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Resonantly stabilized free radicals (RSFRs) are contemplated to be the reactive intermediates in molecular
mass-growth processes leading to polycyclic aromatic hydrocarbons (PAHs), which are prevalent in deep
space and on Earth. The self-reaction routes of two RSFRs have been recognized as fundamental but
more-efficient pathways to form fused benzenoid rings. The present experiment, which exploits
a chemical microreactor in combination with an isomer-selective identification technique through
fragment-free photoionization utilizing a tunable vacuum ultraviolet (VUV) light in tandem with the
detection of the ionized molecules by a high-resolution reflection time-of-flight mass spectrometer (Re-
TOF-MS), provides compelling evidence for the formation of phenanthrene and a minor amount of
anthracene in the presence of fulvenallenyl (C;Hs"). Further theoretical calculations of the potential
energy surfaces of Ci4Hijo and Cy4Hi; reveal that phenanthrene and anthracene can be efficiently
produced via a hydrogen-assisted multi-step mechanism [C;Hs" + C;Hs™ — i3, i3 = (3,4-di(cyclopenta-
2,4-dien-1-ylidene)cyclobut-1-ene); i3 + H — phenanthrene + H/anthracene + H ori3 + H — i8 + H

— phenanthrene + H/anthracene + H, i8 = (1-(cyclopenta-2,4-dien-1-ylidene)indene)] at low pressures,
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Accepted 6th March 2025 rather than through the one-step recombination—isomerization of fulvenallenyl radicals. This study

provides a novel growth mechanism for tricyclic PAHs, especially in hydrogen-rich environments such as
DOI: 10.1039/d55c00160a combustion and interstellar environments, which advances the knowledge of PAH propagation and even

rsc.li/chemical-science the formation mechanisms of carbonaceous nanoparticles in our universe.

environments,"” the hydrocarbon-rich atmospheres of planets
and satellites, like that of Titan,*>* planetary nebulae such as TC
1,>¢ in the interstellar medium (ISM) in forms including small
carbon clusters, fullerenes, and carbonaceous nanoparticles,”®
and in the circumstellar envelopes of carbon-rich Asymptotic
Giant Branch (AGB) stars,” such as IRC+10216.'"*> They
represent up to 20% of the total carbon content in our

Introduction

Polycyclic aromatic hydrocarbons (PAHs), which are composed
of fused benzenoid rings, are ubiquitous in combustion
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universe.” Additionally, PAHs have been in the spotlight as
potential candidates to untangle the molecules of the uniden-
tified infrared (UIR) emission bands' and the diffuse inter-
stellar bands (DIBs).*>'® PAHs are also closely relevant to the
abiotic synthesis of biorelevant molecules, which are essential
to the earliest forms of life."”** Notably, PAHs are recognized as
a crucial ‘bridge’ linking resonantly stabilized free radicals
(RSFRs), which have a critical impact on the final formation and
the abundance of nanoparticles,” with carbonaceous nano-
particles in combustion and extraterrestrial environments.
Much attention has been paid to the mechanisms of PAH
formation via radical-molecule reactions,® while there is
a paucity of research into RSFR recombination processes.
Radical-radical chain reactions, especially for RSFR recombi-
nation, have been proven to be an effective route for rapid
hydrocarbon growth in both low- and high-temperature

© 2025 The Author(s). Published by the Royal Society of Chemistry
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environments.”*** Only a few RSFR recombination systems
(Scheme 1), including propargyl(CsH;')-propargyl recombina-
tion to generate benzene (C¢Hg),?* cyclopentadienyl (CsHs')-
cyclopentadienyl recombination to generate naphthalene
(C10Hs),? benzyl (C,;H,')-benzyl recombination to generate
phenanthrene/anthracene (C;4H;o), and indenyl (CoH,')-
indenyl recombination to generate chrysene/benzo[c]phenan-
threne/benz[a]anthracene (C;3H;,),>* have been explored theo-
retically and/or directly validated in molecular beam
experiments. Inspired by the discovery of cyclic species in the
ISM, such as CsH5CN (ref. 25) and CsH5C,H,?® PAH formation
mechanisms involving RSFRs with five-membered carbon rings
are now coming into sight,>**” reminding researchers of the
possible absence of some vital PAH formation pathways in the
current chemical networks.

Fulvenallenyl (C;Hs") (Scheme 2b), which consists of a five-
membered carbon ring and an allenic moiety, has been calcu-
lated to be a resonance-stabilized radical*® and proposed to play
an essential role in the formation of PAHs.* Note that fulve-
nallenyl can be generated through the heterolytic C-H dissoci-
ation of fulvenallene (C;Hs) at the terminal methylene group
(Scheme 2a)***> by overcoming the thermodynamic barrier of
82.5 keal mol " (ref. 32) at a high temperature of ~1000 K in the
combustion-like environments of the circumstellar envelopes.
It is noteworthy that fulvenallenyl (C,Hs") can be also produced
via the photolysis of fulvenallene (C,;Hs) by the internal ultra-
violet fields that exist even deep inside molecular clouds such as
the Taurus Molecular Cloud-1 (TMC-1),*® in which abundant
fulvenallene ((2.7 £ 0.3) x 10 '° relative to H,) has been
detected. Theoretical studies indicate that the allenic- and
acetylenic-resonant structures (Scheme 2b) are the globally
stable ones on the C,;H; potential energy surfaces (PESs),* with
branching ratios of 24% and 76%, respectively.** Consequently,
fulvenallenyl is believed to be long-lived, which increases the
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Scheme 2 Fulvenallenyl (a) generated by the pyrolysis of fulvenallene
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probability of its self-reaction.*® Although it has already been
predicted that PAHs with two or three six-membered rings could
be generated through pathways involving fulvenallenyl,?®**
convincing evidence from experimental or theoretical studies is
scarce due to the insurmountable difficulties in preparing
sufficiently high concentrations of fulvenallenyl radicals.
Notably, the newly reported fulvenallenyl addition cyclization
aromatization (FACA) reaction mechanism® to form azulene,
a PAH that consists of a five- and a seven-membered carbon
ring, represents the prologue to rapid prototyping of the
formation of planar PAHs and saddle-shaped aromatics
through reaction pathways involving fulvenallenyl. It further
demonstrates the essential role of fulvenallenyl in barrierless
molecular mass growth processes and represents a strategy to
prepare sufficient contents of fulvenallenyl to explore its
chemical reactions experimentally. In fact, da Silva and Hirsch
have proposed that the self-combination of fulvenallenyl radi-
cals could lead to the formation of the C;,H;, PAH phenan-
threne,*** although further experimental and theoretical
studies are required to reveal the specific and exhaustive
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Schemel Representative resonantly stabilized free radicals (RSFRs) and products of the self-reactions of some RSFRs, including (a) propargyl, (b)
cyclopentadienyl, (c) benzyl and (d) indenyl. Atoms are color coded in gray (carbon) and white (hydrogen).
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recombination mechanisms of fulvenallenyl as a resonance-
stabilized radical.

Phenanthrene (pCi;H;0) and anthracene (aCy4H;o), the
simplest 147-representatives of Cy,H;, helicenes and acenes,
respectively, have attracted great attention in the areas of
interstellar evolution, soot formation and nanoparticle
synthesis. Anthracene cations have been observed and identi-
fied in the star Cernis 52 (1.7 & 0.4 x 10~ ° relative to H,).>** PAH
cations or neutral molecules consisting of three aromatic rings,
including anthracene and phenanthrene, are considered likely
carriers of UIR emission bands between the wavelengths of 3.3
and 16.4 um in the interstellar environment,*” and both of them
have been proven to be essential precursors for the growth of
PAHs.*® PAHs containing anthracene and/or phenanthrene
configurations are known to have high thermal reactivity*>*°
and a tendency toward nanoparticle formation,*"** especially at
low temperatures.® In addition, both phenanthrene and
anthracene are valuable compounds in organic synthesis****
and materials science.**™*” Their aromaticity*®**° has made them
prevalent as building blocks for the production of more
complex organic molecules and the development of various
functional materials, such as organic light-emitting diodes
(OLEDs) and fluorescent dyes.** Phenanthrene and anthracene
are also significant environmental pollutants, making them
indicator compounds for assessing pollution levels.**** Thus, it
is also an urgent task for human beings to reveal their corre-
sponding formation mechanisms to minimize their adverse
effects on human health and ecosystems.

This work reports a combined experimental and computa-
tional study on the unconventional gas-phase formation
mechanisms of fulvenallenyl recombination that eventually
lead to phenanthrene (pCy4H;o) and anthracene (aC;4Hjo)
through the FACA mechanism. A chemical microreactor
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consisting of a silicon carbide (SiC) tube was adopted in the
current work. The reaction products were sampled in a molec-
ular beam and isomer-specifically via fragment-free photoioni-
zation of the neutral products, exploiting tunable vacuum
ultraviolet (VUV) light, followed by detection of the ionized
molecules in a reflection time-of-flight mass spectrometer.
Using electronic structure calculations, the detailed formation
pathways of phenanthrene and anthracene have also been
uncovered. The current investigation of fulvenallenyl recombi-
nation reveals a novel formation mechanism for the simplest
14m-representatives of helicenes and acenes, which are closely
related to carbonaceous nanostructures such as fullerenes,
nanocages and nanotubes, and further facilitates an under-
standing of molecular mass growth processes via RSFR
recombination.

Results and discussion
Photoionization mass spectra

As the very first step, the mass spectra of a tri-
chloromethylbenzene (C,HsCl;)/helium (He) system were
assessed qualitatively. A representative mass spectrum collected
at 9.00 eV at a temperature of 1098 + 10 K (ESI, Section 1%) to
explore the self-recombination of fulvenallenyl (C,Hs’) in the
C,H;Cl3/He system is presented in Fig. 1b. The mass spectrum of
the control experiment recorded at 9.00 eV and 373 £ 10 K is also
given in Fig. 1a. Only ion peaks corresponding to the precursors
at mass-to-charge ratios (m/z) of 194 (C,Hs*°Cl;"), 195
(**CCeH5**Cl3"), 196 (C,H5*°CL*7ClY), 197 (*CCeH5**CL>*7ClY),
198 (C,H5*°CPP’Cl,”), 199 (**CC¢H5*°CPP’Cl,") and 200
(C,H5*’Cl;") are detected in the C,HsCl3/He system at 373 + 10 K,
whereas all of them disappear at 1098 + 10 K, indicating the
complete decomposition of the precursor C;HsCl;. With the rise

a. trichloromethylbenzene/helium 37310 K
194 196
» 198
g
3 . 111
S | b. trichloromethylbenzene/helium 1098+10 K
89
175 176 177 178 179 180 181 182 183 184 185
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126 . 163 78
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Mass-to-charge (m/z)

Fig. 1 Photoionization mass spectra to explore fulvenallenyl self-recombination recorded at 9.00 eV for (a) the trichloromethylbenzene
(CsHsClz)/helium (He) system at 373 4+ 10 K and (b) the trichloromethylbenzene (C;HsCls)/helium (He) system at 1098 + 10 K. The signal of
interest in the study (m/z = 178) is highlighted in red. The peaks at m/z = 89, 124, 126, 159, 161 and 163 marked in blue are related to the stepwise

loss of Cl from trichloromethylbenzene (C;HsCls).
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of the experimental temperature, the Cl atoms are gradually
eliminated from the C;HsCl; molecule, and the corresponding
ion peaks (marked in blue) were observed (Fig. 1b); a detailed
description is provided in the ESI (Fig. S1-S3f). Under the
experimental conditions, the expected ion peak was observed at
m/z = 178 (C14Hyo"), which is twice the mass-to-charge ratio of
the ionized fulvenallenyl radical (C;Hs', m/z = 89). Thus, it is
quite likely that the isomer(s) with the Cy4H;, formula can be
attributed to the self-recombination of fulvenallenyl. However,
considering the multi-Cl-substituted structure of the precursor, it
is also possible that the products at m/z = 178 are produced via
the reaction of C;H;Cl (m/z = 124, 126) or C;H;Cl," (m/z = 159,
161, 163) radicals with fulvenallenyl. However, ion peaks at m/z =
213, 215, 248, 250 and 252, which would correspond to the direct
addition products of C;H;Cl (m/z = 124, 126) or C;H5Cl," (m/z =
159, 161, 163) radicals with fulvenallenyl, were not detected (ESI
Fig. S47), thus excluding these potential reaction channels.
Additionally, the possible pathways for the generation of the
products at m/z = 178 via self-recombination of C,H;Cl (m/z =
124, 126) or C,H;Cl," (m/z = 159, 161, 163) intermediates fol-
lowed by stepwise Cl-elimination were also ruled out based on
the absence of signals at m/z = 248, 252, 318, 322 and 326 (ESI
Fig. S47). It also should be noted that the intensity of collected
ions at m/z = 90 is about 9.15% that at m/z = 89 (Fig. 1b), sug-
gesting the ion peak at m/z = 89 primarily originates from "*C
isotopes (7 x 1.109% natural abundance) of C,H; isomers,
which can be further verified from ESI Fig. Slc.t Hence, the
molecule-radical reaction of C;Hg (90 amu) and C,H; (89 amu) is
assumed to have a negligible contribution to the Ci,H;, (178
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amu) signal. As a result, it was concluded that the isomer(s) with
the formula C,4H;, are predominantly generated from the self-
recombination reaction of fulvenallenyl.

Photoionization efficiency (PIE) curves

This work focuses on the signal at m/z = 178 (C14H;,), which is
related to the tricyclic products of the fulvenallenyl recombi-
nation. To further identify the chemical structures of the C;,H;,
isomer(s) formed in the experimental system, an in-depth
analysis of the corresponding photoionization efficiency (PIE)
curves (Fig. 2) plotting the ion count at m/z = 178 as a function
of photon energy from 7.00 to 9.00 eV is required. The photo-
ionization efficiency (PIE) curves were measured at intervals of
0.05 eV from 7.00 to 9.00 eV at 1098 + 10 K. The onset value of
the experimental PIE curve at m/z = 89 (Fig. 2a) is 8.20 £ 0.03 eV,
which agrees exceptionally well with the ionization energy (IE =
8.19 eV)* of fulvenallenyl (C,Hs"), and the trend in the experi-
mental PIE data agrees well with that of fulvenallenyl generated
from the pyrolysis of the ‘traditional’ phthalide precursor®***
(ESI Fig. S5-S8%), which provides convincing evidence for the
generation of fulvenallenyl from the decomposition of tri-
chloromethylbenzene (C,HsCl;) at 1098 + 10 K. As shown in
Fig. 2b, the experimental PIE data at m/z = 178 can be nicely
replicated using a linear combination of the reference/
calculated curves of anthracene, phenanthrene and two other
C14H, isomers, 3,4-di(cyclopenta-2,4-dien-1-ylidene)cyclobut-1-
ene and 1-(cyclopenta-2,4-dien-1-ylidene)indene. The first onset
value of the experimental PIE curve at m/z = 178 is 7.45 £
0.03 eV, which agrees exactly with the IE (7.44 eV)** of
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Fig.2 Experimental and reference PIE curves for species at m/z = (a) 89, (b) 178 and (c) 179 in a trichloromethyl-benzene (C;HsCls)/helium (He)
system at 1098 + 10 K. The black circles represent the experimental data, with 1o error limits defined by the shaded area. The colored lines
represent the reference PIE curves of the isomers. The red line shows the overall fit via the linear combination of the reference curves.
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calculated at the B3LYP-D3(BJ)/6-311+G(d,p) level.

anthracene. Additionally, a contribution from phenanthrene (IE
= 7.89 eV)* is required at 7.90 + 0.03 eV to match the total
fitting of the experimental PIE curve. However, the experimental
PIE curve of m/z = 178 is not well fitted over the whole energy
range of 7.00-9.00 eV using only the standard photoionization
cross sections (PICSs) of anthracene and phenanthrene (ESI
Fig. S9af), which indicates the existence of other C;4H;,
isomers. Thus, two C,,H;, isomers whose PICS were calculated
in this work (ESI, Section 17), 3,4-di(cyclopenta-2,4-dien-1-
ylidene)cyclobut-1-ene (IE = 8.14 eV, ESI Table S1}) and 1-
(cyclopenta-2,4-dien-1-ylidene)indene (IE = 7.91 eV, ESI Table
S1t), were added to the fitting, and comparisons among the
results of fittings using distinct C;4H;, PICSs (Fig. 3 and ESI
Fig. S9t) confirm the coexistence of 3,4-di(cyclopenta-2,4-dien-
1-ylidene)cyclobut-1-ene and 1-(cyclopenta-2,4-dien-1-ylidene)
indene. The rationale for selecting these two specific isomers
from among the various possible C,,H;, molecules for the PIE
fitting will be discussed later. The fitting results for the experi-
mental PIE in the energy range of 7.00 to 9.00 eV clearly indicate
the formation of four C;,H;, isomers, namely, anthracene,
phenanthrene, 3,4-di(cyclopenta-2,4-dien-1-ylidene)cyclobut-1-
ene and 1-(cyclopenta-2,4-dien-1-ylidene)indene, with branch-
ing ratios of 0.31:90.83:3.13:5.73% accounting for corre-
sponding photoionization cross sections of 15.1, 5.8, 34.1 and

22.3 Mb at 8.50 eV,** in the fulvenallenyl self-recombination
reaction system under the current experimental conditions
(1098 £ 10 K, ~100 Torr). The outcome of the fitting of the
experimental PIE curve for the peak at m/z = 179 resulting from
the >C isotopes (14 x 1.109% natural abundance) of the C;,H;o
isomers (Fig. 3c) further confirms the syntheses of anthracene,
phenanthrene, 3,4-di(cyclopenta-2,4-dien-1-ylidene)cyclobut-1-
ene and 1-(cyclopenta-2,4-dien-1-ylidene)indene in the fulve-
nallenyl self-reaction system. A previous investigation of fulve-
nallenyl self-recombination using infrared (IR)/ultraviolet (UV)
ion dip spectroscopy merely identified phenanthrene, but did
not give precise evidence of the existence of anthracene or other
potential isomers,** possibly due to the sensitivity limit of the
IR/UV detection method for low-yield products (less than 10%).
The detailed formation mechanism of these detected C,,H;,
species was further studied theoretically.

Recombination of fulvenallenyl radicals

The spin density and singly occupied molecular orbital (SOMO)
of the fulvenallenyl radical calculated using Multiwfn®® (Fig. 3)
reveal that the unpaired electron is mainly localized around the
ipso site of the carbon ring, followed by the tail site and the meta
site, suggesting that the radical-radical recombination tends to
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Fig.4 PESs (in kcal mol™) of fulvenallenyl radical self-recombination reaction leading to various isomers of C14H10. The initial addition pathways
and isomerization pathways to phenanthrene, anthracene, and i3 are shown in black, orange, green, and blue, respectively.
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be initiated through the rapid additions of these carbon sites.
Conversely, the unpaired electron is rarely distributed around
the ortho site, indicating its lower reactivity for the radical-
radical addition process. Fig. 4 illustrates the relative energies
of the key isomers on the fulvenallenyl self-reaction potential
energy surface, including various direct adducts (ipso-ipso
adduct i1, tail-tail adduct i2, ipso-tail adduct i5, ipso-meta
adduct i9, tail-meta adduct 110, and meta-meta adduct i11), the
vital intermediates [1-(cyclopenta-2,4-dien-1-ylidene)indene (i8)
and {12, etc.] and the products [phenanthrene, 3,4-
di(cyclopenta-2,4-dien-1-ylidene)cyclobut-1-ene (i3), and
anthracene]. The calculation details can be found in the ESI
(Section 1%). Although direct additions involving the ortho site
carbon are seemingly unable to compete with the above
adducts, the tail-ortho adduct i19 (—51.8 kcal mol ') can be
formed by the migrations of the C,H moiety of i5
(—44.6 keal mol ") and i10 (—50.5 keal mol ), with submerged
barriers of 27.4 kcal mol™" and 29.9 kcal mol ™", respectively.
Among these initial adducts, i2 (—57.0 kecal mol™') is the most
stable one, with an energy 20.7 kcal mol " lower than that of the
most unstable adduct i1 (—36.3 kcal mol ™). Overall, the initial
adducts can be roughly divided into two addition groups (i5 +i9
+1i10/i1 + i2 + i11), where the adducts cannot be directly con-
verted to wells in the other group. Other conformers of these
adducts that can be easily obtained from the most stable
conformers via low-barrier (<10 kcal mol ') rotation around
a single bond are listed in ESI Fig. S10.}

As shown in Fig. 4, the adducts i2, i5, and 110 will undergo
different two-stage ring-enlargement processes, which eventu-
ally lead to thermally stable phenanthrene (—180.0 kcal mol ™)
and anthracene (—174.4 kcal mol '), respectively. In the first
stage, the highly stable intermediates i8 [1-(cyclopenta-2,4-dien-
1-ylidene)indene, —133.6 kcal mol '] and i12 [2-(cyclopenta-2,4-
dien-1-ylidene)indene, —114.5 kecal mol™'] are formed through
multi-step cyclization (i2 — i18 — i8,i5 — i6 — i12,i10/i5 —
i19 — i20 — i21 — i12) and one-step (i2 — i8) cyclization of
the non-cyclic chain parts of i2 or i5/i10, respectively. Compared
with the isomerization processes to form i12, the formation of
i8 is more energetically favorable, which is consistent with the
identification of i8 in the present experiment. The second stage
of the ring-enlargement process from i8 to phenanthrene and
from i12 to anthracene predominantly involves a spiran-like
mechanism, which is similar to the spiran mechanism
proposed in previous theoretical investigations into CsHs-CsHs,
CsH5—CsHs, and CoH,-CsH; reactions.®* 8 It must be noted that
the H-assisted isomerization from i12 or i8 is a competitive
channel for phenanthrene and anthracene formation; detailed
information can be found in the study of the reaction of indenyl
(CoH;") with cyclopentadienyl (CsHs") by He et al.®” Their theo-
retical calculations revealed that the reaction between i8 and
a hydrogen atom is an accessible and prevalent route to produce
phenanthrene and anthracene as the major and minor products
in a hydrogen-rich environment.”

In addition to the above isomerization routes leading to phen-
anthrene and anthracene, a C;4H;q product with two five-
membered rings and one fourmembered ring, i3 [3,4-
di(cyclopenta-2,4-dien-1-ylidene)cyclobut-1-ene, —72.8 kcal mol ],

© 2025 The Author(s). Published by the Royal Society of Chemistry
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can be also formed via the isomerization of i2. The calculations
of the C,,H;, PES show that i3, with a much lower barrier
(25.0 kecal mol™'), is a more energetically favorable product
compared with i8, phenanthrene and anthracene. However, the
much higher relative energy (—72.8 keal mol™") of i3 hinders its
competitiveness with phenanthrene under the thermally
preferred conditions, which may be the main cause for i3 not
being detected under the previous experimental conditions with
a much longer residence time.** Several other isomerization
pathways from i2 were also observed (ESI Fig. S11t), which
would produce i14 and i17, respectively. The two isomers (i14
and i17) cannot compete with phenanthrene under dynamically
or thermally preferred conditions due to their higher barriers
and enthalpies. Overall, under the experimental conditions
(1098 £ 10 K, ~100 Torr), i3 is deemed to be the dominant
product of the recombination reaction of fulvenallenyl radicals
(C;Hs" + C;Hs" — i3) in the theoretical calculation. However,
the deviation between the theoretical calculation and the
experimental results (only 3.13% of the products at m/z = 178)
indicates the existence of an efficient secondary reaction from i3
leading to anthracene or phenanthrene. Based on the PES of
C,Hs" recombination (Fig. 4) and the ionization energies of
C14H, species (ESI Table S17), it is thought that the i3 and i8
structures might contribute to the C,,H;, product pool. Thus,
the standard PICSs of these two isomers were newly calculated
and used to fit the experimental data, and a satisfactory overall
fitting was obtained, as mentioned above.

H-assisted isomerization of i3 to phenanthrene and
anthracene

Both C;H;Cl (124 and 126 amu) and C,H; (89 amu) can undergo
further H-elimination at high experimental temperature,®
which led to the detection of ion peaks at 123, 125 and 88 amu
(Fig. 1) and consequently results in a hydrogen-enriched atmo-
sphere in the studied reaction system. The H-assisted isomeri-
zation from a five-membered ring to a six-membered ring (A5 to
A6 H-assisted mechanism) has been proven to be efficient,* and
it has also been proven that H atoms are efficiently generated in
the trichloromethylbenzene thermal decomposition system;**
thus, H-assisted isomerization might play a significant role in
this system. Therefore, the feasibility of an H-assisted ring-
enlargement mechanism from i3 to phenanthrene and anthra-
cene was further studied using theoretical calculations. Fig. 5
shows the PESs of the H-assisted mechanisms of i3 calculated in
this work, which lead to different C;,H,; wells and C,,H;, + H
bimolecular products. Firstly, by overcoming barriers ranging
from 6.9 to 8.5 kecal mol*, a hydrogen atom could potentially
add to each unsaturated carbon site of i3, resulting in the diverse
addition routes (add1-add7) shown in ESI Fig. S12.1 After the
initial addition, two different spiran structures (P5 and P6)
would be formed from add1 and add2 through three-membered
ring structures P2 and P3, respectively, which would further
cyclize to the wells partly with indene-like structures and elim-
inate H atoms to form i8, B2, B1, phenanthrene, and anthra-
cene. Notably, the PES for i3 + Hto i8 + H (i3 + H — i8 + H)
shown in Fig. 5a and b is connected to the PES from i8 + H to
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Fig. 5 PESs (in kcal mol™) of isomerization channels of (a) add1, (b) add2, and (c) i8 + H for the H-assisted reactions between i3 and hydrogen
atoms leading to various Ci4H1; isomer wells and Ci4H;o + H bimolecular products. The initial addition pathways, isomerization pathways, and H-
elimination channels are shown in red, black, and other colors, respectively.
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Fig. 6 Schematic representation of formation mechanisms to give phenanthrene and anthracene under the studied conditions.

phenanthrene + H or anthracene + H (i8 + H — phenanthrene +
H/anthracene + H) through the “bridge” intermediate P40
(Fig. 5b and c), suggesting the potential feasibility of converting
the high-energy i3 + H complex directly to phenanthrene + H or
anthracene + H (i3 + H — phenanthrene + H/anthracene + H) via
the one-step well-skipping pathway®* without going through the
isomerization of i3 + H to i8 + H. The general procedure for the
H-assisted isomerization from the four-membered ring (i3) to
the five-membered ring (i8) is similar to that from a five-
membered ring to a six-membered ring.** The geometries from
i8 to phenanthrene and anthracene with hydrogen assistance
(Fig. 5¢) mainly refer to the previous calculations of Krasnou-
khov et al.,*®* while the energies were refined using the more
precise CCSD(T)/cc-pVTZ method (ESI Fig. S137). This work has
theoretically proven that the H-assisted isomerization of i8
results in considerable conversion of i8 to phenanthrene (~99%)
(i8 + H — phenanthrene + H) with a high rate coefficient of
~10""" em?® per molecule per s, accompanied by minor gener-
ation of anthracene (~1%) (i8 + H — anthracene + H). The H-
elimination barriers to phenanthrene are ~8.0 kcal mol "
lower than that to anthracene, so it is predicted here that the
formation of phenanthrene will be overwhelmingly preferred
over the formation of anthracene, which is validated by the
relative abundance of these two species in the present experi-
ments. At high pressures, the collisional stabilization of C;,H;4
adducts may become more important for the H-assisted reaction
of i3, whereas at the experimental low pressures (~100 Torr), the
biomolecular products (i8 + H, phenanthrene + H, or anthracene
+ H) will exhibit higher branching ratios, as discussed in the
study of an analogous reaction between hydrogen and fulvene.*
Overall, our results generally show the feasibility of the H-
assisted ring-enlargement mechanisms from i3 to phenan-
threne and anthracene, and the two candidate mechanisms
presented in Fig. 6 are summarized here:

i3 + H — phenanthrene/anthracene
+ H (R1, one-step H-assisted ring-enlargement)

i3+ H — 18 + H — phenanthrene/anthracene
+ H (R2, two-step H-assisted ring-enlargement)

Considering the relatively high efficiency of producing i3
from the fulvenallenyl recombination reaction at low pressures,

© 2025 The Author(s). Published by the Royal Society of Chemistry

these mechanisms should be efficient and play an integral role
in the formation of tricyclic aromatics from the fulvenallenyl
radicals. Additionally, this work calls attention to the lack of
understanding of the H-assisted mechanism from four-
membered rings to five-/six-membered rings in the model for
PAH weight growth.

Additionally, abundant chlorine atoms are also generated in
the trichloromethylbenzene-based experiment at elevated
temperature, and it is emphasized that the majority of the
chlorine (Cl) atoms are stabilized as diatomic molecules (Cl,)
prior to reaching the aromatic growth reaction stage.**®
Chlorine-assistance was also considered; however, no signifi-
cant signal for C,,HoCl, one of the potential Cl-assisted prod-
ucts (Fig. S14t), was detected at m/z = 212 or 214 in the current
experiments (Fig. S4t), suggesting that the Cl-assisted mecha-
nism is highly inefficient under the experimental conditions
and can thus be disregarded. Additionally, a similar C;,H;,
signal was also observed (Fig. S6t) in phthalide-based experi-
ments conducted in the absence of chlorine atoms, which
further indicates that chlorine assistance exerts a negligible
influence on the isomerization of the primary C;,H;, products
to phenanthrene and anthracene.

Conclusions and outlook

Experiments with a short residence time to investigate of self-
recombination reaction of the typical resonantly stabilized
free radical, fulvenallenyl (C;Hs"), provided convincing evidence
of the syntheses of phenanthrene (pC;;H;z) as the major
product and anthracene (aC;4H;o) as a minor product, along
with the intermediates i3 [3,4-di(cyclopenta-2,4-dien-1-ylidene)
cyclobut-1-ene] and i8 [1-(cyclopenta-2,4-dien-1-ylidene)
indene]. Based on theoretical calculations, phenanthrene and
anthracene are thought to form via a multi-step mechanism
rather than the direct well-skipping addition-isomerization
reaction of fulvenallenyl (C;H;"). On the PES of the fulvenallenyl
+ fulvenallenyl reaction, the reactant, fulvenallenyl, first
undergoes a rapid and barrierless radical-radical recombina-
tion process, leading to the formation of various adducts. Six
diverse entrance channels were considered based on the eval-
uation of the spin density of fulvenallenyl molecule, including
terminal CH addition to the terminal CH or the C atoms at the
ring, and additions among the C atoms at the ring. The addition
between two terminal CH groups forms the vital immediate, i2,

Chem. Sci., 2025, 16, 7864-7875 | 7871
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in the self-reaction system of fulvenallenyl, eventually leading to
the formation of abundant i3 under the experimental condi-
tions (C;Hs' + C,Hs;" — i3). Subsequently, i3 reacts with
a hydrogen atom to produce mainly phenanthrene and with
a minor amount of anthracene via a one-step H-assisted isom-
erization (i3 + H — aCy4H;o + H/pC14H;o + H) or a two-step H-
assisted isomerization (i3 + H — i8 + H; i8 + H — aCy,H;, + H/
pCi4H;o + H), as shown in Fig. 6. Calculation of the reaction of
i3 and a hydrogen atom also indicated the omission of H-
assisted ring-enlargement from four-membered rings to five-/
six-membered rings in the widely-used mechanism for PAH
growth. The addition barriers for the four-membered H-assisted
isomerization are several kcal mol™* higher than those for the
five-membered H-assisted one in this work. In conclusion, the
current work has explored the chemical self-reactions of typical
RSFRs and confirmed the close relevance between RSFRs and
PAHs, further revealing a novel molecular-weight growth
pathway for two common PAHs, phenanthrene and anthracene,
in combustion flame, interstellar and industrial synthesis
environments.

Two PAH products of great interest, phenanthrene and
anthracene, along with other C,,H;, isomers, were proven to be
generated through the recombination processes of the fulve-
nallenyl radical via an unexpected submerged barrierless multi-
step mechanism. In circumstellar environments, barrierless
molecular-weight growth channels of PAHs are highly effec-
tive,>»*” and hydrogen-rich environments also allow for rapid
isomerization towards the two stable products phenanthrene
and anthracene. This efficient mechanism is feasible not only in
flame conditions including combustion processes and the
circumstellar envelopes* but also potentially in low-
temperature environments. The formation mechanisms of the
PAH sinks detected in low-temperature atmospheres like that of
Titan (3.28 pum by Cassini's VIMS)* have long been a critical
puzzle. It was previously reported that phenanthrene and
anthracene can be also generated through other RSFR-RSFR
pathways, including indenyl (CoH")-cyclopentadienyl (CsHs")
reaction,”” the reaction of naphthyl (C;,H;") with vinylacetylene
(C4H,) via the hydrogen-abstraction-vinylacetylene-addition
(HAVA) mechanism,*” and benzyl (C,H,')-benzyl (C,H;") reac-
tion,* with barrierless entrance channels. However, the high
reaction barriers in the global PESs rule out the possibility of
the formation of C;,H;, aromatics from benzyl (C;H,") recom-
bination®* or the reaction of indenyl (CoH,) with cyclo-
pentadienyl (CsHs)*”” under low-temperature conditions.
Toluene (C,Hg), which has been detected in Titan's atmo-
sphere,® could generate fulvenallenyl radicals via successive H-
elimination processes (toluene — benzyl (C;H;") — fulve-
nallene — fulvenallenyl) via solar ultraviolet photolysis,*>”
further contributing to the formation of C;;H;, aromatic
products. In addition, barrierless molecular mass growth
routes, including the reaction of benzene (CsHs) with methyl-
idyne (CH)”* and the reaction of ortho-benzyne (C¢H,) with
methyl (CH3),”” are believed to be the essential channels of
fulvenallenyl generation in planetary and interstellar environ-
ments. Thus, these crucial data represent a possible explanation
of how they can be linked to the haze layers, ultimately
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providing an alternative potential low-temperature PAH
formation route, i.e., the FACA mechanism, in addition to the
previous hydrogen-abstraction-vinylacetylene-addition (HAVA)
pathways.”” In conclusion, our comprehensive experimental
and computational study provides a template for the needed
investigation of the PAH chemistry in cold conditions TMC-1
and planetary and satellite atmospheres such as that of Titan.
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