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ABSTRACT

Context. Cyclopentadiene (CsHg) has been recognized as a crucial precursor in the formation of nonplanar polycyclic aromatic
hydrocarbons (PAHs) and carbon-rich nanostructures in space. Despite its significance and detection in the Taurus Molecular Cloud
(TMC-1), the elementary gas-phase reaction pathways leading to cyclopentadiene from acyclic hydrocarbon precursors remain poorly
constrained. This gap is emphasized by persistent discrepancies between astrochemical model predictions and the abundances inferred
from its radioastronomical detection.

Aims. The aim of this work is to reconcile the chemical network that predicts the formation of CsHg — a key intermediate in the growth
of aromatic species — from gas-phase chemistry with its observed abundance in TMC-1.

Methods. We used combined experimental work conducted with the CERISES tandem mass spectrometer at the SOLEIL synchrotron,
together with quantum chemical calculations, to determine and refine reaction rate coefficients and branching ratios for reaction path-
ways that lead to the formation of CsHJ. We then incorporated these results into the gas—grain chemical code NAUTILUS to model
the formation of CsHg.

Results. We identify the reactions C,H,* + CH,CCH and C,H,* + C,H, as an important source of C,H," and, consequently, of CsH,
in TMC-1. We experimentally determlned the C H,* + CH, CCH reactlon rate to be 1 x 107 cm? s‘l In addition, the radiative asso-
ciation reactions C,Hs + H and C;Hy + H under low -pressure conditions deserve further investigation, as they may constitute key
intermediate steps in the formation of C,H, through neutral-neutral reaction pathways

Conclusions. Our updated chemical model accounts for several previously missing formation pathways of C;H,. Although it repro-
duces only ~20% of the observed abundance, this represents a significant improvement compared to existing models. We identify the
reactions C,H," + CH,CCH and C;H," + C,H, as the two dominant sources of CsH,*. However, the formation of C;H, through neu-
tral—neutral chemlstry remains poorly constralned The main source is the radlatlve assomatlon of C;Hg + H but 1,3- butadlene (C,Hy)
appears to be a key intermediate in the formation of C;H,; however, its abundance is uncertain due to the disputed detection of its
cyano-derivative proxy. Further work is therefore required to better constrain the abundance of 1,3-butadiene, which may be efficiently

formed through the radiative association C,Hg + H.

Key words. astrochemistry — methods: laboratory: molecular — ISM: abundances — ISM: molecules —

ISM: individual objects: TMC-1

1. Introduction

Cold molecular clouds, exemplified by the Taurus Molecu-
lar Cloud (TMC-1), have long been regarded as prime astro-
physical environments for probing molecular mass growth on
macroscopic scales. Through the combination of high-sensitivity
astronomical observations and astrochemical modeling based on
extensive gas-phase reaction networks involving ion—molecule
and neutral-neutral processes, these regions provide unique
insights into the formation pathways of complex molecules.
Following the detection of cyclic C;H, by Thaddeus et al.
(1985), decades of sustained effort have been devoted to the iden-
tification of aromatic and cyclic hydrocarbons in the interstellar
medium (ISM), with particularly significant success achieved
only recently in the cold dark cloud TMC-1. This advancement
has been driven by large observational programs—most notably

* Corresponding authors: ugo. jacovella@cnrs. fr;
jean-christophe.loison@cnrs. fr

the QUIJOTE and GOTHAM surveys—which have played a
key role in substantially expanding the known inventory of
cyclic hydrocarbons in space. These efforts have resulted in the
detection of a wide variety of nonaromatic and aromatic species,
including ethynyl cyclopropenylidene (C;HCCH), cyclopenta-
diene (C4H), and indene (CyHy) in Cernicharo et al. (2021a),
ethynylbenzene (C;H;CCH) by Loru et al. (2023), o-benzyne
(0-CiH,) by Cernicharo et al. (2021b), fulvenallene
(CsH,CCH,) by Cernicharo et al. (2022), and phenalene
(C,3H,,) by Cabezas et al. (2025).

In addition, numerous cyano derivatives have been iden-
tified, including species whose hydrocarbon counterparts are
undetectable, as well as derivatives of already detected
cyclic molecules. Notable examples include benzonitrile
(CcHSCN) by McGuire et al. (2018), cyanocyclopentadi-
ene (C;H;CN) by McCarthy et al. (2021), cyanonaphthalene
(C,oH,CN) by McGuire et al. (2021), cyanoindene (CyH,CN)
by Sita et al. (2022), cyanoacenaphthylene (C,,H,CN) by
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Cernicharo et al. (2024), cyanopyrene (C,;HyCN) by Wenzel
et al. (2024), and cyanocoronene (C,,H,,CN) by Wenzel et al.
(2025). Many of these molecules exhibit relatively high frac-
tional abundances, reaching up to 1078 with respect to molecular
hydrogen, which has fueled growing interest in the elementary
chemical mechanisms that drive the conversion of acyclic hydro-
carbons into cyclic species and, ultimately, polycyclic aromatic
hydrocarbons (PAHs).

Within this molecular inventory, CsHg occupies a piv-
otal role. It serves as a key precursor to five-membered-ring-
containing aromatic molecules such as indene (CyHg), which
themselves are fundamental structural units in the formation
of bowl-shaped aromatic hydrocarbons and carbon cages. Con-
sequently, any comprehensive description of molecular mass
growth toward nonplanar aromatic systems must begin with a
detailed understanding of how cyclopentadiene is synthesized
from simpler, acyclic precursors.

Despite its detection in TMC-1, robust gas-phase forma-
tion mechanisms for cyclopentadiene remain poorly constrained.
As a result, current classical ion-molecule-based astrochemi-
cal models significantly underpredict its abundance, by sev-
eral orders of magnitude, relative to astronomical observations
(Cernicharo et al. 2021a; Mallo et al. 2025). This discrepancy
highlights a critical gap in our knowledge of synthetic pathways
to cyclopentadiene under interstellar conditions. Identifying and
characterizing the missing pathways is therefore essential for
advancing our understanding of molecular mass growth in cold
clouds and for elucidating the chemical evolution leading to
complex PAHs that could ultimately lead to carbonaceous dust
grains.

Two distinct formation pathways have been proposed for
C,H,. The most recent involves a nonclassical neutral-neutral
chemistry developed by Yang et al. (2024). The more conven-
tional pathway proceeds through a sequence of ion—molecule
reactions that lead to the protonated precursor C;H,*, which
subsequently forms C,H, via dissociative recombination (DR),
in analogy with the formation of benzene from C,H," (Loison
et al. 2026). However, astrochemical models relying on this latter
pathway systematically underestimate the observed abundance
of C;Hg, which likely indicates the absence of one or more key
ion—molecule reactions that efficiently produce C;H,*, as noted
by Mallo et al. (2025).

In contrast, the model based on neutral-neutral chemistry
proposed by Yang et al. (2024) appears to approach the observed
abundance of C;H. In this model, the dominant pathway is
the reaction CH + C,Hg — CsH¢ + H, where C,H, corresponds
to 1,3-butadiene. A significant limitation of this pathway arises
from the uncertainty in the abundance of C,H,. While the abun-
dance of the CH radical is well constrained by observations,
C,H, remains undetected due to its lack of a permanent dipole
moment, and its abundance is inferred solely through chemical
modeling (Cooke et al. 2023; Agundez et al. 2025). Moreover,
the model of Yang et al. (2024) neglects the reaction of C,H,
with atomic carbon, which is expected to represent a major
destruction route for C,H, (Husain & Ioannou 1997; Hahndorf
et al. 2000), and then the model likely overestimates the C4H6
abundance.

In this study, we therefore conducted another exploration
of potential ion-molecule reactions leading to C H,*. The
most promising candidate reaction was subsequently investi-
gated experimentally, and the resulting new kinetic data were
incorporated into the astrochemical model.
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2. Methods
2.1. Experimental

We produced parent ions (C,H,") via direct photoionization of
ethylene (N335 air liquide) using vacuum ultraviolet (VUV) radi-
ation in the 10.5-12 eV range at the DESIRS beamline of the
SOLEIL synchrotron (Saint-Aubin, France). We investigated the
reactions using the CERISES apparatus, which is a home-built
tandem mass spectrometer coupled to the VUV source (Cunha
De Miranda et al. 2015; Rossi et al. 2023). Following mass selec-
tion, the parent ions were guided into a reaction cell with a
controlled collision energy, and the resulting product ions were
analyzed using a second quadrupole. We derived absolute reac-
tion cross sections from the neutral reactant (propyne and allene)
pressure and measured ion intensities. The pressure was kept as
low as possible (below 100 nbar) to maximize the likelihood
of single-collision conditions. We examined the reaction with
both C;H, isomers at a fixed center-of-mass collision energy of
0.15 eV, while the internal energy of the parent ions was varied
by tuning the photon energy. We determined the rate constants
from the absolute reaction cross section measured, following the
methodology described in the study of C;H" reactivity by Rossi
et al. (2025).

2.2. Astrochemical modeling

We employed a standard astrochemical model using the Nautilus
code (Ruaud et al. 2016), which is a three-phase, time-dependent,
chemical model that includes the gas phase, the dust-grain ice
surface, and the dust-grain ice mantle. The model is based on the
kida.uva.2024 reaction network (Wakelam et al. 2024), which
has been recently updated to provide an improved description
of complex organic molecule (COM) chemistry both on inter-
stellar dust grains and in the gas phase (Manigand et al. 2021;
Hickson et al. 2021; Coutens et al. 2022; Hickson et al. 2024).
There are 800 individual species included in the network that
are involved in approximately 9000 separate reactions. Elements
are initially assumed to be in their atomic or ionic forms, and
elements that have an ionization potential lower than 13.6 eV
are considered to be fully ionized. This assumption reflects the
adopted initial abundances at time t = 0 in the evolution of
dense clouds, which are taken to correspond to those of a diffuse
cloud. In such environments, elements are predominantly in their
atomic form, and ultraviolet photons ionize species with ioniza-
tion potentials below 13.6 eV. The high abundance of atomic
hydrogen strongly limits the propagation of photons with ener-
gies above 13.6 eV, as these photons are efficiently absorbed
by hydrogen atoms. The C/O gas phase elemental ratio is equal
to 1 in this work. This value, which is higher than the cosmic
abundance ratio (0.6), leads to a significantly better agreement
between the model predictions and the full set of observations.
For lower C/O ratios, the available carbon is insufficient to bind
most of the oxygen into CO, leaving excess oxygen atoms that
suppress radical abundances and consequently inhibit the chem-
istry. This choice is consistent with that adopted in previous
studies of aromatic species in dense molecular clouds, including
Hincelin et al. (2011), Byrne et al. (2024) and Mallo et al. (2025).
Physically, this oxygen depletion is attributed to the formation of
water ice during the history of the dense cloud. This water ice
remains largely trapped on dust grains and does not desorb dur-
ing subsequent warmer and less dense phases, in contrast to CO,
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which efficiently desorbs and is dissociated into C and O under
these conditions (Hincelin et al. 2016; Wakelam et al. 2019). The
initial simulation parameters adopted in this work are summa-
rized in Table A.l. The grain surface and the mantle are both
chemically active for these simulations, while accretion and des-
orption are only allowed between the surface and the gas phase.
The dust-to-gas ratio (in terms of mass) is 0.01. A sticking prob-
ability of 1 is assumed for all neutral species, while desorption
occurs by both thermal and nonthermal processes (cosmic rays,
chemical desorption), including sputtering of ices by cosmic ray
collisions (Wakelam et al. 2021).

2.3. Identification of important reactions

We identified Potential formation routes of C;H, following an
approach similar to that adopted in previous studies of Titan’s
atmospheric chemistry (Hébrard et al. 2012, 2013; Dobrijevic
et al. 2014; Loison et al. 2015; Dobrijevic et al. 2016; Loison
et al. 2019) and of carbon chemistry in dense molecular clouds
(Loison et al. 2013, 2014, 2016, 2017). We focused on the analysis
of reactions leading to species directly related to C;H,, namely
C,H,, C,H, and C5H7+, and restricted to pathways involving
species detected or predicted to have significant modeled abun-
dances. We considered both ion—molecule and neutral-neutral
reactions. For ionic chemistry, we examined systems of the type
CH " + C4Hy, CH* + C3Hy, and related reactions, together
with neutral reactions such as CH, + C4Hy. Species with neg-

ligible abundances, notably CH* and CH,*, which are rapidly
removed by reactions with H,, were excluded as potential pre-
cursors of aromatic C;Hg. Once a comprehensive list of reactions
that potentially produce C;Hs, CsHy, and C;H,* had been com-
piled, we conducted an extensive bibliographic search for each
reaction. When reaction rate coefficients had been measured,
at least at room temperature, and were found to be larger than
107" ¢cm?s7!, these reactions were assumed to be barrierless
and therefore efficient under dense molecular cloud conditions.
For many reactions, no experimental or theoretical data were
available. In such cases, reactions that could plausibly be fast
at low temperatures were first identified and we systematically
investigated the presence of activation barriers by searching for
transition states (TS) using density functionnal theory (DFT)
calculations performed using the Gaussian 16 software package
(Frisch et al. 2016). We employed the M06-2X functional with
the cc-pVTZ basis set. This highly nonlocal functional, devel-
oped by Zhao & Truhlar (2008), is well suited for describing
transition-state structures and energetics. However, the absence
of a located TS does not necessarily imply the absence of an
activation barrier. Reactions for which no TS was found were
therefore compared with analogous, well-characterized reac-
tions. For example, we assumed that if a species reacts with
C,H,, it is also likely to react with other alkynes, and simi-
larly that reactivity with C,H, implies reactivity with alkenes.
For reactions considered barrierless, we determined or estimated
reaction products and branching ratios. When experimental data
were unavailable, we used existing theoretical studies when pos-
sible. In the absence of any prior information, we performed
additional DFT calculations to characterize key intermediates,
allowing likely products and branching ratios to be estimated.
It should be noted that, given the number of atoms involved
and the excess energy available in these systems, a very large
number of intermediate species may be formed. The present
approach does not aim to identify all possible intermediates,
which would require detailed, reaction-specific studies, such as
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Fig. 1. Panels a and ¢ display the C,H,* parent-ion signal from the
photoionization of ethylene. Panels b and d show the reaction cross sec-
tions (left axis) and rate constants (right axis) with propyne and allene,
respectively, as a function of photon energy.

those performed for the 1-C;H,* + C,H, reaction by Mallo et al.
(2025). Instead, we assess the feasibility of cyclization and the
formation of aromatic compounds.

3. Experimental investigation of the reaction
C2H4+ +C,H,

Once the reaction of C,H,* with propyne was identified as a
potentially important chemical route to C;H,*, we decided to
experimentally investigate its reaction rate and branching ratio
as a function of internal energy. Although allene is not directly
detected due to its lack of a permanent dipole moment, it is
assumed to be as abundant as propyne in TMC-1. We therefore
investigated the reaction of C,H," with both C;H, isomers.

Panels b and d in Figure 1 present the reaction cross sec-
tions (left axis) and rate constants (right axis) for reactions
with propyne and allene, respectively, as a function of photon
energy. Only reaction channels with cross sections exceeding
those leading to C;H,* are shown (3 A2 and 7 A? at 10.6 eV
for reactions with propyne and allene, respectively). The C;H,*
signal arises from a secondary process, namely charge transfer
followed by the reaction C;H,* + C,H,. Since C;H," is formed
via charge transfer with no transfer of momentum, it has a suf-
ficiently long residence time in the reaction cell to undergo
secondary reactions with C;H,, such that this channel cannot be
fully suppressed even at very low pressure. However, all nonre-
ported channels contribute, at maximum, a few percent relative
to the dominant product, as can be seen in Fig. B.1. Overall,
we observed no significant dependence on photon energy over
the explored range. Consequently, the reaction rates reported in
Appendix C were taken at the lowest photon energy (10.6 eV),
which corresponds to the minimum possible internal energy of
the ions.

Three products dominate the reaction with propyne (panel
b): the formation of C5H7+ (m/z 67), the charge-transfer product
C,H," (m/z40), and C,H," (m/z 53). All reaction rates are listed
in the table in Appendix C, row 6. In contrast, the reaction with
allene predominantly yields the charge-transfer product, with a
rate that is more than an order of magnitude higher than the for-
mation of C;H,". Corresponding data are provided in the table
in Appendix C, row 7.
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Fig. 2. Schematic diagram showing the main formation routes of C;H,
in TMC-1. Percentages written in bold indicate the contribution of the
reactions in the nominal model. Percentages in normal text, associ-
ated linked with dashed arrows, correspond to their contribution if the
C,H; + H reaction is included.

4. Formation of C_H, in TMC-1

Figure 2 summarizes the main formation routes of CsH¢ in
TMC-1. Two comparable contributions are identified in the nom-
inal model: the ion—molecule network and the neutral-neutral
chemistry, each accounting for about 50% of the total production
based on experimentally measured or theoretically validated rate
coefficients. The ionic contribution is dominated by the reac-
tions C,H," + CH,CCH and C;H," + C,H,, which are discussed
in detail below. In the neutral network, the dominant source is
the radiative association (RA) C;H; + H. The alternative path-
way C.H, + CH, recently proposed by Yang et al. (2024), is
reassessed here. The possible indirect role of the RA reac-
tion C,Hy + H is also examined. The complete list of reactions
considered is presented in the table in Appendix C.

4.1. lonic chemistry

In the chemical network, ion—-molecule chemistry contributes to
the formation of C;H, primarily through the production of the
precursor ion C;H,*, followed by DR. Although no direct mea-
surements of branching ratios for the DR of aromatic ions are
currently available, laboratory studies of C,D,* and C;D,* show
that the aromatic ring is preserved in more than 90% of events
(Hamberg et al. 2011). By analogy, we assume that ring preser-
vation also dominates the DR of C;H,", such that the C;H,* +e”~
reaction predominantly yields C;Hy + H. A comparison between
model predictions and observations of C;H, is shown in Fig. 3,
with panel (a) illustrating the relative contribution of ionic
chemistry to the overall formation of C;Hj.

The C;H," ion is produced malnly through two reactions:
C,H," + CH CCH which has been studied both here and pre-
v10usly (Anrcrch et al. 2006), and C;H,* + C,H,. To date, no
dedicated experimental or theoretical investigation of the lat-
ter reaction has been reported. However, it is isoelectronic with
C3H5Jr + C,H, (Anicich et al. 2003, 2006; McEwan et al. 1998)
and exhibits similar exothermicities, which suggests that it is a
viable and potentially efficient source of C;H,*. Preliminary cal-
culations performed in this work indicate that the CH,CH,CH,"
isomer reacts with C,H, to form C;H," + H, Wthh supports
this interpretation and highli ghts the need for more detailed stud-
ies. Several additional formation routes to C;H," were identified.
Some are experimentally well characterized, including C,H," +
CH,CCH/CH,CCH, (Lifshitz et al. 1981), C,H,* + C,H,
(McEwan et al. 1998; Anicich et al. 2006), and C3H5+ +C,H,
(Anicich et al. 2003, 2006; McEwan et al. 1998). Other plausi-
ble contributors include CH,* + CH,CHCHCH,, C,H;* + C;H,,
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Fig. 3. Gas—grain astrochemical model results for C;H in dark clouds
as a function of cloud age. (a—c) Nominal network results (solid black
line); nominal network but with only some specific reactions as a source
of C;H, (solid red line). (d) Nominal with H + C,H; leading to C,Hy
(solid black line), nominal with H + C,H, leading to C,H, with only
H + C4H; leading to CsH (solid red hne) and nominal w1th H + C,H;
leadmg to C,H, with only CH + C,H leading to C;H, (solid blue
line). The hor1zontal gray region represents the observed abundances
in TMC-1 with an arbitrary error associated (+2).The estimated age of
the cloud, marked by a vertical gray region, corresponds to the time at
which our model predictions best match the observed abundances of 67
key species.

C,H(" +C,H,, and C,H;* + C;H, although these remain poorly
constrained.

By contrast, the O + C,H," reaction does not represent a
viable source of C;H,*. An activation barrier of approximately
7 kJ mol~! was identified at the M06-2X/AVTZ level in this
work. While this level of theory is generally reliable for locating
transition states, it is known to underestimate barriers in reac-
tions involving atomic oxygen, which reinforces the conclusion
that this pathway is inefficient under dense cloud conditions.

Finally, although many reactions in the network produce
C,H," ions, either as the most stable isomer c—C,H,CHCH," or
as five-membered-ring structures, these species do not contrlbute
to C;H formation. The various C;H," isomers react inefficiently
with H2 (Mallo et al. (2025) and this work), and therefore can-
not form C5H7+, which excludes them as viable precursors of
cyclopentadiene.

4.2. Neutral-neutral chemistry

In addition to ion—molecule processes, C;Hy can also be formed
through neutral-neutral chemistry. Two such pathways con-
tribute in the model, with the dominant route being the RA
reaction H + C;H; (48%), and a secondary contribution arising
from CH + C, H (4%) as can be seen in Figure 3, panels b and
c, respectlvely

The H + C;Hj reaction plays a central role because the C;H,
radical is efficiently produced through several channels, most
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notably O + C(H; (Frank et al. 1994), and potentially through
H-assisted isomerization of CH,CHCHCCH. The latter species
is itself efficiently formed via the C + C,H reaction (Husain &
Toannou 1997; Hahndorf et al. 2000). Rate coefficients for the
H + C;H; RA reaction can be estimated from previous experi-
mental and theoretical studies (Frank et al. 1994; Harding et al.
2007; Vuitton et al. 2011). When this pathway is included, the
modeled abundance of C4H is in relatively good agreement with
observations, as shown i 1n Flgure 3b.

The secondary neutral pathway, CH + C,H, has been inves-
tigated previously (He et al. 2020; McCarthy et al. 202I;
Cernicharo et al. 2022). In our chemical network, the modeled
abundance of CH closely matches observations (Suutarinen et al.
2011). However, C,H; is mainly produced through CH + C;H,
(Daugey et al. 2005; Loison & Bergeat 2009; Zhou et al. 2025),
with a minor contribution from C + C;H,. As a result, the mod-
eled abundance of C,H, remains low, in agreement with Cooke
et al. (2023); Agtindez et al. (2025), making CH + C,H, only a
minor source of C;H, as shown in Figure 3 ¢) in contrast to the
conclusions of Yang et al. (2024).

If, however, the reaction H + C,H, were to produce C,H
efficiently at the low pressures of dense molecular clouds, at
rates approaching those calculated by Harding et al. (2007) for
high-pressure conditions, the abundance of C,H would increase
substantially. In that case, the CH + C,H, reaction becomes more
important, although it remains a secondary source of C;H¢. The
improved agreement with observations in this scenario primarily
arises from the concomitant enhancement of the H + C;Hs RA
pathway, as higher C,H, abundances also lead to increased pro-
duction of C;H, isomers, as shown in Figure 3d. However, this
scenario also leads to a modeled abundance of CH,CHCHCH,
of 1.6 x 1072 at the chemical age of TMC-1, which exceeds
the upper limit inferred from the non-detection of C,H,CN
(Agtndez et al. 2025) by an order of magnitude. For this reason,
our nominal model assumes that H + C,H proceeds exclusively
toward CH; + C;H;, following the ab initio calculations of Lee
et al. (2003), despite the high-pressure results of Harding et al.
(2007). The importance of the H + C,Hj reaction stems from the
efficient formation of C,Hy radicals (in their various isomeric
forms) via C + C;H (Chastamg et al. 1999; Loison & Bergeat
2004; Chin et al. 2013 Capron et al. 2015).

Finally, the prominence of hydrogen-atom reactions, includ-
ing RA, is reinforced by the high and nearly constant abundance
of atomic hydrogen in dense molecular clouds. Although H
atoms readily stick to grains, they are continuously replenished
by the cosmic-ray-induced dissociation of H,. In contrast, heav-
ier atoms such as C, N, and O are efficiently depleted from the
gas phase through grain sticking and, in the case of C and O,
conversion into CO after ~10° years, further emphasizing the
long-term importance of H-driven neutral chemistry.

5. Conclusions

In this work, we revisited the gas-phase chemistry that leads
to the formation of cyclopentadiene (C;H,) in the cold dark
cloud TMC-1 by adopting an integrated strategy that combines
new laboratory measurements, quantum chemical calculations,
astrochemical modeling, and chemical intuition to guide the
identification of the most relevant reaction pathways. In particu-
lar, we experimentally characterized the reaction of C,H,* with
propyne and allene and incorporated the resulting reaction rate
coefficients and branching ratios into an updated chemical net-
work. This synergistic approach allowed us to identify previously
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underappreciated ion—molecule pathways that contribute to the
formation of the key precursor ion C;H,*, and to reassess the rel-
ative roles of ionic and neutral—neutral chemlstry in the synthesis
of C;H,.

Our updated model partially alleviates the discrepancy
between observed and modeled abundances of cyclopentadiene
but still reproduces only about 20% of the abundance inferred
from observations of TMC-1. Among the ionic routes, the reac-
tions C,H," + CH,CCH and C,H,* + C,H, emerge as the domi-
nant sources of C;H,*, highlighting the importance of relatively
small hydrocarbon ions reacting with abundant unsaturated neu-
tral species. However, even when these channels are treated with
experimentally constrained rate coefficients, the overall effi-
ciency of the ion—molecule network remains insufficient to fully
account for the observed abundance of C;H,.

Neutral-neutral chemistry therefore appears to play a critical
complementary role. In our model, the RA reaction H + C H;
is the dominant neutral source of C;H,, while the CH + C,H,
pathway contributes only marginally under nominal assumptions
due to the low modeled abundance of 1,3-butadiene (C,H,). The
abundance of C,H, remains highly uncertain, as it cannot be
directly observed and must be inferred indirectly through chemi-
cal proxies whose detections are still debated. Our results suggest
that the reaction H + C,H;, and more generally hydrogen-
atom-driven radiative association processes under low-density
interstellar conditions, may represent a key missing ingredient
in current chemical networks. Thus, quantifying the efficiency
of these reactions at low pressure is essential to further constrain
the formation of C;H, and related cyclic hydrocarbons.

More broadly, this study illustrates the strong sensitivity
of cyclopentadiene formation to a limited number of chemical
pathways that connect linear hydrocarbon chains to the first five-
membered ring, even when only a small subset of the associated
parameters remains poorly constrained. Resolving the remain-
ing discrepancy between models and observations will therefore
require dedicated experimental and theoretical investigations of
both the ionic reaction C;H,* + C,H,, and neutral radiative asso-
ciation processes involving C,H; and C,H,. Improving these
constraints is a necessary step toward a Coherent description of
molecular mass growth from acyclic species to aromatic rings
and, ultimately, to larger PAHs and carbonaceous nanostructures
in cold interstellar environments.
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Appendix A: Elemental abundances and other model parameters

Table A.1. Elemental abundances and other model parameters

Element Abundance® ny +2ny, (cm=) T (K) Cosmic ray ionization rate (s™T) Ay

H, 0.5 1.0x 10° 10 1.3x 10777 10
He 0.09

Cc 1.4x107™*

N 3.0x 107

o 1.4x107*

s-H,0? 1.0x 107*

S* 4.0x 1076

Fe* 20x1078

crt 1.0x 1077

F 6.7 x 107°

@ Relative to total hydrogen (ny + 2ny,).
b s-H,0 denotes H,O on grain surfaces.

Appendix B: C2H4+ + C3H4 reactions including secondary products

o > 1le5 > 1e5
cw (a) (c)
+e 8 19 ol 1 |
&3 CoHa +hv > CoHf +e” . CoHa +hv > CoHY + e
v Photon energy /eV Photon energy /eV
Maximum internal energy /eV Maximum internal energy /eV
3O.O 0.5 1.0 1.5 30.0 0.5 1.0 1.5
103+ : : 1 gl0% 47 : : [ 10-8
O iz a0 mj/z53 [10 Az a0 m/z53 |10
—— mfz 41 m/z 67 —— mjz 41 m/z 67
—— mfz 42 —+— mfz 79 —— m/z 42 —— m/z 79
Ao e e e e e
102 {C;H; + CH3CCH - Products 102
2 ? +107° CoH; + CH,CCH, - Products +107°
S SSnk = S8 i8I S on Sy S8 Ll Ecm = 0.15 eV
Ecv = 0.15 eV

101 4 me-lo_l‘;ﬂl- fmw-lo_lo

W I s oy Vo S

l T T l T T
10.5 11.0 11.5 12.0 10.5 11.0 11.5 12.0
Photon energy /eV Photon energy /eV

Reaction cross section /A?
Reaction rate /cm3.s1

Fig. B.1. Panels a and c display the C,H," parent-ion signal from the photoionization of ethylene. Panels b and d show the reaction cross sections
(left axis) and rate constants (right axis) with propyne and allene, respectively, as a function of photon energy.

Appendix C: Chemical network used for the model
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Table C.1. Chemical network used for the model. Rate coefficients a(7/300)°exp(-y/T) are in units of cm? s~
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highlighted in grey such as 15 are not included in the network.

1

#  Reaction AHg a B y ref
1 Hy*+C4Hs — C,H(" +H, -407  2.0E-09 -0.5 0  Typical rate constant for Hy* reaction
with hydrocarbon Anicich (2003)
2 Hy"+CiHy — CsH,* +H, -395  2.0E-09 -0.5 0  Typical rate constant for Hy* reaction
with hydrocarbon Anicich (2003)
3 C*+CsH - C+CiH" 2.4E-09 0 0  Branching ratio from Smith & Futrell
(1978) rate equal to C* + CHg
4 CHy'+ CH,CHCHCH, — C;H," + H, -366 3.0E-10 0 0 Approximate guessed branching ratios.
CH;+CH,CCH -123 30E10 o0 o PP g & ratios.
CH," + C,H, 3 30E10 0 0
5 CH,*+C,H, - C;H," +H, 293 10E-10 -05 0
CH,CHCCH,* + CH, -166 0 One very old study, Fuchs (1961)
CH,CCCH," + CH, -138  2.0E-10 -05 0 leading to C,H," + CH, only which is a
CH,CHCCH" + CH, -122 0 strange result considering the C,H,* +
C,H;* +C,H, -122 5.0E-10 -05 0  c-C;H, reaction which leads to C;H,* +
C,H,* + C,H, 73 20B-10 05 0 C,H,and C;H," + C,H,.
c-C,H,* +H 226 0
6 C,H," + CH,CCH — C,H,* + H {176 1OE-09 -05 0 N N
C,H,* + CH, a7 6.0B-10 05 0 This work and Anicich et al. (2006)
C,H," +C,H, 59 12E-10 05 0
C,H,* + C,H, +18 0
CH,CCH* + C,H, 8 50E10 05 0
7 CH,*+CH,CCH, - C;H,* +H 2176 70E-1l 0 0  This work
C,H* + CH, 47 0
C,H.* +C,H, -59 0
C,H," +C,H, +18 0
CH,CCH," + C,H, 65 LIE=09 0 0
8 CZH; + CH;CCH — Cq H,* +H, -243 2.0E-10 -0.5 0 Rate equal to 1.1E-09 Lifshitz et al.
CH,CCCH," + CH, -89 2.0E-10 -0.5 0  (1981). Approximate guessed branching
C,H;* +C,H, =72 70E-10 -0.5 0 ratios
C,H," +C,H, -56 0
9 C,H,*+CH,CCH, — C;H,* +H, 243 40E10 0 0 .
Ghtcon e, d om0 0 MeeslouEwLbwe
C,H," +C,H, 72 1ee00 0 o0 00 OPP ¢ ¢
C,H," +C,H, -56 0
10 1-C,H,* + C,H, — C;H,* +hy -405 0 o , ,
CH, +H 8 0 Mallo et al. (2025); Smyth et al. (1982)
c~C4H " +H, 169 10E-10 0 0
C,H,* + C,H, -63 0
CH,CCH,* + C,H, 46 10B09 0 0
+ + - _
I GH+GH, - C5H7C ;Ij +CH éil g?)]é i? 8 8 McEwan & Anicich (2007). Older
475 3 ’ values from Anicich et al. (2006) are
slightly different. C,Hs*: c-C;H,CH,*
+ + - _
12 GH + GH, - CH +H, 171 1.2E-10 0 0 McEwan et al. (1998). Others values:
7.7E-11 Anicich et al. (2003), 8.9E-11
Anicich et al. (2006)
13 C3H6+ +C,H, —» CsH;r +H -117 74E-10 0 0 4
C,H* + CH, 2 90EIl 0 0
14 CH,* +C,H, — c~C4H,* +hy 211 0 b
C,H,* +H, 187 50E10 0 0
c-CHgt +H +80 0
15 CH,"+CH;— CH+H -355 Likely not a source of CsH,*
+
C,H,* +C,H, -268
16 C,H;*+CH, - C;H," -347 Entrance barrier equal to +26 kJ/mol

Mallo et al. (2025)

A281, page 8 of 10

. AHpy in kJmol~!. Reactions



Jacovella, U., et al.: A&A, 708, A281 (2026)

Table C.1. Ccontinued.
#  Reaction AHg a B ref
+ + _
17 CH;" + GH, = CoH, CH, ++ H 175 Potential (minor) source of CsH,* but
CH" + GH, 214 requires further investigation
C{H" +C,H, -150 duires sug
18 CH, +CH, —»CH*+H -70 Entrance barrier equal to +38 kJ/mol
Mallo et al. (2025) for CH,CHCCH*
isomer
+ + _
19 GH"+CH, = CH" + Hy 127 Likely a barrier in the entrance valley
20 CiH,"+H, - C,H,* +hy -235 Large entrance barrier Mallo et al.
(2025)
21 C;H;" +H— CH,* +hy -323 1.0E-11 -0.5 /H+ C,Hg* Snow et al. (1998); Petrie
CsHy" +H, -88 0 et al. (1992)
22 CH"+0 - C,H +CO -339 1.0E-10 0 Scott et al. (2000)
23 C4H¢" +H, —» CHS* -57 Very large entrance barrier at
Cs H7+ +H +102 MO06-2X/AVTZ level (this work)
24 CyH¢" +N — C;Hy* + HCN -229 1.4E-10 0 McEwan et al. (1999)
25 CH+0->CH"+CO -376 9.5E-11 0
616 56 .
C,H,0" + C,H, LOE-11 0 Snow et al. (1998); Scott et al. (2000)
26  HCO* +C4Hs — CsH¢™ +CO -264 1.0E-09 0 Capture rate theory
27 HCO* + C4H, — C;H,* + CO -252 1.0E-09 0 Capture rate theory
28 H+C,Hy —» C,Hy +hy -418 0 Harding et al. (2007). Branching ratio
CH; + C;H,4 -41 2.0E-10 0 deduced from C,Hg photodissociation
H,C, +C,H, -50 0 Mu et al. (2004); Newby et al. (2007);
Lee et al. (2003)
29  H+1-C4Hy —» CsHg +H -118 1.0E-10 0 ¢
CH,CCH + C,H, -183  20E-11 0
CH,CCH, + C,H, -183 8.0E-11 0
30 H+C4Hg — C4Hg +hv -335 2.0E-10 0 Deduced from high pressure rate
CH,C,H +H, =77 0 constant Harding et al. (2007). Value for
CH,;CCH +C,H, -66 0 T=10K. The TS toward the bimolecular
CH,CCH, + C,H, -66 0 channel are above the entrance energy
Bacskay & Mackie (2001)
31 C+ C;Hg — CH; + C3H,4 -246 1.5e-10 0 Chastaing et al. (1999); Loison &
H+ C,H; =212 1.5e-10 0 Bergeat (2004); Chin et al. (2013);
Capron et al. (2015)
32 C+CH,CHCHCH, — I-C,H; + H -233 3.6e-10 0 Rate from Husain & Ioannou (1997)
C,H; + C;H, -189 4.0e-11 0 (with a smaller value), branching ratio
from Hahndorf et al. (2000)
33 C+C4H;—>CH, +H -292 4.0E-10 0 /C+CsHg
C,H,C,H+H -257 0
HCCCHCHCCH + H -245 0
34 C+CyH, —» C¢Hg + H -312 4.0E-10 0 Haider & Husain (1993) (with lower
rate)
35 CH+CH,CHCHCH, — C;H¢ +H -354 4.0E-10 0 He et al. (2020); McCarthy et al. (2021);
Cernicharo et al. (2022)
36 CH+CsHg —» CHg + H -439 4.0e-10 0 Products from Caster et al. (2021)
37 CH,+CH; -»CsH+H -323 d
C,H;C,H + CH,4 -244
C,H,; +C,H, =275
C,H, +C,H, 277
38  CH; +CyH; - C,Hg +hv -372 1.0e-10 0 Deduced from high pressure rate

constant Knyazev & Slagle (2001).
Value for T=10K only.

A281, page 9 of 10



Jacovella, U., et al.: A&A, 708, A281 (2026)

Table C.1. Ccontinued.

#  Reaction AHg et B y  ref
39 CH; + C,H; — C4Hy -485 ‘We do not consider this reaction which
CsHy + H -149 likely produces little to no
C,H, + CH, -246 cyclopentadiene since it requires
C,H; + C,H,4 -2 multiple isomerization and a complex
C;H, + C,H, -25 pathway.
40 C,H+C;Hy — C,H;C,H + CH; -156 1.0E-10 0 0 Bouwman et al. (2012); Goettl et al.
1-C;Hg +H -120 1.0E-10 0 0 (2022)
C;H, +H -238 0
4  C,H,; +CyH; - CH,CHCHCCH + H -43 1.0E-11 0 0o ¢
CH,CHCCCH, +H  -36 1.OE-11
CsHy +H -161 3.0E-11
42 N+CiHy — C,H;C,H + HCN -311 6.0E-11 0 0 /N + radical reactions
43  0+C4Hy —c-CH,0+H -232 1.1E-10 0 0  Franket al. (1994)
C,H,C,H + HCO -181 0
C,H; + CO -310 0
44 O0+C¢H; — C;H; +CO -420 L.IE-10 0 0  Frank et al. (1994)
45 GH +e” > GH; +H 476 10E-06 030 By comparison with similar reactions
CH,CCH +C,H, -542  S5.0E-07 -03 O Y P ’
CH,CCH, +C,H, -542 5.0E-07 -03 O
46  CsH, +e” - CHg +H -488  2.0E-06 -03 0  Seetext.
C,H,C,H + CH,4 -409 0
CH,CCCH," + CH, -409 0

* The C;H," + C,H, reaction is a potential source of CsH,*, but it must be a minor source since C;H,* is not very abundant. We
use the same rates as for the iso-electronic reaction C;H," + C,H,.

b There are two isomers for C3H7+: CH3CHCH3+ (the most stable) and CH3CH2CH2+ (+52 kJ/mol) separated by TS a localized +85
kJ/mol above CH,CHCH,". Both isomers should exist in dense molecular cloud. We conducted preliminary calculations showing
that the isomer CH,CH,CH,* reacts with C,H, to produce C;H," + H,. Further study is needed, but this reaction is likely an
important pathway for the production of CHg, as both C;H,* and C,H, are fairly abundant in the model.

¢ 1-CH; (several mesomeric forms: H,C=CH-CH-CC-H < H,C=CH-CH=C=C-H < H,C-CH=CH-CC-H) is produced by
C + CH,CHCHCH, and will react without a barrier on the singlet surface (doublet-doublet reaction) to yield
H,C=CH-CH,-CC-H (likely the main product as H,C=CH-CH-CC-H is the most stable configuration),
H,C=CH-CH=C=CH, and CH;-CH=CH-CC-H. H,C=CH-CH,—CC-H can lead to c—C,H through a TS localized -84
kJ/mol below the H + 1-C,H, entrance level and then to C;H; + H (without exit TS), or to CH,CCH,, + C,H, through a TS
localized -65 kJ/mol below the H + 1-CH; entrance level Bacskay & Mackie (2001). The TS involved have similar energies and
structures and then H,C=CH-CH,—~CC-H should lead to H + c—~C;H, and CH,CCH, + C,H, in a similar amount.
H,C=CH-CH=C=CH, can lead to c—CsH, through a TS localized -144 kJ/mol below the H + I-C;H, entrance level and then to
C,H + H (without exit TS) or to CH,CCH,, + C,H, through a TS localized -77 kJ/mol below the H + 1-C;H, entrance level
Bacskay & Mackie (2001). So H,C=CH-CH=C=CH,, should lead mainly to H + c—C,H;. The preferential production of c—C H
is also observed during the pyrolysis of c—C H, Bacskay & Mackie (2001); Roy et al. (1998). Further studies on this reaction will
be necessary to obtain more accurate rates for this important reaction for c—C H, modeling in interstellar media.

4 The reaction CH, + C,H; — C;H, + H is most certainly rapid at low temperatures as radical-radical reaction. The first step of this
reaction is the formation of the linear C;H, adduct. There are several isomers of C,H; produced in the network through mostly
through the C + C,H, reaction Chastaing et al. (1999); Loison & Bergeat (2004); Chin et al. (2013); Capron et al. (2015) and for the
most stable one, CH;CCCH,,, multiple mesomeric forms exist, leading to the possible production of a large number of C;H,
isomers. The production of c—C H, may be possible but would require numerous isomerization of the initial C;H, adducts and is
likely unfavored. Moreover, even though the reactants are produced by efficient reactions, they react with atoms (H, C, O, and N)
without a barrier and have relatively low concentrations in dense clouds, limiting the significance of this reaction. Nevertheless, we
performed a run assuming a rate of 1 x 107'%cm? s™! for the CH, + C,H; — C,H, + H reaction as a test and thus showing that this
reaction is negligible under dense cloud conditions.

¢ The first step is CH,CHCH,CCH and CH,CHCHCCH,, formation without barrier (radical-radical association). The TS for
CH,CHCH,CCH — CH,CHCHCCH, is located -63 kJ/mol below C,H, + C;H,. The TS for CH,CHCHCCH, —
CH,CHCHCHCH is located -115 kJ/mol below the entrance level and it seems that there is no, or very low, barrier for
CH,CHCHCHCH cyclisation toward CsH.
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