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ABSTRACT: The azulene (C10H8) molecule, the simplest polycyclic aromatic
hydrocarbon (PAH) carrying a fused seven- and five-membered ring, is regarded
as a fundamental molecular building block of saddle-shaped carbonaceous
nanostructures such as curved nanographenes in the interstellar medium.
However, an understanding of the underlying gas-phase formation mechanisms
of this nonbenzenoid 10π-Hückel aromatic molecule under low-temperature
conditions is in its infancy. Here, by merging crossed molecular beam experiments
with electronic structure calculations and molecular dynamics simulations, our
investigations unravel an unconventional low-temperature, barrierless route to
azulene via the reaction of the simplest organic radical, methylidyne (CH), with
indene (C9H8) through ring expansion. This reaction might represent the initial
step toward to the formation of saddle-shaped PAHs with seven-membered ring moieties in hydrocarbon-rich cold molecular clouds
such as the Taurus Molecular Cloud-1 (TMC-1). These findings challenge conventional wisdom that molecular mass growth
processes to nonplanar PAHs, especially those containing seven-membered rings, operate only at elevated pressure and high-
temperature conditions, thus affording a versatile low-temperature route to contorted aromatics in our galaxy.

■ INTRODUCTION
Since the synthesis of the very first nonbenzenoid, 10π-Hückel
aromatic azulene molecule (C10H8) carrying a seven-membered
ring fused with a five-membered cyclopentadienyl moiety from
Δ9-actalin in 1937,1 aromatic molecules with five-, six-, and
seven-membered rings have garnered fundamental interest in
the realm of combustion chemistry and astrochemistry as
molecular building blocks to 2-dimensional,2,3 3-dimensional,4

and saddle-shaped5 carbonaceous nanomaterials eventually
leading to soot particles (combustion)6−8 and interstellar grains
(astrochemistry).9−11 However, the distinct mechanistic frame-
works of the molecular mass growth processes involving five-,
six-, and seven-membered ring moieties represent a fundamental
unsolved puzzle.

Peri-fused planar PAHs such as 24π coronene (C24H12, 2)
(Figure 1) with solely six-membered (benzene) ring moieties
are emphasized as molecular building blocks of zigzag
nanoribbons12 and of fullertubes13 with zero Gaussian
curvature.14 By embedding five-membered rings [cyclopenta-
diene (C5H6), fulveneallene (C7H6), fulvenallenyl (C7H5)] in
the carbon backbone, molecular-bowl hydrocarbons and
(fragments of) fullerenes (C60, C70) with positive curvatures
are formed,15 with corannulene (C20H10, 1) as the simplest
prototype of a bowl-shaped hydrocarbon.16 In contrast, the
introduction of seven-membered rings into a hexagonal planar
network induces a negative curvature with a saddle shape.5 First
prepared by Yamamoto et al. in 1983,17 [7]circulene (C28H14, 3)

has a central seven-membered ring surrounded with seven-fused
benzenoid rings, representing a prototype saddle-shaped PAH
and a fundamental building block of negatively curved
nanostructures such as toroidal carbon nanotubes.18 The beauty
of such saddle-shaped structures attracted extensive preparative
interest, and more complex aromatic saddles embedded with
seven-membered rings of tetrabenzo[7]circulene (C44H22, 4)

19

and tert-butylated derivative of negatively curved nanographene
(C86H32, 5)

20 were prepared successively.
The distinct role of the azulene unit with a fused seven- and

five-membered ring in molecular mass growth processes is
reflected in the exotic, contorted saddle-shaped aromatic
systems with both a positive and negative curvature of the
carbon backbone21−23 along with the exceptional optoelec-
tronic, magnetic, chemical, and quantum-coherent proper-
ties.2,24−26 These structures display higher fluorescence and
larger HOMO−LUMO gaps,5 holding critical applications in
the fields of photovoltaics5 and optoelectronic devices.27

Fundamental attention in traditional organic chemistry attracted
the synthesis of azulene derivatives via, e.g., cycloaddition of 2H-
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cyclohepta-[b]furan-2-ones28 and fulvenes,29 Nozoe’s meth-

od,30 Scholl-type cyclization,21,23 and Pd-catalyzed [5+2]

annulation.31 However, these pathways cannot rationalize the

gas-phase molecular growth process to azulene alone in

combustion systems and in the interstellar medium.

Here, by exploiting crossed molecular beam experiments
along with electronic structure calculations and molecular
dynamics (MD) simulations, persuasive evidence on the very
first barrierless gas-phase formation of azulene via the
bimolecular gas-phase reaction of the methylidyne radical
(CH, X2Π) with indene (C9H8, X1A′) is offered. Importantly,

Figure 1. Representative bowl-shaped (1, C20H10, corannulene), planar (2, C24H12, coronene), and saddle-shaped PAHs (3, C28H14, [7]circulene)
containing five-, six-, and seven-membered rings and more complex saddle-shaped structures with one (4, C44H22, tetrabenzo[7]circulene) or two
seven-membered rings (5, C86H32).

Figure 2. Laboratory data (LAD (a), TOF spectra (b)) and CM functions (CM translational energy (c), angular flux distributions (d)) of the reaction
of methylidyne (CH) with indene (C9H8) at m/z = 128. The black circles with their error bars in the LAD indicate the normalized experimental
distribution; the open circles in the TOF spectra delineate the experimental data. Carbon and hydrogen are color coded gray and white, respectively.
The red lines delimit the best fit; shaded areas depict the error limits of the best fits.
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by combining the explorative ability of ab initio molecular
dynamics simulations with modern machine learning architec-
ture, our results demonstrate that one of the largest reactive gas
phase machine-learned surfaces in the field, CH + indene, can be
trained, simulated, and rigorously tested. Moreover, this
reaction exemplifies the prototype of a barrierless conversion
of a six-membered ring to a seven-membered ring with the
preparation of the azulene unit potentially initiating a starting
point to saddle-shaped PAHs with seven-membered ring
moieties in hydrocarbon-rich cold molecular clouds such as
TMC-1. These findings dispute established paradigms that
molecular mass growth processes to nonplanar PAHs, especially
those containing seven-membered rings, operate only at high-
temperature conditions such as in circumstellar envelopes of
carbon stars or in combustion systems,32 proposing that the
formation of the very first aromatic molecules with fused seven-
and five-membered ring can be initiated via unconventional low-
temperature chemistries in our Universe.

■ RESULTS
Laboratory Frame.The experiments were conducted under

single collision conditions exploiting the crossed molecular
beam approach.33,34 Bimolecular reactions of the methylidyne
radical (CH, X2Π; 13 amu) with indene (C9H8, X1A′; 116 amu)
resulted in reactive scattering signal detected at mass-to-charge
(m/z) ratios of 128 (C10H8

+/13CC9H7
+) and 127

(C10H7
+/13CC9H6

+); the signal at 127 could be accumulated
at a level of 51 ± 5% with respect to 128. No definite signal was
observable at 129m/z, indicating the absence of a C10H9 adduct.
After scaling, the time-of-flight (TOF) spectra collected atm/z =
127 and 128 are superimposable, manifesting the existence of a
methylidyne versus atomic hydrogen loss channel (reaction 1);
the signal atm/z = 127 originates from dissociative ionization of
the C10H8 product within the electron impact ionizer. TOF
spectra were recorded at m/z = 128 at distinct laboratory angles
between 30° and 67°, scaled, and integrated to ultimately extract
the laboratory angular distribution (LAD) (Figure 2a). This

LAD reveals a distribution maximum around the center-of-mass
(CM) angle of 62.5 ± 0.7° and is spread over at least 35° within
the scattering plane (Table S1). These findings indicate indirect
scattering dynamics35 and the existence of chemically activated
C10H9 complex(es), which decompose to the C10H8 product
isomer(s) plus atomic hydrogen. Therefore, our experimental
data alone reveal the atomic hydrogen displacement pathway to
the C10H8 isomer(s) via reaction 1.

Since the atomic hydrogen can be eliminated from the
methylidyne (CH) and/or the indene (C9H8) reactant(s)
(reaction 2a−b), an experiment of D1-methylidyne (CD, X2Π;
14 amu) with indene was also conducted to extract the
position(s) of the atomic hydrogen loss(es). Signals were
collected at m/z = 129 (C10H7D+/13CC9H8

+) and 128
(C10H6D+/C10H8

+/13CC9H7
+). Our experiments revealed iden-

tical TOF spectra at m/z = 128 and 129 with a ratio of 0.48 ±
0.03:1 also taking into consideration the 13C isotopic
contributions. Note that the signal at m/z = 128 can also be
connected to dissociative electron impact ionization of the
C10H7D parent molecule. Within the error limits, the yields of
the atomic hydrogen loss in the CH/C9H8 and CD/C9H8
systems are essentially identical, suggesting the gas phase
formation of a species with the formula C10H7D (129 amu) and
also the H loss from the indene (C9H8) reactant.

CH (13 amu) C H (116 amu)

C H (128 amu) H (1 amu)
9 8

10 8

+

+ (1)

CD (14 amu) C H (116 amu)

C H D (129 amu) H (1 amu)
9 8

10 7

+

+ (2a)

CD (14 amu) C H (116 amu)

C H (128 amu) D (2 amu)
9 8

10 8

+

+ (2b)

CM Frame.The laboratory data alone provide clear evidence
of the formation of C10H8 isomer(s) via the methylidyne versus

Figure 3. Potential energy surface (PES) for the reaction of methylidyne (CH) with indene (C9H8).
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atomic hydrogen exchange in the bimolecular gas phase reaction
of indene plus methylidyne radical; isotopic substitution
experiments further verify that the H atom originates from the
indene reactant. To expose the underlying reaction mecha-
nism(s) and chemical reaction dynamics,33 the laboratory data
are transformed to the center-of-mass (CM) reference frame.
This transformation yields the center-of-mass translational
energy, P(ET), and angular, T(θ), distributions (Figure 2c−d).
Essentially, the laboratory data can be successfully reproduced
with a single reaction channel, leading to C10H8 (128 amu) and
H (1 amu) (reaction 1). The P(ET) distribution prolongs to a
maximum energy release (Emax) of 403 ± 29 kJ mol−1; these data
can be exploited to recover the reaction energy of reaction 1,
accounting for energy conservation via Emax = Ec − ΔrG, with the
collision energy Ec and the reaction energy ΔrG for those
products formed without internal excitation. Consequently, a
reaction exoergicity of 381 ± 29 kJ mol−1 is derived. In addition,
a distribution maximum of P(ET) of 120 ± 9 kJ mol−1 suggests a
tight exit transition state associated with an extensive
reorganization of the electron density when the reaction
intermediate(s) decomposes unimolecularly to the final
products. Furthermore,T(θ) depicts intensity over the complete
angular range and is forward−backward symmetric. These
findings are indicative of a long-lived reaction intermediate
along with indirect scattering dynamics involving C10H9
complex(es) with lifetime(s) longer than the rotational period.35

Finally, the distribution maximum of T(θ) at 90° strongly infers
geometrical constraints in the tight exit transition state, with an
emission of the atomic hydrogen nearly perpendicularly to the
rotation plane of the decomposing complex.36 These findings
are also reflected in the flux contour map, which shows an overall
image of the reaction and scattering process (Figure S1).

■ DISCUSSION
Electronic Structure Calculations. In the case of

polyatomic reactions, it is often beneficial to merge crossed
molecular beam experiments with electronic structure calcu-
lations, statistical calculations, and molecular dynamics
simulations. First, the electronic structure calculations identified
four C10H8 isomers (p1−p4) which can be eventually accessed
through the unimolecular decomposition of ten C10H9 doublet
radical intermediates (i1−i10) (Figure 3, Figure S2). A
complete list of products which includes distinct structures
with a CH2 moiety at different places is depicted in Figure S3
(Supporting Information). Accounting for the accuracy of ±5 kJ
mol−1,37,38 a comparison of the computed reaction energies and
the experimentally determined reaction exoergicity of 381 ± 29
kJ mol−1 suggests that at least the thermodynamically most
stable naphthalene isomer (p1; ΔrG = −387 ± 5 kJ mol−1) is
formed. However, the contributions of higher energy isomers
including azulene (p2, −239 kJ mol−1), 5-methyleneindenyl
(p3, −217 kJ mol−1), and 1-methyleneindenyl (p4, −297 kJ
mol−1) cannot be excluded since these isomers could be hidden
in the low-energy section of the translational energy distribution.

How is the reaction between indene (C9H8, X1A′) and the
methylidyne radical (CH, X2Π) initiated? Methylidyne can
either add to the carbon−carbon double bond or insert into a
carbon−hydrogen single bond of the six- or five-membered ring,
providing de facto four reaction mechanisms. The computations
reveal that all these pathways are barrierless and lead to four
initial reaction intermediates, i1, i2, i8, and i9. Note that distinct
structures of i1, i2, i8, and i9 can be formed via additions or
insertions into different C−C and C−H bonds of the five- and

six-membered ring. But the simplified PES is sufficient to
describe the underlying reaction mechanisms (Supporting
Information). Here, an addition of methylidyne to the
carbon−carbon double bond of the five- or six-membered ring
forms tricyclic intermediates i1 or i2, which are stabilized by 328
or 217 kJ mol−1 relative to the separated reactants, respectively.
Both intermediates i1 and i2 can subsequently isomerize via the
ring-opening of the annulated three-membered cycle to singly
hydrogenated naphthalene and azulene, namely the 1-hydro-
naphthyl radical (i5) and the 1-hydroazulenyl radical (i3). It
should be noted that the methylidyne radical can add to six
chemically inequivalent C−C bonds of the benzene moiety
(Figure S4). All reaction intermediates i2.1−i2.5, which are
bound by 203 to 217 kJ mol−1, eventually isomerize via ring
opening to the same intermediate i3. Once prepared, i3 can
undergo facile unimolecular decomposition via atomic hydrogen
loss from the CH2 moiety to p2 (azulene, X1A1). Moreover, the
migration of hydrogen from the CH2moiety of i3 to the bridging
carbonmay form i4. Three routes are open commencing with i4:
(i) an energetically unfavorable ring opening via a significant
barrier of 272 kJ mol−1 accessing a ten-membered ring
intermediate i6 followed by ring contraction to 4a-hydro-
naphthyl (i7), which can be considered as a hydrogenated
naphthalene structure; (ii) a contraction of the seven-membered
ring moiety of i4 to a tricyclic intermediate i10 carrying one six-,
one three-, and one five-membered ring, and (iii) hydrogen
atom loss from the bridging carbon to azulene (p2). The
reaction sequences i4 → i6 → i7 and i4 → i10 → i7 are
terminated by an emission of atomic hydrogen from the bridging
carbon of i7, leading to the preparation of naphthalene (p1,
X1Ag). On the other hand, intermediate i5 is connected to p1
plus atomic hydrogen with a barrier of 58 kJ mol−1 relative to the
separated products. Besides the addition pathways, the insertion
of methylidyne into the C−H single bonds of the benzene or
cyclopentadiene moieties leads to 5-methyleneindene (i8) or 1-
methyleneindene (i9), respectively. In contrast to intermediates
i1 and i2, i8 and i9 are connected to p3 and p4 via simple
insertion−elimination pathways. Which pathway dominates?
Recall that the T(θ) depicts sideway scattering dynamics and
hence a distribution maximum at 90°; this reveals an emission of
the H atom nearly perpendicularly to the rotational plane of the
decomposing complexes. This is supported by the computed
geometries of the exit transition states leading to p1 and p2 via i3
→ p2, i4 → p2, i7 → p1, and i5 → p1 with the atomic hydrogen
emitting at angles of 79.7°, 88.6°, 83.9°, and 81.9°, respectively,
with respect to the rotation plane (Figure S5). We also utilized
statistical RRKM theory to predict the branching ratios of C10H8
isomers formed within the limit of a complete energy
randomization. Recall that the RRKM theory cannot predict
the fraction of the initially formed reaction intermediates i1 to
i4. However, RRKM can be exploited to predict the branching
ratios of p1 to p2 starting with any intermediate i1 to i4. Here,
the branching ratios depend strongly on the initial collision
complex. At the experimental collision energy of 22 kJ mol−1,
95.3% of i2 decomposes to p2 with the remainingt 4.7%
dissociating to p1. At the low collision energy of 0.5 kJ mol−1, i2
is connected to p2 and p1 with ratios of 95.2% and 4.8%,
respectively. At both conditions, the decomposition of i1, i8, and
i9 will only lead to p1, p3, and p4, respectively (Table S2).

Additional information about the underlying reaction
dynamics can be provided from the D1-methylidyne (CD)−
indene (C9H8) system. These isotopic substitution studies can
be exploited to trace the origin of atomic hydrogen and/or

ACS Central Science http://pubs.acs.org/journal/acscii Article

https://doi.org/10.1021/acscentsci.4c01606
ACS Cent. Sci. 2025, 11, 322−330

325

https://pubs.acs.org/doi/suppl/10.1021/acscentsci.4c01606/suppl_file/oc4c01606_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.4c01606/suppl_file/oc4c01606_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.4c01606/suppl_file/oc4c01606_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.4c01606/suppl_file/oc4c01606_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.4c01606/suppl_file/oc4c01606_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.4c01606/suppl_file/oc4c01606_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.4c01606/suppl_file/oc4c01606_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.4c01606/suppl_file/oc4c01606_si_001.pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.4c01606?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


deuterium elimination (Figure S2). If the reaction commences
through addition of the D1-methylidyne radical (i1 and i2),
successive ring openings eventually incorporate the deuterium
atom within a six- (i5 and i7) or seven-membered ring (i3 and
i4). These intermediates are responsible for the formation of p1
(D1-naphthalene) and p2 (D1-azulene) plus atomic hydrogen,
i.e., solely via atomic hydrogen loss, but not through emission of
atomic deuterium. Should the reaction commence with
insertion intermediate i8 or i9, successive hydrogen losses
yield D1-5-methyleneindenyl (p3) and D1-1-methyleneindenyl
(p4). Therefore, the calculations reveal that only atomic
hydrogen from the indene reactant can be eliminated in the
pathways leading to p1−p4. This is well supported through the
aforementioned experimental data of the CD−C9H8 versus
CH−C9H8 system and the essentially identical ratios of m/z =
128 versus 129 (0.48 ± 0.03:1) and m/z = 127 versus 128 (0.51
± 0.05:1), respectively.
Reaction Dynamics Simulations. To tackle these ever-

growing molecules with computational methods, ever-more
efficient methods have been developed. For potential energy
surface exploration, with the gold standard CCSD(T) method39

with extrapolation to the complete basis set (CBS) limit being
the most trustworthy, systems with more than ten heavy atoms

require compromises in accuracy made for the feasibility of the
calculations.40−42 For dynamics simulations, even faster
methods still must be used for the hundreds of thousands to
millions of energy gradient calculations required. Here, the open
question of the relative populations of the collision complexes
resulting from the collisions between methylidyne radical (CH)
and indene (C9H8) demands quasiclassical trajectory (QCT)
simulations. QCT simulations offer theoretical understanding of
the crossed molecular beam experiments of the methylidyne−
indene system under experimental conditions. Ab initio
molecular dynamics (AIMD) simulations at the experimental
conditions are employed where trajectories commencing with a
collision of the reactants are propagated by solving classical
equations of motion with the energy gradients calculated with an
ab initio method on-the-fly. However, AIMD simulations of the
title reaction under interstellar conditions is infeasible. Under
this condition, the collision energy between the reactants (scaled
by their thermal temperature) is only 0.5 kJ mol−1. Considering
that AIMD trajectories need to start with well-separated
reactants for ergodic sampling (e.g., 10 Å in our simulation), it
takes up to 11 ps for them to just collide with one another.
Therefore, the time that it takes for the reactants to collide
completely overwhelms the time that the vibrational energy

Figure 4. Initial collision-induced intermediates found in AIMD simulations at experimental condition. i1 and i2 are formed via the addition of a CH
radical to a C−C bond of the five- and six-membered rings, and i8 and i9 are formed through the insertion of a CH radical in a C−H bond of the five-
and six-membered rings of indene (C9H8).
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redistribution of the intermediate takes. This is not only an
unwise way to spend computational resources but also makes
computation infeasible.

To overcome this issue, machine-learning molecular dynam-
ics (MLMD) simulations are conducted to predict collision
dynamics under interstellar conditions. Machine learning
methods have been becoming more prominent for learning
potential energy surfaces for their ability to reproduce arbitrarily
high-level ab initio energies at a fraction of the cost.43−45 Our
group has reported that the ML potential should be validated
beyond what is normally accepted as “chemical accuracy”, which
is obtained from analyzing its accuracy on a preselected set of
geometries. Here the cross sections of intermediates obtained
from AIMD simulations at the experimental conditions are used
to validate the ML potential (Supporting Information, Tables
S3−5, Figure S6). Since the excess energy at the experimental
conditions (22 kJ mol−1 of the separated reactants) is much
larger than it is at the interstellar conditions (0.5 kJ mol−1 of the
separated reactants), the relevant chemical spaces sampled in
the former is larger than in the latter. Therefore, anML potential
that is deemed trustworthy to predict the population of
intermediate at the experimental conditions is also trustworthy
at the interstellar conditions, and further validation is not
necessary.

In the simulations at the experimental condition, out of the
700 AIMD trajectories, 296 are nonreactive, 8 form CH2 plus
indenyl via hydrogen atom abstraction (a representative
animation is shown in Video S1), and 396 remain in molecular
complexes (undissociated) after the first 500 fs. These
phenomena align with the aforementioned experimental results
that the reaction involves a long-lived intermediate. Aside from
the CH2−forming trajectories, all reactive trajectories start by
either addition to a C−C bond or insertion into a C−H bond.
Additions to the ten C−C bonds of the five- and six-membered
ring form i1.x and i2.x, while insertions to the eight C−H bonds
in the five- and six-membered ring form i9.x and i8.x (x indicates
addition or insertion to different C−C or C−H bonds),
respectively (Figure 4). The AIMD simulations show that
additions are preferred over insertions at a ratio of about 3:1,
highlighting the favorable cone of acceptance of the π electronic
system. However, the relative population of i2.x quickly
decreases from 41.6% to 1.9% within the first 500 fs due to
the very low isomerization barriers (3 kJ mol−1) of i2.x → i3
(Figure S7, Table S5). For comparison, the isomerization barrier
of the addition intermediates i1.x to i5 is significantly higher (98
kJ mol−1), and thus its population declines much slower (from
23.6% to 19.7% within the same amount of time). Intermediates
formed through insertion (i8.x and i9.x), lying around 237 and
106 kJ mol−1 below the corresponding separate products p3 and
p4 plus H, are highly stable. Therefore, their populations did not
change significantly within the first 500 fs. The further
breakdown of these entrance channel intermediates, including
minor isomerization pathways, can be found in Figure S8.

The simulations show that the three C−C bonds on the six-
membered ring furthest from the central C−C bond possess the
largest reactivity (Figure S8, formation of i2.2, i2.3, and i2.4).
For the i1.x isomers, the addition to the C−C bond opposite the
sterically hindering CH2 group (formation of i1.3) is preferred
over addition to the other bonds (i1.1, i1.2, i1.4). Addition to a
C−C bond next to the CH2 group added CH to form either i1.1
or i1.2. In contrast, insertion into a C−H bond on the six-
membered ring is relatively nonselective. On the five-membered
ring, insertion is preferred to one of the C−H bonds on the CH2

group. While the predominant mechanism is to isomerize from
i1.x to i5 and from i2.x to i3, a few trace intermediates produced
through alternative pathways have been observed. For example,
some trajectories from i1.3 proceed via the C−C bond rupture
of the five-membered ring forming i11 (Figures S9−10, Video
S2), for which the simulations reveal no further isomerization
within the first 500 fs. All insertion pathways (forming i8.x or
i9.x) do not isomerize further within the simulation time.

Overall, the populations of the entrance channel intermedi-
ates become stable within 500 fs after collision, indicating this
length of time is long enough for sufficient vibrational energy
redistribution, and the vibrational energies are thermalized
between different vibrational modes. The same behavior was
reported for the methylidyne−vinylacetylene collision.46 As
shown in Figure S7, the cross sections predicted by MLMD
under experimental conditions are within the error bars of their
AIMD counterpart under the same condition. Here we
emphasize that minimizing the differences in dynamics between
MLMD and AIMD under a known condition that has larger
excess energy is essential to extending MLMD to other
conditions with lower excess energy. This remarkable level of
accuracy of MLMD speaks to the accuracy and power of the ML
potential.47 The populations of the entrance channel inter-
mediates under interstellar conditions can be found in Figure
S11, which largely resembles the populations found under
experimental conditions. The statistical differences lie in the
population of i2.x (and i3), which is more dominant under
interstellar conditions, and i9.x, which is less dominant under
interstellar conditions. All of the remaining intermediates are
grouped into iO. The populations of i1, i2, i3, i5, i8, and i9 by
the end of the MD simulations (0.5 ps) were tabulated in Table
S5. These populations were combined with the results of RRKM
calculations to evaluate the MD-corrected product branching
ratios, resulting in 29.4% (p1), 56.7% (p2), 6.8% (p3), and 7.1%
(p4) at a collision energy of 0.5 kJ mol−1 and 29.2% (p1), 45.7%
(p2), 8.9% (p3), and 16.2% (p4) at a collision energy of 22 kJ
mol−1 (Table S2). These results reveal that azulene (p2)
represents the most probable product in the methylidyne−
indene reaction under both experimental and interstellar
conditions, with fractions of up to 60% with about 29%
accounting for the naphthalene isomer at 10 K. Therefore, the
results from the MD simulations reinforced the predictions of
the experimental determined products: azulene and naphtha-
lene.

The facile conversion of a six-membered ring to a seven-
membered ring, especially the barrierless route connecting
indene (C9H8) with azulene (C10H8), represents the missing
link between small carbon clusters and carbonaceous nano-
particles in combustion chemistry and astrochemistry. First, the
experimentally verified pathways to azulene under combustion
conditions has been long-pursued since this might be the initial
step to azulene-embedded nanographene and saddle-shaped
nanostructures,2,48−50 broadening our understanding of the
origin and evolution of the combustion soot particles.51,52

Second, ring molecules including cyclopentadiene (C5H6),
9

cyano-substituted benzene (C6H5CN)53 and naphthalene
(C10H7CN),54 and indene (C9H8)

9 have been revealed to be
widespread in coldmolecular cloud of TMC-1with the observed
fractional abundance relative to H2 of up to (1.6 ± 0.3) × 10−9.
Only recently, 1-cyanopyrene, a four-ring PAH, is detected in
TMC-1, suggesting that the carbon supplied to young planetary
systems might be carried by PAHs originated in cold molecular
cloud.55 However, less attention has been devoted to the search
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of the seven-membered rings. Here, our investigations of the
low-temperature gas-phase formation of azulene from indene
might provide direct connections between the five- and six-
membered ring chemistry to the seven-membered ring
chemistry, which could open up new routes in studying
bottom-up reaction network in cold molecular cloud.

■ CONCLUSION
Our combined crossed molecular beam, electronic structure
calculations, and molecular dynamics simulations provided
compelling evidence on the very first gas-phase barrierless
preparation of azulene (C10H8, X1A1), the prototype non-
benzenoid PAH with fused seven- and five-membered ring,
under single collision conditions via the elementary reaction of
the simplest organic radical, methylidyne radical (CH), with
indene (C9H8). MD-corrected RRKM computations revealed
that azulene is formed predominantly (56.7%) under low-
temperature conditions of TMC-1 and naphthalene is formed
with a branching ratio of 29.4%. This facile and barrierless gas-
phase pathway to azulene under single collision conditions
signifies a new and fundamental starting point for saddle-shaped
PAHs and carbonaceous nanostructures in TMC-1 inflicted by
the seven-membered ring. This exploration is also appealing
from the viewpoint of physical organic chemistry in which the
efficient ring expansion from six- to seven-membered ring with
the formation of an azulene unit is still not fully understood.
Moreover, the excellent performance of the derived machine-
learned molecular dynamics (MLMD) approach in predicting
the collision dynamics under low-temperature interstellar
conditions reveals that crossed molecular beam studies
augmented with MLMD simulations have advanced to a new
level such that complex, polyatomic reactions involving bicyclic
PAHs relevant to the interstellar environment can be explored at
the microscopic, molecular level.

Although the azulene molecule has not been identified,
considering the high abundance of CH radical ((11 ± 5) ×
10−9)56 and indene molecule ((1.6 ± 0.3) × 10−9)9 in TMC-1
and its large dipole moment of 0.80−1.08 D,57,58 azulene is a
promising candidate for the future astronomical observations.
Furthermore, considering that cyanoindene (C9H7CN) has
been identified in TMC-1 with an abundance of (1−3) × 10−11

relative to H2,
59 and that ethynylindene (C9H7CCH) represents

a promising candidate for the astronomical observations,60 the
low-temperature gas phase route to highly reactive azulene also
represents a universal template toward the formation of ethynyl
(C2H) or cyano (CN)-substituted azulene. In TMC-1, due to
the low density, only two-body collisions are relevant. Overall,
our investigations might represent a very first step to provide
critical constraints on the largely elusive molecular mass growth
process for aromatics, especially the saddle-shaped PAHs under
low-temperature conditions of TMC-1.
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(13) Schüßlbauer, C. M.; Krug, M.; Ullrich, T.; Franklin, H. M.;

Stevenson, S.; Clark, T.; Guldi, D. M. Exploring the threshold between
fullerenes and nanotubes: characterizing isomerically pure, empty-
caged, and tubular fullerenes D5h-C90 and D5d-C100. J. Am. Chem. Soc.
2022, 144, 10825−10829.
(14) Goettl, S. J.; Tuli, L. B.; Turner, A. M.; Reyes, Y.; Howlader, A.

H.; Wnuk, S. F.; Hemberger, P.; Mebel, A. M.; Kaiser, R. I. Gas-phase
synthesis of coronene through stepwise directed ring annulation. J. Am.
Chem. Soc. 2023, 145, 15443−15455.
(15) Kroto, H. W.; Heath, J. R.; O’Brien, S. C.; Curl, R. F.; Smalley, R.

E. C60: Buckminsterfullerene. Nature 1985, 318, 162−163.
(16) Barth, W. E.; Lawton, R. G. Dibenzo[ghi, mno]fluoranthene. J.
Am. Chem. Soc. 1966, 88, 380−381.
(17) Yamamoto, K.; Harada, T.; Nakazaki, M.; Naka, T.; Kai, Y.;

Harada, S.; Kasai, N. Synthesis and characterization of [7]circulene. J.
Am. Chem. Soc. 1983, 105, 7171−7172.
(18) Beuerle, F.; Herrmann, C.;Whalley, A. C.; Valente, C.; Gamburd,

A.; Ratner, M. A.; Stoddart, J. F. Optical and vibrational properties of
toroidal carbon nanotubes. Chem.�Eur. J. 2011, 17, 3868−3875.
(19) Gu, X.; Li, H.; Shan, B.; Liu, Z.;Miao, Q. Synthesis, structure, and

properties of tetrabenzo [7]circulene. Org. Lett. 2017, 19, 2246−2249.
(20) Pun, S. H.; Chan, C. K.; Luo, J.; Liu, Z.; Miao, Q. A dipleiadiene-

embedded aromatic saddle consisting of 86 carbon atoms. Angew.
Chem., Int. Ed. 2018, 57, 1581−1586.
(21) Ma, J.; Fu, Y.; Dmitrieva, E.; Liu, F.; Komber, H.; Hennersdorf,

F.; Popov, A. A.; Weigand, J. J.; Liu, J.; Feng, X. Helical nanographenes
containing an azulene unit: synthesis, crystal structures, and properties.
Angew. Chem., Int. Ed. 2020, 59, 5637−5642.
(22) Ong, A.; Tao, T.; Jiang, Q.; Han, Y.; Ou, Y.; Huang, K. W.; Chi,

C. Azulene-fused acenes. Angew. Chem., Int. Ed. 2022, 61,
No. e202209286.
(23) Yang, X.; Rominger, F.; Mastalerz, M. Contorted polycyclic

aromatic hydrocarbons with two embedded azulene units. Angew.
Chem., Int. Ed. 2019, 58, 17577−17582.
(24) Vicarelli, L.; Heerema, S. J.; Dekker, C.; Zandbergen, H. W.

Controlling defects in graphene for optimizing the electrical properties
of graphene nanodevices. ACS Nano 2015, 9, 3428−3435.
(25) Banhart, F.; Kotakoski, J.; Krasheninnikov, A. V. Structural

defects in graphene. ACS Nano 2011, 5, 26−41.
(26) Park, N.; Yoon, M.; Berber, S.; Ihm, J.; Osawa, E.; Tománek, D.

Magnetism in all-carbon nanostructures with negative Gaussian
curvature. Phys. Rev. Lett. 2003, 91, 237204.

(27) Kato, K.; Segawa, Y.; Scott, L. T.; Itami, K. Synthesis, properties,
and packing structures of corannulene-based π-systems containing
heptagons. Chem.-Asian J. 2015, 10, 1635−1639.
(28) Shoji, T.; Ito, S.; Yasunami, M. Synthesis of azulene derivatives

from 2H-cyclohepta[b] furan-2-ones as starting materials: their
reactivity and properties. Int. J. Mol. Sci. 2021, 22, 10686.
(29) Dunn, L. C.; Chang, Y.-M.; Houk, K. The [6 + 4] cycloadditions

of diethylaminobutadiene to fulvenes. A new synthesis of azulenes. J.
Am. Chem. Soc. 1976, 98, 7095−7096.
(30) Nozoe, T.; Seto, S.; Matsumura, S.; Murase, Y. The synthesis of

azulene derivatives from troponoids. Bull. Chem. Soc. Jpn. 1962, 35,
1179−1188.
(31) Zhu, C.; Shoyama, K.; Würthner, F. Conformation and

aromaticity switching in a curved non-alternant sp2 carbon scaffold.
Angew. Chem., Int. Ed. 2020, 59, 21505−21509.
(32) Adamson, B.; Skeen, S.; Ahmed, M.; Hansen, N. Detection of

aliphatically bridged multi-core polycyclic aromatic hydrocarbons in
sooting flames with atmospheric-sampling high-resolution tandem
mass spectrometry. J. Phys. Chem. A 2018, 122, 9338−9349.
(33) Gu, X.; Guo, Y.; Zhang, F.; Mebel, A. M.; Kaiser, R. I. Reaction

dynamics of carbon-bearing radicals in circumstellar envelopes of
carbon stars. Faraday Discuss. 2006, 133, 245−275.
(34) Yang, Z.; Galimova, G. R.; He, C.; Doddipatla, S.; Mebel, A. M.;

Kaiser, R. I. Gas-phase formation of 1, 3, 5, 7-cyclooctatetraene (C8H8)
through ring expansion via the aromatic 1, 3, 5-cyclooctatrien-7-yl
radical (C8H9

•) transient. J. Am. Chem. Soc. 2022, 144, 22470−22478.
(35) Levine, R. D. Molecular Reaction Dynamics; Cambridge

University Press, Cambridge, 2005.
(36)Miller,W. B.; Safron, S. A.; Herschbach, D. R. Exchange reactions

of alkali atoms with alkali halides: A collision complex mechanism.
Discuss. Faraday Soc. 1967, 44, 108−122.
(37) Zhang, J.; Valeev, E. F. Prediction of reaction barriers and

thermochemical properties with explicitly correlated coupled-cluster
methods: A basis set assessment. J. Chem. Theory Comput. 2012, 8,
3175−3186.
(38) Adler, T. B.; Knizia, G.; Werner, H.-J. A simple and efficient

CCSD(T)-F12 approximation. J. Chem. Phys. 2007, 127, 221106.
(39) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-Gordon, M.

A fifth-order perturbation comparison of electron correlation theories.
Chem. Phys. Lett. 1989, 157, 479−483.
(40) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Rassolov, V.;

Pople, J. A. Gaussian-3 (G3) theory for molecules containing first and
second-row atoms. J. Chem. Phys. 1998, 109, 7764−7776.
(41) Baboul, A. G.; Curtiss, L. A.; Redfern, P. C.; Raghavachari, K.

Gaussian-3 theory using density functional geometries and zero-point
energies. J. Chem. Phys. 1999, 110, 7650−7657.
(42) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Baboul, A. G.;

Pople, J. A. Gaussian-3 theory using coupled cluster energies. Chem.
Phys. Lett. 1999, 314, 101−107.
(43) Yang, Y.; Zhang, S.; Ranasinghe, K. D.; Isayev, O.; Roitberg, A. E.

Machine learning of reactive potentials. Annu. Rev. Phys. Chem. 2024,
75, 371−395.
(44) Meuwly, M. Machine learning for chemical reactions. Chem. Rev.
2021, 121, 10218−10239.
(45) Jiang, B.; Li, J.; Guo, H. High-fidelity potential energy surfaces for

gas-phase and gas-surface scattering processes frommachine learning. J.
Phys. Chem. Lett. 2020, 11, 5120−5131.
(46) He, C.; Yang, Z.; Doddipatla, S.; Thomas, A. M.; Kaiser, R. I.;

Galimova, G. R.; Mebel, A. M.; Fujioka, K.; Sun, R. Directed gas phase
preparation of ethynylallene (H2CCCHCCH; X1A’) via the crossed
molecular beam reaction of the methylidyne radical (CH; X2Π) with
vinylacetylene (H2CCHCCH; X1A’). Phys. Chem. Chem. Phys. 2022,
24, 26499−26510.
(47) Fujioka, K.; Lam, E.; Loi, B.; Sun, R. Ab initio molecular

dynamics benchmarking study of machine-learned potential energy
surfaces for the HBr+ + HCl reaction. Carbon Trends 2023, 11, 100257.
(48) Han, Y.; Xue, Z.; Li, G.; Gu, Y.; Ni, Y.; Dong, S.; Chi, C.

Formation of Azulene-Embedded Nanographene: Naphthalene to

ACS Central Science http://pubs.acs.org/journal/acscii Article

https://doi.org/10.1021/acscentsci.4c01606
ACS Cent. Sci. 2025, 11, 322−330

329

https://doi.org/10.1039/C8CC02325E
https://doi.org/10.1039/C8CC02325E
https://doi.org/10.1039/c2cp23008a
https://doi.org/10.1039/c2cp23008a
https://doi.org/10.1039/D2FD00012A
https://doi.org/10.1039/D2FD00012A
https://doi.org/10.1039/D0CP00116C
https://doi.org/10.1051/0004-6361/202141156
https://doi.org/10.1051/0004-6361/202141156
https://doi.org/10.1021/acs.accounts.0c00747?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.0c00747?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.adi5060
https://doi.org/10.1126/sciadv.adi5060
https://doi.org/10.1126/sciadv.adi5060
https://doi.org/10.1021/jacs.8b10407?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b10407?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b10407?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c02442?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c02442?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c02442?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c03816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c03816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/318162a0
https://doi.org/10.1021/ja00954a049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00362a025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201002758
https://doi.org/10.1002/chem.201002758
https://doi.org/10.1021/acs.orglett.7b00714?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b00714?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201711437
https://doi.org/10.1002/anie.201711437
https://doi.org/10.1002/anie.201914716
https://doi.org/10.1002/anie.201914716
https://doi.org/10.1002/anie.202209286
https://doi.org/10.1002/anie.201908643
https://doi.org/10.1002/anie.201908643
https://doi.org/10.1021/acsnano.5b01762?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5b01762?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn102598m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn102598m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.91.237204
https://doi.org/10.1103/PhysRevLett.91.237204
https://doi.org/10.1002/asia.201500560
https://doi.org/10.1002/asia.201500560
https://doi.org/10.1002/asia.201500560
https://doi.org/10.3390/ijms221910686
https://doi.org/10.3390/ijms221910686
https://doi.org/10.3390/ijms221910686
https://doi.org/10.1021/ja00438a068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00438a068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1246/bcsj.35.1179
https://doi.org/10.1246/bcsj.35.1179
https://doi.org/10.1002/anie.202010077
https://doi.org/10.1002/anie.202010077
https://doi.org/10.1021/acs.jpca.8b08947?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.8b08947?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.8b08947?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.8b08947?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b516457e
https://doi.org/10.1039/b516457e
https://doi.org/10.1039/b516457e
https://doi.org/10.1021/jacs.2c06448?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c06448?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c06448?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/df9674400108
https://doi.org/10.1039/df9674400108
https://doi.org/10.1021/ct3005547?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct3005547?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct3005547?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.2817618
https://doi.org/10.1063/1.2817618
https://doi.org/10.1016/S0009-2614(89)87395-6
https://doi.org/10.1063/1.477422
https://doi.org/10.1063/1.477422
https://doi.org/10.1063/1.478676
https://doi.org/10.1063/1.478676
https://doi.org/10.1016/S0009-2614(99)01126-4
https://doi.org/10.1146/annurev-physchem-062123-024417
https://doi.org/10.1021/acs.chemrev.1c00033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c00989?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c00989?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2CP04081F
https://doi.org/10.1039/D2CP04081F
https://doi.org/10.1039/D2CP04081F
https://doi.org/10.1039/D2CP04081F
https://doi.org/10.1016/j.cartre.2023.100257
https://doi.org/10.1016/j.cartre.2023.100257
https://doi.org/10.1016/j.cartre.2023.100257
https://doi.org/10.1002/ange.201915327
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.4c01606?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Azulene Rearrangement During the Scholl Reaction. Angew. Chem.
2020, 132, 9111−9116.
(49) Qiu, Z.; Asako, S.; Hu, Y.; Ju, C.-W.; Liu, T.; Rondin, L.;

Schollmeyer, D.; Lauret, J.-S. b.; Müllen, K.; Narita, A. Negatively
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