal intensity is much lower than the product of RSR
dimerization. We find that the clustering of these stable
unsaturated hydrocarbons with RSRs is much less favorable
than the RSR−RSR clustering, elevating the significance of
RSR−RSR clustering under our experimental conditions. The
representative mass spectra are shown in Figure S4.

Progressive H-Loss of CBCs. Figure 2a−d also reveals
that CBCs can undergo progressive H-loss reactions. For each
cluster, many mass peaks with successive mass decrements of 1
Da are observed, and they are interpreted as radical
intermediates and stable PAHs. To allow a dominant
production of the indenyl dimer and a focus on its progressive
H-loss reaction pathways, a lower pressure of 4 mbar (3 Torr)
was used for the pyrolysis of C9H7Br. At this pressure, we
detect mass peaks 115, 230, 229, and 228 (Figure S5), which
are consistent with the measured ones in Figure 2a. The
photoionization efficiency (PIE) curve at m/z = 115 in Figure
S6 is consistent with the production of 1-indenyl. Figures 2a
and S5 reveal that self-recombination of 1-indenyl forms 1,1-
diindene C18H14 (dimer). The calculated ionization energy
(IE) of 1,1-diindene is 7.98 eV, which agrees with the
measured IE in Figure 3a. Mass peak 229 corresponds to
C18H13, which could be a radical intermediate •C18H13 or an
isotope of 13C12C17H12 (with natural abundance). The
calculated IE of •C18H13 is 6.91 eV. At 7.00 eV, the absence
of 228 and the presence of 229 (Figure 3b) confirm the
existence of this key radical intermediate.
The experimental PIE of 228 (C18H12) in Figure 3c can be

well fit with a linear combination of the reference PIEs of
chrysene, benz[a]anthracene, benz[c]phenanthracene, and 4-
vinylpyrene.20,22 The isomeric composition with a molecular
weight of 228 is further revealed by gas chromatography−mass
spectrometry (GC-MS) in Figure 3d (see the Experimental
Methods section and Figure S7); these GC peaks are
consistent with the ones measured from the standard samples
of benz[c]phenanthracene, 4-vinylpyrene, benz[a]anthracene,
and chrysene listed in the figure. The GC-MS results support
the conclusion of the PIE analysis. The formation pathways of
the observed dimeric products are further elucidated by
quantum mechanical calculations on C18H14, •C18H13, C18H12,
and the corresponding transition states (Figure S8 and the
corresponding discussion). The main processes are H-
abstraction of C18H14 to produce •C18H13 followed by
dehydrocyclization reactions of this radical intermediate
leading to the measured C18H12 isomers. In these processes,
the two cyclopentadienyl moieties of the dimer are converted
to six-membered ring structures.
Considered together, the spectra in Figures 2 and 3a−d

demonstrate the interesting sequence of CBCs formed by RSR
clustering. They identify the C18H14, C18H13 intermediates, and
isomeric C18H12 PAH products from the C9H7 dimerization
reaction, and the mechanism of CBCs formed via repetitive H-
abstraction and RSR addition is experimentally confirmed.

Formation of Large PAHs and PAH Radicals. The
radical intermediates are formed not only by H-loss from the
dimer but also by progressive H-losses of larger clusters.
Because the mass spectral signals of the radical species in
Figure 2a might be adulterated by 13C isotopes, we examine
the presence of radicals by electron paramagnetic resonance

(EPR) spectroscopy. Figures 3e and S9 show the EPR spectra
of the enriched pyrolysis products of the four systems. With
the measured resonance frequency of the single peak in Figures
3e and S9, the calculated Lande ́ g-factors are all equal to
2.0033, which is very close to the value of free electrons
(2.0023), suggesting that the enriched products contain
persistent carbon-centered aromatic radicals where the
unpaired electron has very little orbital contribution to the
magnetic moment. The assignment is consistent with the
previous EPR assignment from the sampled products of the
laminar premixed ethylene and ethylene-benzene flames.42

These radicals in the enriched products might be large and
inert PAH radicals that have long lifetimes. In addition, by
subtracting the calculated ion contributions of the correspond-
ing isotopes (with natural abundance intensity), we confirm
ion intensities with an odd number of hydrogen atoms
attributed to radicals in Figure 3f. These ion intensities provide
further evidence for the series of radical intermediates formed
from the progressive H-losses of the CBCs.
The evolution processes of the H-losses are sensitive to the

temperature and the size of the CBCs. Figure 3g presents the
number�as counted from the corresponding SVUV-PIMS
mass spectra (Figure S10(a))�of H-losses for each cluster size
formed by •C9H7 reactions. This panel shows that the number
of H-losses increases with the size of the cluster and with the
temperature. Progressive H-losses are also observed in the
other RSR reaction systems (Figure S10b,d), where the
aliphatically bridged PAHs are the initial products. Figure
S10(b−d) demonstrates that H atoms are progressively lost
from each aliphatically bridged PAH cluster. Our results
consistently reveal that the larger CBCs lose H atoms readily,
especially at higher temperatures. The chemical evolution from
CBCs to peri-condensed PAHs is expected to be extensive with
the increase in temperature.
The progressive H-losses of CBCs form a sequence of PAH

radicals and PAHs. The PAH growth by this mechanism is
denoted as progressive hydrogen loss from CBCs (PHLCBC).
The structural evolution of the large clusters is difficult to
obtain from quantum mechanical calculations. By the SVUV-
PIMS measurement, we also obtain the PIE curves of the
intermediates from the indenyl trimerization, e.g., C27H20,
C27H18. As shown in Figure S11(a), the ionization onset of
C27H20 is determined at 7.4 ± 0.05 eV, the ionization onset of
C27H18 is around 7.1 eV and the second onset is around 7.4 eV.
To demonstrate the complexity of resolving these isomers,

we computationally constructed the possible isomeric
structures of C27H20 and C27H18 and calculated their IEs.
Figure S11(b) shows that the calculated IEs of the three
C27H20 isomers (i1-1, i1-2, i1-3) are close to or slightly above
the measured IE. For the C27H18, the calculated IE of i2-2 and
i2-3 are close to the first ionization onset, and the IE of i2-1 is
consistent with the second ionization onset. Thus, all of these
isomers are possible intermediates. Extensive structural
determinations of the larger clusters are challenging, but we
follow previous works43−45 where the observed H/C
distributions are used to classify PAH structures as cata-
condensed (a structure in which no carbon is shared by more
than two rings) and peri-condensed (in which such sharing is
present). Figure 3h shows the H/C plots of all products in the
C9H7Br pyrolysis experiments, and H/C plots of the products
in Figure 2b−d are shown in Figure S12(a−c). Figure 3h
indicates that those products with the highest H/C ratios are
cata-condensed. With progressive H-losses, each CBC evolves
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from the cata-condensed region of the plot toward the
maximally peri-condensed limit, but none of them reach that
limit or go beyond it, and thus, the final PAH products are a
mixture of cata- and peri-condensed structures with six-
membered rings. This is consistent with the calculated reaction
pathways of the indenyl dimer, where two cyclopentadienyl
moieties are converted to six-membered ring structures upon
H-losses. In Figure S13, the conceivable structure evolutions of
the C27H20 (trimer) and C36H26 (tetramer) to peri-condensed
PAHs are provided, where the cyclopentadienyl moieties are
progressively converted to six-membered ring structures.
In the previous studies,35−38 the RSR−RSR recombination

reactions have been carried out to learn the formation
pathways of the prototypical PAHs. As shown in Figure 4a,
phenanthrene was evidenced as the single C14H10 product in
the experimental and computational studies of benzyl self-
reaction.35,37 Coupling a microreactor with the SVUV-PIMS,
Kaiser et al. re-explored C7H7 self-reaction and identified a new
C14H10 isomer anthracene.36 They proposed unconventional
pathways to explain the formation of anthracene.36 Until
recently, Couch et al. studied the C6H5 + C7H7 reaction and
obtained the evidence of the diphenylmethyl (C13H11) radical
from well-skipping H-loss (see Figure 4a);34 the radical chain

reaction continues when C13H11 associates with C6H5 to form
triphenylmethane (C19H16) and triphenylmethyl (C19H15). In
the present work, we directly observe a sequence of CBCs
formed through consecutive H-abstraction and RSR addition
(benzyl, indenyl, 1-methylnaphthyl, and 2-methylnaphthyl).
Furthermore, the observation of the progressive H-loss of the
CBCs (see the reaction scheme of Figure 4b) suggests the
facile formation of very large PAHs with more-than-four-
membered aromatic rings. Therefore, the PHLCBC mecha-
nism proposed here further elucidates the crucial “golden
triangle” relationship among RSRs, CBCs, and PAHs.

■ CONCLUSIONS
Note that the present studies are carried out over a limited
temperature range, and it is probable that the dominant
mechanism for PAH formation is not the same under all
conditions, but the PHLCBC mechanism for PAH growth
provided in this work is likely to be significant in many
contexts. In a carbon-rich asymptotic giant branch star,
carbonaceous dust formation occurs in an equilibrium zone
characterized by low ionization and UV radiation. This
carbonaceous dust evolves until it can be expelled into the
interstellar medium. Although the specific conditions in the

Figure 4. Comparison of the results of this work to previously reported mechanisms. (a) Previous studies: The conventional formation pathway of
phenanthrene and the unconventional formation pathway of anthracene via C7H7 self-reaction; the reaction of C7H7 with consecutive two phenyl
(C6H5) radical additions to form the C13H11 and C19H15 radical either by direct well-skipping pathway or the radical−radical association and
subsequent H-abstraction pathway. (b) This work: the facile formation of CBCs growing in size by repetitive H-abstraction and RSR addition. The
representative RSRs are C9H7, C7H7, 1-C11H9, and 2-C11H9. The pathway of progressive H-losses of CBCs leading to large-sized peri-condensed
PAHs.
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nucleation zone are uncertain, the temperature is estimated to
be ∼1000 K, and PAHs are hypothesized to form in these
stellar envelopes.46,47 In the pyrolysis of hydrocarbon fuels,30,31

soot particle onset temperatures were observed in the range of
900−1150 K, which fits well the temperature range of the
PHLCBC mechanism discovered in this work. A full
recognition of PHCLBC over a wide temperature range can
enhance the fidelity and accuracy of multiscale models of soot
inception and nanomaterial synthesis, and it may further
contribute to our understanding of the formation of interstellar
PAHs and the origin and evolution of carbon within our galaxy.

■ METHODS
Computational Methods. All electronic structure calculations

were performed using the Gaussian 16 program package.48 The
structures, energies, and harmonic zero-point energies of local minima
and transition states were calculated by Kohn−Sham density
functional theory with the global-hybrid MN15 exchange−correlation
density functional and with the MG3S basis set.49 The nature of the
transition states was confirmed by the presence of an imaginary
frequency for the reaction coordinate. Minimum energy paths (also
called intrinsic reaction coordinates) were calculated to confirm
connections between transition states and local or global minima. All
energetic results are presented as enthalpies at 298 K; the enthalpy at
298 K equals the sum of the potential energy (electronic energy,
including nuclear repulsion) and the zero-point vibrational energy.

Experimental Methods. The pyrolysis experiments were carried
out using a customized flow reactor made of quartz coupled with the
SVUV-PIMS at the BL09U beamline of the National Synchrotron
Radiation Laboratory. Details of the BL09U beamline and the
experimental setup of this work are described elsewhere (see the
Supporting Information). Briefly, a continuous beam of radicals was
prepared in situ through the pyrolysis of the selected halide precursor
(see the sample information below) in the flow reactor. The
temperature of the flow reactor can be tuned in the range of 300−
1200 K. At the center of the flow reactor, a sampling cone with a 380
μm aperture was employed for molecular-beam sampling. The
reactants and products in the flow reactor were expanded into a
differential chamber (1.0 × 10−1 Pa) and passed through an orifice
into the ionization chamber (1.0 × 10−3 Pa), where they were
intersected and ionized by the quasi-continuous tunable synchrotron
VUV light and immediately detected by the homemade reflectron
time-of-flight mass spectrometer. Using this setup, the pyrolysis of 2-
bromoindene C9H7Br (Macklin, purity ≥ 97%), benzyl bromide
C7H7Br (Macklin, purity ≥ 98%), 1-bromomethyl naphthalene 1-
C11H9Br (Aladdin, purity ≥ 97%), and 2-bromomethyl naphthalene
2-C11H9Br (Aladdin, purity ≥ 97%) were carried out at the pressure
of 4 or 20 mbar. More details are described in Text S1. GC-MS, EPR,
and MALDI-MS are used to study the PAH formation from the RSR
reactions. The enriched procedures were implemented in these
methods. The details of these experimental setups and experimental
conditions are all provided in Text S1.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.4c03417.

Additional experimental and computational details, and
supporting figures (Figure S1−S13) and tables (Tables
S1 and S2) as mentioned in the text (PDF)
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