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ABSTRACT: Nonalternant polycyclic aromatic hydrocarbons
(PAHs) incorporating five-membered rings are fundamental
intermediates linking planar aromatics to curved carbon nanostruc-
tures including fullerenes and nanotubes, yet their formation
mechanisms are not fully understood. The detection of
fluoranthene (C,¢H,o) in samples from the near-Earth carbona-
ceous asteroid 162,173 Ryugu and 101,955 Bennu highlights the
need for chemically viable pathways under both combustion and
astrochemical conditions. Here, we demonstrate that fluoranthene
forms efficiently commencing with barrierless recombination of
resonance-stabilized indenyl (C4H,*) and benzyl (C,H,*) radicals.
Microreactor experiments combined with electronic structure
calculations reveal rapid carbon—carbon bond formation, cycliza-
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tion, and dehydrogenation to the nonalternant framework. This mechanism represents an alternative to stepwise acetylene addition
and enables early incorporation of pentagonal motifs during molecular growth. These findings establish radical—radical
recombination as a versatile route to nonalternant PAHs, providing a unified framework for their formation in high-temperature
combustion systems and carbon-rich astrophysical environments like circumstellar envelopes of carbon stars and planetary nebulae

as their descendants.

B INTRODUCTION

The recent detection of fluoranthene (C;¢H,y) in pristine
samples returned from the carbon-rich near-Earth asteroid
162,173 Ryugu by the Hayabusa2 mission provides compelling
evidence that structurally complex polycyclic aromatic hydro-
carbons (PAHs) are indigenous components of primitive Solar
System materials (Scheme 1).'~* These observations demon-
strate that nonalternant PAHs such as fluorene (C,3H;,) and
fluoranthene (C,¢H,,), which incorporate five-membered rings
within fused aromatic frameworks, can form and persist under
extraterrestrial conditions. This observation implies that
molecular processes operating in stellar outflows and
interstellar clouds play a central role in shaping the organic
inventory of planetesimals.’~® These pentagonal motifs are key
structural elements that introduce geometric frustration into 7-
conjugated frameworks, enabling the transition from planar
aromatic molecules to curved carbon architectures.”” "
Fluoranthene (C;¢H,,) occupies a pivotal position among
PAHs, acting as a molecular bridge between planar aromatics
and curved carbon nanostructures. Its carbon framework is also
embedded in bowl-shaped intermediates such as corannulene
(CyHyp), which evolve into fullerene cages, including
buckminsterfullerene (Cg), through bottom-up growth
processes (Scheme 1).°7"7
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Despite its structural and astrochemical significance, the
chemical pathways leading to fluoranthene remain incom-
pletely understood. Current models of PAH growth in
combustion and astrochemical environments are dominated
by sequential ring-annulation mechanisms such as hydrogen
abstraction—acetylene addition (HACA) and related path-
ways.'®~** While early combustion models dictated that the
HACA mechanism exclusively built six-membered aromatic
frameworks, recent research has proven that HACA can also
drive the formation of nonalternant, five-membered ring
structures, such as acenaphthylene, depending on the starting
radical precursor.”*”*° However, this structural divergence
often introduces severe kinetic roadblocks, such as the third-
ring cyclization barrier that halts traditional linear expan-
sion,”” ™%

In this context, resonantly stabilized free radicals (RSFRs)
offer an alternative framework for such aromatic growth.
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Scheme 1. Central Role of the Fluoranthene Carbon Backbone (Black Atoms) in Buckminsterfullerene (Cy,), Rugbyballene

(C;), and C,g-Fullerene along with Corannulene (C,,H,,)
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Scheme 2. Spin Densities on the Carbon Centers of the Resonantly-Stabilized Indenyl (CoH*) and Benzyl (C,H,*) Radicals

Calculated at the @B97X-D/6-311G** Level of Theory
\ J
Y
+0.52 7 +0.09

0.03

. +0.05
-0.20 O
+0.05
-0.03
+0.52 +0.09

1-0.22
+0.26 +0.26
-0.15 -0.15 y
+0.29 /

Radicals such as benzyl (C;H,*) and indenyl (C,H,*) possess
extensive delocalization of the unpaired electron across their 7-
systems (Scheme 2), conferring exceptional thermodynamic
stability and relatively long lifetimes even under extreme
thermal conditions.’”~>> These properties enable RSFRs to
undergo barrierless or near-barrierless radical—radical recombi-
nation, facilitating rapid molecular mass growth without the
repetitive steps required in HACA-type sequences.”"**~*
Previous experimental and theoretical studies have demon-
strated that RSFR-driven reactions can generate key PAH
building blocks through unconventional pathways, including
the formation of fluorene and related five-membered ring-
containing structures.””*”*’ Notably, indenyl-type radicals,
which already contain a fused five-membered ring, provide a
natural precursor for the formation of larger nonalternant
PAHs.

Here, we combine experiment and theory to elucidate the
formation of fluoranthene (C;¢H;,), a prototypical non-
alternant PAH, via recombination of the resonance-stabilized
l-indenyl (CyoH.®) and benzyl (C,H,®) radicals. As a
fundamental five-membered-ring-containing PAH, fluoran-
thene represents a key step toward the emergence of curved
carbon frameworks in soot and fullerene-like carbonaceous

matter. The radicals are generated in situ via selective carbon—
bromine bond cleavage of helium-seeded 1-bromoindene
(CyH,Br) and benzyl bromide (C,H,Br) precursors within a
chemical microreactor. A short residence time of 100 us
restricts the chemistry to the earliest stages of molecular mass
growth, thereby suppressing secondary growth reactions and
enabling direct probing of fundamental bond-forming
processes.’”*>** Electronic structure calculations reveal that
fluoranthene formation proceeds at elevated temperatures
through barrierless radical—radical cross-coupling, followed by
H-loss/abstraction and ring-closure steps. This mechanism
demonstrates how resonance-stabilized free radicals (RSFRs)
can efficiently assemble five-membered-ring-containing PAHs
while introducing curvature-inducing structural motifs at an
early stage of molecular growth. Given the abundance of
RSFRs in radical-rich environments, this chemistry is expected
to operate in both combustion systems and circumstellar
media, providing a common mechanistic route to nonalternant
PAHs in terrestrial and extraterrestrial settings, including
carbonaceous bodies such as the asteroid Ryugu.
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Figure 1. Photoionization mass spectra recorded at a photon energy of 9.50 eV for the precursors 1-bromoindene (CoH,Br) and benzyl bromide
(C,H,Br) at 298 K (top) and the reactions of the indenyl (C4H,*) plus benzyl radical (C,H,*) at 1273 + 20 K (bottom).
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Figure 2. Photoionization efficiency (PIE) curves for mass-to-charge peaks at m/z = 91, 92, 115, 116, 202, and 203 along with the corresponding
molecular formulas and structures. (a) Pyrolyzed products from the bromo-precursors including the key reactants indenyl (CoH,") and benzyl
(C;H,*). (b) Recombination products carrying the 16z-electron system at m/z = 202 (C,¢H,o) and 203 (*Cy¢H,,). Black: experimental PIE
curves; green/orange/blue/magenta/brown/sky blue: reference PIE curves. In case of multiple contributions to one PIE curve, the red line
resembles the overall fit. The error bars consist of two parts: + 10% based on the accuracy of the photodiode and a 1-¢ error of the PIE curve

averaged over the individual scans.

B RESULTS AND DISCUSSION

Mass Spectra and Photoionization Efficiency Curves

A representative mass spectrum recorded at a photon energy of
9.50 eV is displayed in Figure 1 for the recombination reaction
between the 1-indenyl (CoH,%; 115 amu) and benzyl radicals
(C;H,%; 91 amu) formed via flash pyrolysis of 1-bromoindene
[CoH,”Br (194 amu), CoH,*'Br (196 amu)] and benzyl
bromide [C,H,”Br (170 amu), C,H.*Br (172 amu)],
respectively. Alongside the primary radical reactants, multiple
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peaks appear at higher mass-to-charge ratios (m/z) as the
result of distinct molecular mass growth processes. Major
peaks at m/z = 92, 102, 104, 116, 128, 178, 180, 202, 204, 228,
and 230 are identified (Figure 1, Figures S1—S3); these can be
linked to hydrocarbons of the molecular formulas C,Hg, CgHg,
CoHg, CyoHg, Ci4Hyo CiyHyy CigHiyg CieHy CigHyy and
CigHyy For an isomer-specific assignment of these species,
photoionization efficiency (PIE) curves are recorded at
individual m/z peaks by scanning the photon energy in 0.0S
eV steps in the range of 7.3 to 10.0 eV while simultaneously

https://doi.org/10.1021/jacs.6c13214
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Figure 3. (a) Potential energy surface (PES) relevant to the formation of C ¢H,;" radical intermediates via the recombination of indenyl (C,H,")
and benzyl (C;H,") radicals. (b) Formation route of fluoranthene (C4H,o) from the i33 (C,¢H,,*) intermediate.
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recording the ion count normalized to the photocurrent.*~*’

It is important to note that structural isomers, despite sharing
the same formula, exhibit distinct PIE curves, enabling their
identification.*”** PIE analysis shown in Figure 2 also confirms
the primary radical reactants at m/z = 115 and 91 to be 1-
indenyl (CoH,*) and benzyl (C,;H,") radicals, respectively.

The product signal at m/z = 230 represents the self-
recombination adduct (C;gH,,) of 1-indenyl radicals (C,H-*)
(reaction 1), which eventually loses two hydrogen atoms in
sequence to form C;gH,, species (228 amu) via reaction 2.>'
Similarly, m/z = 180 (C,4H;,) may be attributed to the self-
recombination of benzyl radicals (C,H,*), followed by
consecutive losses of two hydrogen atoms (reactions 3 and
4).>* An analysis of the corresponding PIE curves at m/z = 228
and 180 reveals that they originate from chrysene and (E)-
stilbene, respectively.

Most importantly, the reaction between l-indenyl and
benzyl radicals yields the C,¢H;, adduct via reaction 5,
which subsequently undergoes successive hydrogen-atom
losses and/or H atom abstractions by radicals such as H to
form C,(H,, (reaction 6). The latter species appears at m/z =
204 in the mass spectrum and its PIE fit indicates a major
presence of 2-phenylnaphthalene alongside minor contribution
from 1-phenylnaphthalene isomer (Figure S3). Further, upon
sequential H atom loss, C;¢H,, (m/z = 202) is eventually
formed (reaction 7).

CyH,* (115 amu) + CgH,* (115 amu)
- C;gH,, (230 amu) (1)

C;gHy, (230 amu) —» CjgH;, (228 amu) + 2H (1 amu)
(2

C.H,® (91 amu) + C,H,® (91 amu) — C;,H,, (182 amu)
3)

C,,H,, (182 amu) — C,H;, (180 amu) + 2H (1 amu)
4)

CyH,* (115 amu) + C,H,* (91 amu)
— C,¢H,, (206 amu) (5)

C,¢H,, (206 amu) — C,(H,, (204 amu) + 2H (1 amu)
(6)

C,¢H;, (204 amu) — C;(H,, (202 amu) + 2H (1 amu)
()
The recorded PIE curve at m/z = 202 displays an onset of
ion counts at 7.40 = 0.05 eV and an analysis (Figure 2b)
reveals that this graph could be reproduced with the linear
combination of the reference PIE curves for fluoranthene (sky
blue; IE = 7.80 = 0.05 V) and pyrene (wine red; IE = 7.43 +
0.05 eV). Further, the signal at m/z = 203 corresponds to the
B3C-substituted *CC,sH,, isotopologues of fluoranthene and
pyrene at m/z = 202, with an overall abundance of
approximately 18%, consistent with the natural abundance of
BC (~1.1%). Close comparison of the ionization threshold
and the shape of the m/z = 203 PIE curve with those of the
appropriately scaled m/z = 202 parent-ion curve confirms that
no additional minor isomeric species contribute appreciably to
the heavier mass channel. From the fitting of the m/z = 202
PIE curve and the reported photoionization cross sections
(PICS) of fluoranthene and pyrene,™ the relative contribu-

tions of the two isomers are estimated to be approximately
52% and 48%, respectively. Specifically, the reported PICS
values at 8, 9, and 10 eV for each isomer were used to
determine the corresponding contributions to the experimental
PIE signal at these photon energies. The resulting ratios were
then averaged over the three energies to minimize the
influence of energy-dependent variations in the PICS and
provide a robust estimate of the overall isomeric composition.

Having identified m/z = 202 and 203 as the result of
molecular mass growth processes due to the indenyl-benzyl
recombination reaction, we also briefly discuss the origin of ion
counts in the range of 92—180 amu. Since the 1-indenyl and
benzyl radicals can undergo pyrolysis in the chemical
microreactor, they may decompose into smaller hydrocarbon
fragments such as propargyl (C;H;*), cyclopentadienyl
(CsH®), phenyl (C¢H;®), benzene (C¢Hg) and acetylene
(C,H,).""*>° Reactions of these fragments with the parent
radicals (Figure S2, Table S1, Supporting Information S2)
likely contribute to the ion signals observed over the m/z 92—
180 range.47’56

Reaction Mechanism

With experimental evidence for the formation of fluoranthene
(Ci¢H,o) through the recombination of the 1-indenyl (C,H,")
with benzyl (C,H,*) radicals, we now seek to decipher the
underlying reaction mechanisms (Figure 3) by performing
electronic structure calculations of the relevant potential
energy surfaces (PES). These calculations were conducted at
the G3(CC,MP2)//wB97X-D/6—311G** level of theory with
the reaction network from the indenyl-benzyl radical
recombination presented in Figures 3 and S4. Initially, the
reactant radicals barrierlessly recombine at the sp? carbon
radical centers holding highest spin densities to form the
energetically most stable adduct, 1-benzyl-1H-indene (C;¢H ,;
il)—bound by 248 kJ mol™" with respect to the separated
reactants. An endoergic hydrogen atom loss (317 kJ mol™")
from the Cl-center of indenyl moiety in il yields i3 (C,¢H,5°").
The prevailing mechanism of isomerization and decomposition
of i3 involves H atom migration from the CH, group to the
neighboring carbon atom in the five-membered ring of the
indenyl moiety followed by extension of the five-membered
ring into a six-membered one via CH insertion and completed
by an H atom loss forming 2-phenylnaphthalene il3. The
overall i3 — i13 + H reaction is endoergic by 101 kJ mol™",
with the highest barrier for the H migration step being 183 kJ
mol™! relative to i3. The only other competitive pathway is H
atom loss from the CH, group forming il10 via a barrier of 198
k] mol™'; i10 lies 92 kJ mol™" higher in energy than il3.
RRKM-Master Equation (RRKM-ME) calculations at the
experimental temperature and pressure of 0.1 atm character-
istic for the hot zone in the microreactor results in the i10/i13
branching ratio as 56/44, however, i10 can be efficiently
converted to the significantly more stable C,¢H,, isomer (i13)
by H-assisted isomerization. Thus, the calculations predict 2-
phenyl-naphthalene i13 to be not only the most energetically
favorable but also kinetically prevailing C;sH,, species under
the experimental conditions, which is corroborated by the
experimental identification from the fitted PIE curve at m/z =
204 (Figure S3).

Most important, i13 eventually generates the experimentally
detected fluoranthene (pl). The pathway begins from the H
loss in the naphthalene moiety from the ortho position with
respect to phenyl endoergic by 462 kJ mol™' producing

https://doi.org/10.1021/jacs.6c13214
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Ci6H;,* (i33). With a high abundance of H atoms in the
microreactor produced at the previous steps, it is likely that i33
forms through direct H abstraction, i13 + H — i33 + H,, with
the endoergicity being reduced to 30 kJ mol™' owing to the
formation of an H—H bond. The barriers (~68 k] mol™) and
rapid reaction kinetics of direct H abstraction from PAHs are
well established in the literature.”” Next, i33 can efficiently
rearrange and lose atomic hydrogen forming p1. This pathway
involves migration of the phenyl ring from § to a position in
the naphthalene moiety producing i34 via a barrier of 173 kJ
mol™}, 1,4-H shift from phenyl to the 8 position in naphthalene
via a barrier of 102 kJ mol™ to i35, closure of the five-
membered ring occurring by rotation of the phenyl group
leading to i23 with a barrier of 58 kJ mol™, and finally, H loss
to fluoranthene over a barrier of 117 kJ mol™'. Overall, the
CiHy,* (i33) — i34 — i35 — 23 —» CHy, (pl) + H
reaction is slightly exoergic (=3 kJ mol™") and features the
highest barrier of 173 kJ mol™" for the first phenyl migration
step. Starting from i34, the reaction mechanism is reminiscent
of the phenyl addition and dehydrocyclization (PAC)
mechanism discovered earlier for the formation of fluoranthene
in the phenyl + naphthalene reaction.”® RRKM-ME calcu-
lations of product branching ratios show that i33 is exclusively
converted to pl + H at temperatures above 1000 K.
Summarizing the entire reaction sequence, the indenyl +
benzyl — fluoranthene + 4H reaction is 629 kJ mol™!
endoergic. However, if the energy-demanding reaction steps
of H loss from the closed-shell C,4H,, and C,4H,, molecules
occur via direct H abstraction by H via the following
mechanism, the overall reaction would be 235 kJ mol™!
exoergic. In this mechanism, the reaction is catalyzed by H
atoms, which could be initially formed via the 69 kJ mol™
endoergic well-skipping mechanism of the formation of i3,
CH,* + CH,* - CjH;;* (i3) + H, or via thermal
decomposition of il. The rate-determining steps in the H-

CoH7" + C7H7" — CigHyq (i1)
CiHig (i1) + H — Cy6Hiy™ (i3) + Hy
CieHiy (i3) = i3 = i11 - 112 = CyeHy, (i13) + H

Ci6Hyz (i13) + H > Cy6Hy " (i33) + Hy
Ci6Hyy" (i33) > i34 — i35 > 123 > Cy¢Hyp (p1) + H

CoHy' + CiHy + H - CygHio (p1) + 2H + H

catalyzed mechanism involve the reactions on the C,¢H;;* and
Ci¢H,,® potential energy surfaces, which exhibit the highest
barriers of 183 and 173 kJ mol™!, with respect to the initial
intermediates i3 and i33, respectively. Such barriers can be
readily overcome at high temperatures. In particular, at the
experimental temperature the RRKM-ME computed rate
constants for the formation of i13 + H from i3 and p1 + H
from i33 are S X 10* and 7 X 10° 57/, respectively, indicating
that these reactions can be completed in a few tens of
microseconds. Nonetheless, the underlying conversion of 2-
phenylnaphthalene (i13) to fluoranthene warrants an
independent experimental investigation under identical reac-
tion conditions in future work. Such a study could provide
deeper insight into the reaction network, including radical
isomerization efliciencies, branching ratios among competing
product channels, and the associated kinetic parameters.
However, a comprehensive investigation of this nature is
beyond the scope of the present study.

We now address the possible formation of minor C H,,
products, such as pyrene (p3) detected experimentally and
acephenanthrylene (p2)—see Figure SS. Since fluoranthene is
the dominant C,¢H,, product which forms on a microsecond
scale, it is plausible that p1 can be converted to other C,H,,
species via H-assisted isomerization, p1 + H — p2/p3 + H. In
fact, the pathway to acephenanthrylene, p1 + H — i22 — i21
— i20 — i14 — p2 + H, involves H addition to a six-
membered ring in fluoranthene followed by the ‘methylene
walk’ mechanism, in which the six-membered ring is
contracted to a five-membered one by expulsion of the CH,
group and the latter inserts in the central five-membered-ring
and expands it to a six-membered ring.”” The methylene walk
essentially switches positions of the six- and five-membered
rings in fluoranthene eventually leading to acephenanthrylene
after an H atom loss. The highest in energy transition state on
the pl + H — p2 + H pathway is located 92 kJ mol ™' above p1
+ H. The pathway to pyrene, p1 + H (— i23) — i24 — i36 —
i37 — i38 — p3 + H, is somewhat more complex and energy
demanding. From i24, it proceeds by an exchange of positions
of the five- and six-membered rings moving the five-membered
ring to a peripheral position in i36 followed by a ring flip
involving opening of the five-membered ring, rotation of the
CHCHCHCH group and closure of a six-membered ring in
i38, with the reaction being completed by an atomic hydrogen
loss from the latter. Although the H-assisted production of
pyrene from fluoranthene is 59 kJ mol™ exoergic, the pathway
involves the highest barrier of 129 kJ mol™ and is kinetically
unfavorable as compared to the H-assisted isomerization to
acephenanthrylene. The calculated branching ratios of p2 and
p3 under the experimental conditions are 78% and 14%,
respectively. Although the experimental identification of
acephenanthrylene is limited by the lack of an available PIE
reference curve, its calculated adiabatic ionization energy of
7.71 eV (p2) suggests that it may contribute to the observed
PIE signal at m/z = 202. Nevertheless, the computed reaction
mechanism and kinetic analysis unequivocally show that
fluoranthene is the predominant C,¢H,, product of the 1-
indenyl + benzyl reaction. The experimentally observed larger
share of pyrene than the computed value may be attributed to
secondary reaction channels stemming from detected minor
products, for instance, phenanthrene upon H atom loss can
combine with acetylene via a low barrier (20 k] mol™') HACA
process,”’ with a subsequent H atom loss resulting in pyrene,
whereas phenanthrene can be formed as a prevailing product in
the benzyl radical self-recombination reaction®” and acetylene
may stem, e.g, from unimolecular decomposition of either
indenyl®"** or benzyl.*®

The temperature of interest for the growth of PAHs within
the shocked inner wind zone of the IRC+10216 circumstellar
envelope is between 900 and 1100 K.°* The calculated rate
constant for the CoH; + C,H, reaction strongly depends on
temperature and pressure (Figure S6). For instance, at the
experimental temperature in the pressure range of 0.01—0.1
atm typical for the reactive zone of the microreactor, the
calculated rate constant is in the range of 1.4—5.7 X 10™'* cm?®
molecule™ s7!, with the prevailing product (>99%) being the
thermalized il (C,¢H,,) species. The rate constant for the
well-skipping pathway forming i3 (C,¢H,3) is only 1.1 X 107"
cm® molecule™ s™' under these conditions. In the IRC+10216
circumstellar envelope at 1000 K, the rate constant and the
reaction outcome is ultimately determined by the pressure; at
pressures under 4 X 1077 atm, collisional stabilization of il
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does not occur and the reaction produces nearly exclusively i3
+ H with a low rate constant of 1.25 X 107" cm® molecule™
s™'. With rising pressure, the channel forming collisionally
stabilized il steadily takes over, with its rate constant
increasing to ~107'? cm® molecule™ s! at p = 107* atm.
For comparison, in the limit of zero pressure, the rate constant
to form pyrene via the HACA mechanism in the phenanthrenyl
+ C,H, reaction is 8.4 X 107" cm® molecule™ s™', whereas
under the microreactor conditions in the present experiment,
its value increases to 4.4 X 107'3 cm® molecule™ s7'*’
However, the direct comparison of the radical recombination
and HACA rate constants is not informative, as the overall
mechanism additionally involves H abstraction and radical
decomposition steps. The competition between various
mechanisms of PAH growth depends on the conditions and
abundances of other species involved, such as, e.g., the
concentration of H atoms (from 102—10" cm™ under
microreactor conditions>*® to 10"—10'° cm™ in sooting
flames®” or to much lower values in circumstellar envelopes).
Although the present study does not focus on a detailed kinetic
modeling under these particular reaction conditions, a
comprehensive investigation incorporating the relevant reac-
tion network, species concentrations, and associated rate
coeflicients represents an important direction for future work
to assess the relative importance of the competing PAH growth
mechanisms.

B CONCLUSIONS

In summary, the above findings reveal a previously unrecog-
nized high-temperature route to the formation of nonalternant
aromatic ring systems, providing new molecular-level insight
into the chemistry operating in carbon-rich circumstellar
environments such as IRC+10216 and related stellar out-
flows.®*” The widespread occurrence of fluoranthene in
carbonaceous meteorites and asteroid samples such as Ryugu
and Bennu points to an efficient and likely universal formation
route, which is rationalized here through endoergic pathways
accessible under thermally extreme conditions.”’~"* Central to
this work is the discovery of a barrierless radical—radical
recombination between the resonance-stabilized indenyl and
benzyl radicals. Stabilized by 248 k] mol ™, the resulting adduct
undergoes cyclization, dehydrogenation, and ring-rearrangement
to form fluoranthene. This pathway constitutes a kinetically
competitive route that bypasses conventional multistep ring-
annulation mechanisms and directly introduces a five-
membered ring at the C,4 stage, generating an intrinsically
nonalternant aromatic framework. Although fluoranthene itself
is planar, following two HACA steps, it can readily produce a
nonplanar bowl-shaped corannulene molecules, C,oH,o.** The
early incorporation of five-membered rings introduces
molecular curvature at comparatively small sizes, potentially
reshaping nucleation pathways beyond those predicted by
purely benzenoid growth models and facilitates a structurally
efficient entry point toward bowl-shaped PAHs and fullerene
precursors—consistent with nanometer-scale, disordered ar-
omatic domains observed in primitive Solar System materi-
als.'"7*"*7> Given its finite dipole moment (0.34 D),
fluoranthene is a promising candidate for direct gas-phase
detection in the interstellar medium through rotational
spectroscopy with the Atacama Large Millimeter/submillim-
eter Array (ALMA), offering constraints on the origin and
evolution of cosmic carbonaceous matter.”® The barriers
featured in the depicted PES can be readily overcome in

inner circumstellar regions where temperatures approach
several thousand Kelvin, especially if the reactions are assisted
by direct H abstractions, enabling fluoranthene formation
under astrophysically relevant conditions. The mechanism
establishes a direct chemical connection between circumstellar
PAH formation and meteoritic organic matter, offering a
plausible origin for the remarkable abundance and diversity of
PAHs detected in Ryugu.”’>”*”” By demonstrating how small
resonance-stabilized radicals can seed the formation of
intrinsically curved carbon frameworks, this work establishes
radical—radical recombination as a fundamental pathway in the
chemical evolution of carbon throughout the Galaxy.
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