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By connecting laboratory dynamics with cosmic observables, this work highlights the critical role of
reactions between highly reactive species in shaping the molecular inventory of the interstellar medium
and opens new windows into the spectroscopically elusive corners of astrochemical complexity. The gas
phase formation of distinct CsH, isomers is explored through the bimolecular reaction of tricarbon (Cg,
X'2¢) with the vinyl radical (C,Hs, X?A') at a collision energy of 44 + 1 kJ mol™* employing the crossed
molecular beam technique augmented by electronic structure and Rice—Ramsperger—Kassel-Marcus
(RRKM) calculations. This barrierless and exoergic reaction follows indirect dynamics and is initiated by
the addition of tricarbon to the radical center of the vinyl radical forming a Cs symmetric doublet
collisional complex (CCCCHCH,). Subsequent low-barrier isomerization steps culminate in the
resonantly stabilized 2,4-pentadiynyl-1 radical (CHCCCCH,), which decomposes via atomic hydrogen
loss. Statistical calculations identify linear, triplet pentadiynylidene (p2, x32;) as the dominant product,
while singlet carbenes ethynylcyclopropenylidene (pl, X!'A’), pentatetraenylidene (p3, X'A,), and
ethynylpropadienylidene (p4, X!A’) are formed with lower branching ratios. The least stable isomer, 2-
cyclopropen-1-ylidenethenylidene (‘eiffelene’; p5, X'Ay), remains thermodynamically feasible, but exhibits
negligible branching ratios. Two isomers detected in TMC-1 to date (pl and p3) possess significant
dipole moments making them amenable to whereas linear
pentadiynylidene (p2; Dwp) is only traceable via infrared spectroscopy or through its
cyanopentadiynylidene derivative (HCCCCCCN). This study highlights the isomer diversity accessed in
the low temperature hydrocarbon chemistry of barrierless and exoergic bimolecular reactions involving
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exist under extreme conditions, including combustion
processes, the interstellar medium, and planetary atmospheres,
where their high reactivity plays a crucial role in molecular mass
growth process of hydrocarbons. During the combustion of
hydrocarbons,”® carbon chain carbenes (C,H,) with an odd
number of carbons such as C3H, or CsH, (Scheme 1)°** tend to
dimerize making them possible transient species en route to
polycyclic aromatic hydrocarbons (PAHs), soot, and/or

Introduction

The history of carbenes - neutral divalent carbon species con-
taining two electrons that are not shared with other atoms -
commenced in 1835 as a chemical curiosity with Dumas’
attempt to dehydrate methanol," followed by the works of
Curtius (1885)* and Staudinger (1912).> Doering (1950s)* and
Fischer (1964)° introduced carbenes into the preparative

organic and organometallic chemistry that lead eventually to
the isolation of the crystalline carbene (1,3-di-1-
adamantylimidazol-2-ylidene) in 1991.° However, given their
inherently short lifetimes and tendency for dimerization, free
carbenes still represent one of the most elusive classes of
organic reactive intermediates. Withal, carbenes can transiently
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fullerenes."

Carbenes are also well-established in astrochemistry
(Scheme 2); due to their high reactivity, they have been sug-
gested to play a role in the hydrocarbon chemistry of cold
environments like the atmosphere of Titan' and in cold
molecular clouds such as the Taurus molecular cloud (TMC-1),*
with cyclopropenylidene (¢c-C;H,) acclaimed as the first cyclic
molecular species detected in interstellar molecular clouds."”

The recent astronomical detection of ethynylcyclo-
propenylidene (c-C;HC,H; 1)° and pentatetraenylidene (I-CsH,;
3)" has significantly increased interest in CsH, isomers and
their synthetic pathways within the interstellar medium (ISM)
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Scheme1 Distinct CsH, isomers that were detected in space (1 and 3)°*° and in a laboratory (1-5).**-** Energies were calculated at the CCSD(T)-
F12/cc-pVTZ-f12//wB97X-D/6-311G(d,p) level of theory and are shown in kJ mol™.

under molecular cloud conditions with temperatures as low as
10 K. This attention is also aligned with ongoing broader
investigations into carbon-chain molecules,'®" which consti-
tute approximately 40% of the currently detected species in the
ISM. For carbenes H,C, with n > 3, detailed information
regarding the formation of their various possible isomers
remains limited. Thus, chemical networks, such as UMIST
RATE12,** do not distinguish between Cs;H, isomers. For
example, in one of the modeling study' addressing the high
discrepancy between the calculated and observed peak abun-
dance of H,Cs, the authors conclude that the more stable
isomer pentadiynylidene (HCsH; 2) should be substantially
more abundant than the carbene [-H,Cs;, while the model
cannot predict this trend.

The most studied molecular mass growth reaction that leads
to pentadiynylidene (HCsH; 2) and ethynylcyclopropenylidene
(c-C3HC,H; 1) - the bimolecular reaction (1) of methylidyne
(CH) with diacetylene (HCCCCH) - was explored in the crossed
molecular beam experiment augmented by electronic structure,
statistical, and molecular dynamics calculations.** Alternative
molecular mass growth reactions to CsH, were suggested to
involve reactions (2)** and (3);” however, no detailed experi-
mental studies on these reactions were performed. In theoret-
ical works,> 15 isomers of CsH, were studied at the CCSDT(Q)/
CBS level of theory; two of these species ((SP-4)-spiro[2.2]pent-
1,4-dien-1,4-diyl and (SP-4)-spiro[2.2]pent-1,4-dien-1,5-diyl)
contain a planar tetracoordinate carbon and were suggested

o ¢ H
-C. c=C=C:
H™H A e
H H H
methylene cyclopropenylidene propadienylidene
H\ H\ H
C£=C=C=C: C=C=C=C=C: B—CECH
H H c

butatrienylidene pentatetraenylidene ethynyicyclopropenylidene

C=C=C=C=C=C:

ethynylbutatrienylidene hexapentaenylidene

Scheme 2 Carbenes detected in the interstellar medium to date.
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to serve as reactive intermediates for the formation of ethynyl-
cyclopropenylidene (c-C3;HC,H; 1).

CH + HCCCCH — CsH, + H (1)
C+ C4H3 - C5H2 +H (2)
CCH + C-C3H2 - C5H2 + H [3)

Here, we introduce a previously unconsidered route for the
formation of CsH, isomers. By integrating crossed molecular
beam experiments with ab initio and statistical calculations, we
unravel the chemical dynamics of the reaction of ground state
tricarbon (C;, X'=,) with the vinyl radical (C,H;, X’A’) (reaction
(4)). Both reactants are ubiquitous in any carbon-rich chemical
system.***” The single collision, crossed molecular beam tech-
nique (Fig. 1) is the most suitable experimental approach to
study reactions of two highly reactive species which cannot be
purchased ‘in a bottle’, as it allows the generation of reactants
in two separated beams and monitoring products before any
secondary collisions or wall effects can occur. From the
perspective of physical organic chemistry, this system offers
a valuable framework for probing chemical reactivity, eluci-
dating bond dissociation mechanisms, and advancing the
synthesis of elusive carbenes.

C; (36 amu) + C,H; (27 amu) — CsH; (62 amu) + H (1 amu)(4)

Results
Laboratory frame

Reactive scattering signal for the reaction of tricarbon (Cs;; 36
amu) with the vinyl radical (C,Hs; 27 amu) was observed at the
mass-to-charge (m/z) ratio of m/z = 62 (CsH,') suggesting the
formation of the CsH, product via an atomic hydrogen loss
channel (reaction (4)). Tricarbon molecules were generated via
laser ablation of a rotating carbon rod, while vinyl radicals were
generated via photodissociation of vinyl bromide; detailed
experimental method is described in the SI.f Note that tri-
carbon molecules can also react with the non-photolyzed vinyl
bromide precursor. However, (i) the center of mass angle of 69°
in this system is much closer to the secondary beam and (ii)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Experimental setup, side view on the cross point.

recording of the m/z = 62 TOF at the CM angle of the tricarbon -
vinyl radical system (34°) showed no detectable signal with the
193 nm excimer laser off, i.e. no vinyl radicals in the beam, only
the vinyl bromide precursor, after the same data collection time
(Fig. S2). Therefore, under our experimental conditions, tri-
carbon does not react with vinyl bromide. The corresponding
TOF spectra of the reaction of tricarbon with the vinyl radical
were collected at m/z = 62 and were then normalized to the
signal at the CM angle to obtain the LAD (Fig. 2a). Notable
features of the LAD include its width of at least 25° and
symmetry around the CM angle at 34.4 £ 1.0°. These findings
propose that the CsH, products were formed via indirect scat-
tering dynamics through complex formation involving one or
more CsH; intermediates.?*3°

Center-of-mass frame

Exploiting a forward-convolution routine,**** the laboratory
data (TOFs, LADs) for the tricarbon - vinyl radical system were
converted into the center-of-mass reference frame via a single
channel fit (reaction (4)). The best-fit CM functions are depicted
in Fig. 3. The error ranges of the P(Er) and T(6) functions are
determined within the 1¢ limits of the corresponding laboratory
angular distribution and beam parameters (beam spreads,
beam velocities) while maintaining a good fit of the laboratory
TOF spectra and LAD. The translational energy flux distribution
P(Er) (Fig. 3a) encapsulates critical insights into reaction

© 2025 The Author(s). Published by the Royal Society of Chemistry
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dynamics and thermodynamics. The derived P(Er) distribution
exhibits a maximum translational energy release (Ey,,y) of 204 +
23 kJ mol ", Energy conservation dictates that for those mole-
cules born without internal excitation, Ep,.. is the sum of the
collision energy (Ec) and the reaction energy release. Taking
into account the collision energy of 44 & 1 k] mol *, the reaction
energy was determined to be exoergic by 160 + 24 kJ mol .
Withal, the P(E;) distribution peaks away from zero (25 +
3 kJ mol ') indicating a tight exit transition state for at least one
exit channel.** The average translational energy of the products
was derived to be 54 + 6 kJ mol *, suggesting that 27 + 6% of
the total available energy is channeled into the translational
degrees of freedom of the products; this implies that the reac-
tion mechanism proceeds through the formation of a covalently
bound CsH; intermediate (indirect scattering dynamics).>*-°
The center-of-mass angular distribution T(6) can provide
additional information about the reaction dynamics (Fig. 3b).
The tricarbon plus vinyl system reveals forward-backward
symmetry with respect to 90°; this finding also suggests an
indirect reaction mechanism involving long-lived CsH; inter-
mediate(s) that have a lifetime longer than their rotational
period.* Finally, the maximum of the T(#) at 90° highlights
geometrical constraints of the decomposing complex (“side-
ways scattering”), revealing that the hydrogen atom is elimi-
nated nearly perpendicularly to the plane of the decomposing
complex and almost parallel to the total angular momentum
vector.***® Foresaid findings are also enclosed in the flux

Chem. Sci., 2025, 16, 17859-17866 | 17861
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Fig. 2 (a) Laboratory angular distribution and (b) time-of-flight (TOF)

spectra recorded at m/z = 62 for the reaction of the tricarbon (Cs.
xlzg) with the vinyl radical (C,Hs, X?A') at a collision energy of 44 +
1 kJ mol™™. The circles represent the experimental data and the solid
lines are the best fits.

contour map (Fig. 3c), which depicts an overall image of the
reaction scattering process.

Discussion

Now we combine our experimental results with electronic
structure and statistical calculations to unlock the underlying
chemical dynamics and reaction mechanism(s) of tricarbon (Cs,
X'S,) reaction with vinyl radical (C,H;, X*A’) in the gas phase.
The computations discovered 69 reaction intermediates leading
to 46 feasible distinct products on the full potential energy
surfaces (PES) (Fig. S3-S6). Structures of 43 distinct CsH,
isomers were considered during this study (Fig. S7). Results of
Rice-Ramsperger-Kassel-Marcus (RRKM) calculations (Tables
S1 and S2) are compiled in the SI. These computations (Table
S1) reveal that atomic hydrogen loss channels predominate in
the reaction mechanism with total branching ratios exceeding
99%. Only pathways that lead to the products with branching
ratios exceeding 0.1% are discussed in the main manuscript.
Detailed theoretical methods are described in the SI.

Here, the computations discovered 11 reaction intermedi-
ates (i1-i11) connected by 22 transition states (Fig. 4). All CsH,
isomers detected so far in laboratories (p1-p5)"*** and space (p1
and p3)>*° can be formed via the studied mechanism. The
computed relative energies of these products agree very well
with the previous results.?***=** The calculations reveal that
the reaction commences with a barrierless addition of the tri-
carbon terminal atom without an entrance barrier to the radical
center of the vinyl radical (Fig. 4) leading to only one possible

17862 | Chem. Sci,, 2025, 16, 17859-17866
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Fig. 3 (a) Center-of-mass translational energy (P(E7)), (b) angular
distributions (T(6)), and (c) corresponding flux contour map for the
reaction of the tricarbon (Cs; XlE;) with the vinyl radical (C,Hs, X2A).
For the T(6), the direction of the C3z beam is defined as 0° and of the
C,Hsz as 180°. Solid lines represent the best fit, while shaded areas
indicate the error limits.

collision complex i1 stabilized by 352 k] mol~" with respect to
the separated reactants. Intermediate il can undergo uni-
molecular decomposition via an atomic hydrogen loss to form
pentatetraenylidene (p3) via an exit channel with a barrier of
about 55 k] mol ™" relative to the separated products. Alterna-
tively, i1 can isomerize via two distinct [1,2]-H shifts to i3 or i6;
form i2 by closing to a substituted cyclopropene ring; or
undergo five-membered ring closure to i7. While i6 can further
undergo only the hydrogen atom elimination to p3, interme-
diates i2 and i3 have low-lying isomerization pathways that
compete with hydrogen loss channels to p3 (from i3), p4 (from
i3), and p5 (from i2). Thus, i2 can incorporate additional carbon
in the ring accessing intermediate i4, which further can be

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Potential energy surface for the bimolecular reaction of the tricarbon (Cs. X12§) with the vinyl radical (CoHs, X2A') leading to CsH, isomers
plus atomic hydrogen calculated at the CCSD(T)-F12/cc-pVTZ-f12//wB97X-D/6-311G(d,p) level of theory.

converted to the most stable structure on this PES - the reso-
nantly stabilized 2,4-pentadiynyl-1 radical (i11; —534 k] mol ") -
via thei4 — i7 — il1ori4 — i10 — i1l reaction pathways. The
acyclic i3 intermediate can also be converted to i11 through the
ring-closure-ring-opening reaction steps i3 — i5 — i8 — i9 —
i11 and i3 — i8 — i9 — i11 or directly in one step i3 — i1l via
an activation barrier of 162 k] mol~'. Tri-membered cyclic
intermediates i9 and i10 can only yield p1 through atomic
hydrogen loss. The resonantly stabilized C,, symmetric radical
i11 provides two competing exit channels to the acyclic products
pentadiynylidene (p2) and pentatetraenylidene (p3) via
a hydrogen atom elimination with exit barriers of 381 and
425 k] mol ™", respectively.

Which of the CsH, isomers dominates in this reaction? The
experimentally derived reaction energy of 160 4 24 k] mol ™~ for
the hydrogen atom loss elimination channels nicely accounts at
least for the formation of ethynylcyclopropenylidene (p1;
—166 kJ mol ') and/or pentadiynylidene (p2; —158 kJ mol ")
isomers under our experimental conditions via tight exit tran-
sition states located 5 to 23 k] mol ' above the separated
products through overall indirect scattering dynamics. Ther-
modynamically less favorable products p3-p5 might be masked
in the lower energy section of the CM translational energy
distribution (Fig. 3a). Note that only one loose exit transition
state exists on the main PES from i11 to p3. This exit transition
state has a small barrier of 3 k] mol™ at the wB97X-D/6-
311G(d,p) (DFT) level of theory; however, higher-level calcula-
tions confirmed the absence of an exit barrier. The remaining
transition states to products are tight meaning the reaction
intermediate(s) undergo a significant reorganization of electron
density rather than simple bond rupture in the unimolecular
fragmentation, which is supported by our experimental find-
ings (Fig. 3a). Additionally, the computed geometries of all exit
transition states leading to p1-p5 reveal that the hydrogen atom

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

is emitted at angles ranging from 78 to 86° with respect to the
rotation plane of the decomposing complexes (Fig. 5). This
finding is consistent with the experimentally observed sideways
scattering depicted in the T(6) distribution (Fig. 3b).

However, while the discussed PES features align with the
experimental results, they do not help to narrow down the most
favorable reaction intermediates. To address this, it is beneficial
to integrate our results with RRKM calculations. The statistical
calculations (Table S1) determine the yield of the most ther-
modynamically stable isomer, ethynylcyclopropenylidene (p1;
—166 k] mol™") to some 10%. The most probable product is
predicted to be pentadiynylidene (p2; —158 k] mol ') which has
an overall yield of more than 67%, while pentatetraenylidene
(p3; —108 kJ mol ") shows lower fractions between 7 and 18%;
ethynylpropadienylidene (p4; —102 kJ mol ') yields do not
exceed 7% at collision energies from 0 to 50 kJ mol . Although
the least stable CsH, isomer  2-cyclopropen-1-
ylidenethenylidene (‘eiffelene’; p5) is thermodynamically
accessible (—83 kJ mol™"), its branching ratios do not exceed
0.3% due to the presence of the more favorable isomerization
step from intermediate i2 to i4 that has substantially lower
barrier of 69 versus 192 k] mol~" for unimolecular decomposi-
tion of i2 — p5.

Since the dominant product pentadiynylidene (p2) can only
be formed from the 2,4-pentadiynyl-1 radical (i11), we conclude
that channels including i11 (pathways (5)-(10)) are dominant in
the reaction mechanism. The low barriers (lower than those of
competitive exit channels) of the isomerization reaction steps,
along with the resonantly stabilized i11 acting as an energy well
at the end of these steps, determine the dominance of reaction
pathways (5)-(10) in the mechanism. According to the addi-
tional RRKM calculations, which left only pathways that go
through i11 (Table S3), channel (5) exhibits the highest
branching ratio, exceeding 60%, and should be the dominant

Chem. Sci., 2025, 16, 17859-17866 | 17863
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Fig. 5 Computed geometries of the exit transition states leading to
the formation of CsH, isomers. The angle for each departing hydrogen
atom is given with respect to the rotation plane of the decomposing
complex.

channel in the overall reaction mechanism. Furthermore,
pathways (5), (6), and (9), which involve intermediate i3,
collectively account for more than 90% of the total yield of
intermediate i11. This is caused by the fact that the critical
transition states on the pathways from i2 and i7 to i11, i7-i11
(—=157 kJ mol ") and i4-i10 (—152 k] mol "), lie higher in energy
as compared to those on the pathways proceeding via i3, i3-i11
(176 kJ mol™"), i5-i8 (212 kJ mol'), and i3-i8
(=206 kJ mol™"). Although the short channel (5) has a higher
energy for the critical transition state than the channels (6) and
(9), (5) appears to prevail due to its entropic preference resulting
in a higher overall rate constant.

il - i3 - ill (5)

il -i3-i5—i8—i9 — ill (6)
il > i2 > i4—i7—ill 7)
il - i7 > ill (8)

il > i3> i8—i9 — ill (9)

il - i2 > i4 - il0 — ill (10)
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To the best of our knowledge, only one reaction of tricarbon
with a highly unstable species (carbene) has been investigated
before in crossed molecular beam experiments augmented with
ab initio calculations, namely, bimolecular barrierless C; plus c-
C3H, (cyclopropenylidene) —I-CgH + H.* In this study, C; and
¢-C3H, were generated alongside various carbonaceous species
(CsH, C,4, C4H, and C4H,) by a plasma discharge of 1% acetylene
in He.

Conclusion

Exploiting the crossed molecular beam technique, we studied
the reaction of the tricarbon (C;, X'Z,) reaction with the vinyl
radical (C,H;, X*A’) at a collision energy of 44 + 1 kJ mol .
Experimental data were augmented by electronic structure
(CCSD(T)-F12/cc-pVTZ-12//wB97X-D/6-311G(d,p)) and RRKM
calculations to elucidate the reaction mechanism. All detected
to date in laboratories (p1-p5)"*™** and in space (p1 and p3)>*°
CsH, isomers can be formed via the studied mechanism. The
overall barrierless and exoergic reaction involves indirect reac-
tion dynamics. It starts with the addition of tricarbon by the
terminal atom to the radical center of the vinyl radical, forming
only one initial collisional complex, i1. The subsequent reaction
dynamics is predominantly driven by low-barrier isomerization
steps that ultimately lead to the resonantly stabilized 2,4-
pentadiynyl-1 radical (i11) prior to unimolecular decomposition
via atomic hydrogen loss. Statistical calculation identifies triplet
pentadiynylidene carbene (p2, X’S, ") as a primary product in
this reaction, with singlet carbenes ethynylcyclopropenylidene
(p1, X'A), pentatetraenylidene (p3; X'A;), and ethynylpropa-
dienylidene (p4; X"A’) showing lower fractions of between 7 and
18%. The least stable thermodynamically accessible CsH,
isomer, 2-cyclopropen-1-ylidenethenylidene (‘eiffelene’; p5;
X"A,), —83 k] mol " relative to the separated reactants, has its
branching ratios below 0.3% due to the more favorable isom-
erization step competing with an exit channel.

The CsH; potential energy surface plays an important role in
combustion chemistry, governing key reaction pathways, where
sequential interactions between CsH; isomers and methyl
radicals (CHj;) yield various CgHe isomers,"* including
benzene - the fundamental precursor to polycyclic aromatic
hydrocarbons (PAHs). We would like to highlight that two of the
isomers, ethynylcyclopropenylidene (¢-C3HC,H, p1) and penta-
tetraenylidene (I-CsH,, p3), were detected in the TMC-1 (ref. 9
and 10) by radio telescopes, and they also hold prominent
branching ratios in the title reaction. Both of them exhibit
sizeable dipole moments of 3.52 (Cg; p1) and 5.81 D (Cay; p3),
while the dominant high-symmetric pentadiynylidene
(HCCCCCH; Dop; p2) carbene lacks a permanent dipole
moment and, therefore, is invisible for the rotational spectros-
copy and can only be traced in deep space through infrared
spectroscopy. Perhaps, the recently proposed search with the
focus on the carbon-chain species,* utilizing the James Webb
Space Telescope (JWST; infrared spectroscopy) will drag to light
the missing CsH, isomer.

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