Open Access Article. Published on 02 May 2025. Downloaded on 11/2/2025 7:00:59 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2025, 27, 11413

Received 27th February 2025,
Accepted 1st May 2025

DOI: 10.1039/d5cp00781j

rsc.li/pcecp

1 Introduction

In recent times, among the wide variety of molecules
identified to date in the interstellar medium (ISM; see

Formation of hydroxy, cyano and ethynyl
derivatives of C4H, isomers in the interstellar
mediumt

Mario Largo,® Miguel Sanz-Novo® and Pilar Redondo (2 *?

The study of cyclic hydrocarbons is of utmost relevance in current astrochemical research, as they are
considered to be among the most significant reservoirs of carbon in the interstellar medium. However,
while unsaturated cyclic hydrocarbons with three, five, and six carbon atoms have been widely
investigated, the highly strained antiaromatic cyclobutadiene (c-C4H,) still remains uncharted. Here, we
employed high-level CCSD(T)-F12/cc-pVTZ-F12//B2PLYPD3/aug-cc-pVTZ theoretical calculations to
analyze whether the cyano (CN), ethynyl (CCH), and hydroxy (OH) derivatives of c-C4H4 and its
structural isomers butatriene (H,CCCCH,) and vinylacetylene (H,CCHCCH) can readily form via the gas-
phase reaction: C4H4 + X - C4H3X + H (where X = CN, CCH, and OH). For each system, we thoroughly
explored the corresponding potential energy surfaces, identifying their critical points to enable a detailed
analysis of the thermochemistry. Hence, we found various exothermic pathways for the formation of CN
and CCH derivatives of butatriene and vinylacetylene, with no net activation barriers, while the formation
of the OH derivatives is in general less favorable. Prior to the mechanistic study, we also analyzed the
complete conformational panorama and stability of all the derivatives at the CCSD(T)-F12/cc-pVTZ-F12
level. Overall, c-C4HsCN and c-C4H3zCCH emerge as particularly promising candidates for interstellar
detection, provided that the parental c-C4H4 is present in the gas phase. These findings highlight the
potential for detecting polar derivatives of c-C4H,4 as indirect evidence of its presence in the ISM, as it
appears to be "invisible” to radioastronomical observations. Also, this study underscores the need for
future laboratory and theoretical efforts to characterize the spectroscopic properties of the proposed
derivatives, paving the way for their eventual identification in space.

“invisible” to rotational spectroscopy, further hampering
their radioastronomical identification. An exception to this
trend is cyclopropenylidene (c-C3H,; t, = 3.27 D), the first
cyclic molecule identified in the ISM,”** as well as cyclopenta-

McGuire," Jimenez-Serra et al.> for a recent census), cyclic
hydrocarbons have drawn considerable attention from the
astrophysical community. In particular, the presence of ben-
zene, the simplest aromatic unit, and diverse polycyclic aro-
matic hydrocarbons (PAHs) has been confirmed through the
detection of infrared (IR) emission features in a variety of
interstellar environments.*"®

However, pure cyclic hydrocarbons often exhibit a very low
or even zero permanent dipole moment, which makes them
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diene (c-C5Hsg; pp = 0.416 D) and indene (c-CoHg; gty = 0.50 D and
up = 0.37 D),'*> which have been recently detected toward the
dark cold pre-stellar core Taurus molecular cloud 1 (TMC-1).
This source accounts for the majority of new interstellar detec-
tions of cyclic systems, achieved during the course of two
sensitive molecular line surveys: the Q-band ultrasensitive
inspection journey to the obscure TMC-1 environment
(QUIJOTE)"® and the GBT observations of TMC-1: hunting
aromatic molecules (GOTHAM)."* The complete list of inter-
stellar cyclic molecules includes various cyano (-CN) and
ethynyl (-CCH) derivatives, where one of the hydrogen atoms
is replaced by a CN or CCH radical, highlighting benzonitrile (c-
CgH5CN),"® 1- and 2-cyanonaphthalene (c-C;oH,CN),"* the five-
membered ring 1-cyanocyclopentadiene (c-CsHsCN)," ethynyl-
cyclopropenylidene (c-C;H-CCH),"? two isomers of ethynyl-
cyclopentadiene (c-CsH;CCH),'® and its structural isomer
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fulvenallene (c-CsH4CCH,)."” Very recently, several isomers of
the cyano-substituted derivatives of the three- and four-ring
acenaphthylene (c-C;,H,)'® and pyrene (c-C;6Ho)'**° have also
been identified toward TMC-1, ranking among the largest
molecules ever detected in space.

In this context, while unsaturated hydrocarbons with three,
five, and six carbon atoms have been successfully detected in
the ISM, the more simple but also highly strained cyclobuta-
diene (also known as [4]annulene, c-C,H,) still remains
uncharted. To date only its structural isomer vinylacetylene
(CH,CHCCH, global minimum in energy)*" has been detected
in the ISM, along with the related cyano derivative isomers
H,CCHCCCN and transs-HCNCCHCCH.>*?* This species is fol-
lowed in energy by a cumulene form, butatriene (H,CCCCH,)
located at 7.7 kcal mol ' above CH,CHCCH at the CCSD(T)/cc-
pVTZ level, while c¢-C,H, is found as the fourth most stable
isomer, located at 33.4 kcal mol~".*" Its inherent instability can
be rationalized in terms of the presence of 4n delocalized ©
electrons in it, which result in a so-called antiaromatic species.
Nevertheless, in a recent study, Wang et al.>* have presented the
first bottom-up formation of c-C,H, in low-temperature acet-
ylene (C,H,) ices exposed to energetic electrons, which simu-
lates secondary electrons produced by the passage of cosmic
rays. Once formed, c¢-C,H, could perhaps be released into the
gas phase through various thermal and non-thermal processes,
serving as a promising candidate for astronomical searches,
including James Webb Space Telescope (JWST) observations.
Alternatively, its derivatization will infer a sizable dipole
moment to the molecule and, therefore, its detection via
rotational spectroscopy - both in the laboratory and in
space — would be feasible. This, in turn, could serve as indirect
evidence of the presence of c-C,H, in the ISM.

Overall, the formation of CN and CCH derivatives of unsa-
turated hydrocarbons is suggested to proceed through the
reaction of the hydrocarbon with the corresponding radicals,
which occur rapidly at low temperatures.> This type of process
has been proposed as pathways for the formation of c-
Ce¢H5CN,"™ ¢-C1,H,CN,"* and ¢-CsH;CN,"® and are also thought
to drive the relative abundance of the cyanopyrene isomers
found in TMC-1.%° In addition, a theoretical study explored the
possibility of forming derivatives of cyclopropenylidene c-
C;HX. Theoretically, the reaction of c-C;H, with 16 radicals
was analyzed, and four cyclopropenylidene derivatives (c-C;HX,
X = CN, OH, F, NH,) were proposed as potential species for
detection.?® In a following study, these authors investigated the
possible formation of cyclopropenylidene disubstituted with
CN and CCH radicals in space.*’

In this work, we have analyzed the formation processes of
cyano, ethynyl and hydroxy derivatives of the structural isomers
cyclobutadiene (c-C,H,), butatriene (H,CCCCH,), and vinylace-
tylene (H,CCHCCH) through the following reaction: C,;H, + X
— C4H;3X + H, where X = CN, CCH, and OH. We highlight that
all of these radicals have already been detected in the inter-
stellar medium, further motivating the exploration of the
aforementioned routes. We have also studied the thermochem-
istry of the different processes and analyzed the critical points
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of each potential energy surface (PES) to determine possible
activation barriers.

2 Computational methods

Ab initio and density functional theory (DFT) methodologies
have been employed to study the hydroxy, cyano, and ethynyl
derivatives of cyclobutadiene (c-C,H,), butatriene (H,CCCCH,),
and vinylacetylene (H,CCHCCH), along with all the intermedi-
ates and transition states identified on the respective potential
energy surfaces (PES) associated with their formation reactions.
We note that the selection of computational levels prioritizes
maximum accuracy while maintaining reasonable computa-
tional efficiency.

At the DFT level, we have chosen the hybrid functionals
MO8HX>® and MPWB1K,>® which generally provide excellent
results in both thermochemistry and kinetics. Additionally, the
double-hybrid B2PLYPD3 functional®® was employed. This
functional includes Hartree-Fock exchange and a perturbative
second-order correlation part, together with a Grimmes D3B]J
empirical dispersion term.*" For these three functionals, Dun-
ning’s correlation consistent triple-zeta basis set, aug-cc-
pVTZ,*? was used, which includes both polarization and diffuse
functions on all elements.

For ab initio calculations, we have selected the explicitly
correlated coupled cluster theory with single and double excita-
tions, including triplet excitations through a perturbative treat-
ment, known as CCSD(T)-F12,*® in conjunction with the cc-
pPVTZ-F12 basis set.®® Recent studies®® have shown that
CCSD(T)-F12/cc-pVTZ-F12 optimized structures and energies
are in excellent agreement with that obtained using a more
complete ‘“‘composite” scheme, but with a much lower compu-
tational cost. The calculated T1 diagnostic at the CCSD level*®
was found to be below 0.02 for all characterized structures. This
value is within the accepted threshold for systems that are well
described by a single-reference wavefunction, supporting the
reliability of our single-reference calculations.

Harmonic vibrational frequency calculations were carried
out for each optimized geometry at every of employed level of
theory. This analysis allowed us to characterize the structures
as either minima (all real frequencies) or transition states (with
one imaginary frequency) and to determine the zero point vibra-
tional energy (ZPVE). To verify that transition states connect the
correct minima, intrinsic reaction coordinate (IRC) calculations®”
were performed for each transition state. Additionally, single-
point energy calculations at the CCSD(T)-F12/cc-pVTZ-F12 level
were performed on the DFT-optimized structures.

All calculations were performed using the GAUSSIAN 16,*
MOLPRO™ program packages, which already implement the
required methods, basis sets, and geometry optimization procedures.

3 Results and discussion

In this section, we will first analyze the geometrical parameters
and the stabilities of the different isomers obtained by
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substituting a hydrogen atom with the hydroxyl (OH), cyano
(CN), and ethynyl (CCH) radicals in cyclobutadiene, butatriene
and vinylacetylene hydrocarbons. Afterward, we will examine
the reactions between these hydrocarbons and the three radi-
cals, which allows us to assess the feasibility of forming such
substituted species.

To streamline the description of the computational levels
employed here, we will adopt the following notation through-
out the discussion: MOSHX, MPWB1K, and B2PLYPD3 refer to
calculations performed at these levels in conjunction with the
aug-cc-pVTZ basis set; CCSD(T)-F12 denotes calculations per-
formed at the CCSD(T)-F12/cc-pVTZ-F12 level; and CC-F12//
MO8HX, CC-F12//MPWB and CC-F12//B2PLD refer to energy
calculations at the CCSD(T)-F12/cc-pVTZ-F12 level using geo-
metries optimized at the MO8HX/aug-cc-pVTZ, MPWB1K/aug-
cc-pVTZ, and B2PLYPD3/aug-cc-pVTZ levels, respectively.

3.1 Structure and stability of the OH, CN, and CCH derivatives
of C,H, isomers

The geometries of the cyclobutadiene derivatives, 2-hydro-
xycyclobuta-1,3-diene (c-C4H3;0H), 2-cyanocyclobuta-1,3-diene
(c-C4H3CN), and 2-ethynylcyclobuta-1,3-diene (c-C,H3;CCH) are
shown in Fig. 1, while the structures of the 1-hydroxybuta-1,2,3-
triene (H,C,HOH), 1-cyanobuta-1,2,3-triene (H,C,HCN), and 1-
ethynylbuta-1,2,3-triene (H,C,;HCCH) are given in Fig. 2. Since
the four hydrogen atoms of vinylacetylene are non-equivalent,
the substitution of one of them will lead to four different
structures. For instance, the cyano-substituted compounds
identified are 1-vinylcyano-acetylene (H,CCHCCCN), 1-vinyl-1-
cyano-acetylene (H,CCCNCCH), trans-1-vinyl-2-cyano-acetylene
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Fig.1 Geometrical parameters of the cyclobutadiene derivates, c-C4HzX
with X = OH, CN, and CCH, calculated at the MO8HX/aug-cc-pVTZ,
MPWB1K/aug-cc-pVTZ (in parentheses), B2PLYPD3/aug-cc-pVTZ (in
brackets) and CCSD(T)-F12/cc-pVTZ-F12 (in curly bracket) levels. Dis-
tances are given in Angstroms.

This journal is © the Owner Societies 2025

View Article Online

Paper
0.9602 1.3559
1.2633 [0.9648] 1.2623 [13659] "
10.96271 /1 3516 [1.2625] (13664} 0.9568
i (12682} 1200/ 10.9613]
[1.3612] {0.9594}

{1.3620} 13005
[13165]
i §
k ¢

13228}

13126
[1.3174]
{13229}

13007
[1:3167] [13193]
{1.3229} (132457 9

syn-H,C,4HOH

1.3146

9

1.0653
[1.0605]
{1.0632}

anti-H,C,4HOH

1.1464
[1.1612]
{1.1615}

1.1994
[1.2090]
{12108}

12605
[1.2602]
{1.2663}

[13157] [1.3240]
(1.3223} {13287y <@

H,C,HCN

1.2606
J\ [1.2603]
(1.2664}

[1.3176] [1.3269]
{1.3239) {1.3315}

H,C,HCCH

\

9

Fig. 2 Geometrical parameters of the butatriene derivates, H,CCCCHX
with X = OH, CN, and CCH, calculated at the MO8HX/aug-cc-pVTZ,
B2PLYPD3/aug-cc-pVTZ (in brackets) and CCSD(T)-F12/cc-pVTZ-F12 (in
curly bracket) levels. Distances are given in Angstroms.

(trans-HCNCCHCCH) and cis-1-vinyl-2-cyano-acetylene (cis-
HCNCCHCCH). The optimized structures of these vinylacety-
lene derivatives are shown in Fig. 3. For all the hydroxyl
isomers, we have identified two conformers, distinguished by
the orientation of the hydrogen atom in the hydroxyl group.
These conformers are denoted with the prefixes syn or anti,
indicating whether the hydrogen is oriented towards the double
bond or in the opposite direction, respectively. The relative
energies for the monosubstituted hydrocarbons obtained at the
different computational levels are provided in Table 1.
Additionally, as a reference, we report the optimized geo-
metries of cyclobutadiene, butatriene, and vinylacetylene, as
well as those of the OH, CN, and CCH radicals, at the levels of
calculation employed in this study. These geometries are
reported as ESIf in Fig. S1, and the relative energies for the
hydrocarbons are summarized in Table S1 (ESIt). The relative
stability data given in Table S1 (ESIt) confirm that the most
stable isomer is vinylacetylene, followed by butatriene and
cyclobutadiene. The relative energy values calculated at the
CC-F12//MO8HX and CC-F12//B2PLD levels are nearly
identical (7.64, 7.74 kcal mol ™" for butatriene, and 33.22 and
33.06 keal mol ™" for cyclobutadiene, relative to vinylacetylene)
and differ by less than 0.3 kcal mol ™" from previously reported
values at the CCSD(T) level using B3LYP-optimized
geometries.”** Our results obtained at the CCSD(T)-F12 level
place butatriene at 9.03 kcal mol " and cyclobutadiene at 32.97
keal mol " above vinylacetylene. This indicates that optimizing
the geometries at the CCSD(T)-F12 level has a higher impact on
the energy than changing the type of functional. This fact is
consistent with the differences observed in the geometries at
the various levels (Fig. S1, ESIT), where it can be seen that the
geometries optimized at the CCSD(T)-F12 level are the closest to
the experimental data.*®*> The variations between CCSD(T)-
F12 and experimental values for the C-C bond lengths in the
C4H, isomers are on the order of hundredths of an angstrom.
We find that for monosubstituted hydrocarbons with OH,
CN and CCH radicals, there are only slight variations in the
structural parameters compared to the parent hydrocarbons.
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These changes are primarily observed in the carbon bond
where the substitution occurs. Specifically, the C-C distance
(or distances) adjacent to the substituted hydrogen increases,
as shown in Fig. 1-3. Regarding the different calculation levels

1416 | Phys. Chem. Chem. Phys., 2025, 27, 1413-11427

employed, it can be seen that the geometries optimized using
the double hybrid functional B2PLYPD3 are the closest to those
calculated at the CCSD(T)-F12 level, while the geometries
obtained using the hybrid functional MPWBI1K are the furthest.
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Table 1 Relative energies (in kcal mol™) of the hydroxy, cyano and ethynyl derivatives of cyclobutadiene, butatriene and vinylacetylene computed at

different levels; ZPV energies are included

Molecule MO8HX CC-F12//M08HX B2PLYPD3 CC-F12//B2PLD CCSD(T)-F12
OH derivatives from the ¢-C,H,/H,CCCCH,/H,CCHCCH + OH reaction

anti-c-C,H,;OH glA/) 37.28 34.62 39.41 34.52 35.66
syn-c-C4H;0H (A) 36.46 33.81 38.55 33.70 34.55
syn-H,C,HOH (‘A" 10.89 12.29 10.50 12.40 13.41
anti-H,C,HOH (*A") 13.19 14.54 12.88 14.68 16.18
anti-H,CCHCCOH (1A') 12.68 13.52 13.39 13.67 14.67
syn-H,CCHCCOH (*A") 12.67 13.52 13.37 13.66 14.70
syn-H,CCOHCCH ('A") 5.86 4.81 5.26 4.73 6.02
anti-H,CCOHCCH ('A") 4.89 3.95 4.45 3.97 5.39
syn-trans-HOHCCHCCH (*A’) 3.33 3.10 3.09 3.12 3.73
anti-trans-HOHCCHCCH ('A") 3.97 3.75 3.78 3.77 4.77
syn-cis-HOHCCHCCH (*A’) 0.00 0.00 0.00 0.00 0.00
anti-cissHOHCCHCCH (*A”) 3.89 3.52 4.12 413 4.68
CN derivatives from the c¢-C,H,/H,CCCCH,/H,CCHCCH + CN reaction

¢-C4H;CN (*A%) 33.56 30.36 35.21 30.20 31.14
H,C,HCN ('A") 7.08 9.03 7.65 9.16 9.05
H,CCHCCCN (*A") —0.23 0.05 —1.48 0.13 0.07
H,CCCNCCH ('A’) 3.81 3.00 3.58 2.91 2.92
trans-HCNCCHCCH (1Ag) 0.00 0.00 0.00 0.00 0.00
¢issHCNCCHCCH (*Ay) 0.45 0.34 0.28 0.34 0.32
CCH derivatives from the ¢-C4H,/H,CCCCH,/H,CCHCCH + CCH reaction

¢-C4H;CCH (*A)) 36.11 32.36 38.67 32.12 32.52
H,C,HCCH (1A’) 10.13 11.46 11.64 11.56 11.51
H,CCHCCCCH (*A") 0.00 0.00 0.00 0.00 0.00
H,CC(CCH), (*A") 6.67 5.16 7.47 5.07 5.19
trans-HCCHCCHCCCH (lAg) 2.89 2.33 3.94 2.28 2.34
¢cissHCCHCCHCCCH ("A) 3.22 2.58 417 2.61 2.63

Therefore, the latter has only been used for cyclobutadiene
derivatives.

The relative stability of the isomers ¢-C,H;3X, H,C,HX, and
H,CCHCC(X), with X = OH, CN and CCH (Table 1), follows a
similar trend for all the radicals: the monosubstituted cyclobu-
tadiene isomers are the most unstable species in all cases,
while the monosubstituted vinylacetylene isomers are the most
stable. This trend mirrors that observed for C,H, hydrocarbons.

Afterward, we will focus on the stability of the four vinyl
acetylene derivatives as a function of the substitution position.
The monosubstituted hydrocarbons, in one of the two hydro-
gen atoms attached to the terminal carbon of the vinyl group,
cis-HXCCHCCH and trans-HXCCHCCH exhibit similar stabili-
ties, with energy differences of less than 1 kcal mol™" for the
CCH radical. In contrast, substitution at the non-terminal
hydrogen of the vinyl group leads to the most unstable com-
pounds, H,CCXCCH. For the hydroxy radical, the most favor-
able structures are obtained by substitution of the terminal
hydrogens of the vinyl group, with the most stable isomer being
syn—-cissHOHCCHCCH. When the ethynyl radical is involved,
the substitution of the acetylenic hydrogen gives rise to the
most stable structure, H,CCHCCCCH. Whereas for the cyano
radical, substitutions at the terminal hydrogens of the vinyl and
acetylene groups results in quasi-isoenergetic isomers (the
energy differences between H,CCHCCCN, cissHCNCCHCCH
and trans-HCNCCHCCH isomers are less than 0.5 kcal mol ™).
These relative stabilities arise from various factors. The for-
mation of H,CCHCCX isomers where the radicals have n-type

This journal is © the Owner Societies 2025

electrons favors delocalization along the carbon chain. Con-
versely, more electrophilic substituents prefer to attack posi-
tions where the carbon has a larger negative partial charge (i.e.,
the terminal carbon of the vinyl group). Another factor to take
into consideration is the steric effect, which may make sub-
stitution at less crowded positions more favorable when repla-
cing a hydrogen atom with radicals.

An analysis of the relative energies at the different computa-
tional levels presented in Table 1 shows that the CC-F12//
MO8HX and CC-F12//B2PLD results are closer to those obtained
at the CCSD(T)-F12 level than those derived at the DFT levels
(MO8HX or B2PLYPD3). The results that most closely match the
CCSD(T)-F12 data are those calculated using the B2PLYPD3
geometries (CC-F12//B2PLD), with energy differences of less
than 0.5 kcal mol ' for the CN and CCH derivatives, and
approximately 1 kcal mol ™" for the OH derivatives.

3.2 Formation of the OH, CN, and CCH derivatives of C,H,
isomers

As a potential route for the formation of the hydroxyl, cyano
and ethynyl derivatives of cyclobutadiene, butatriene and viny-
lacetylene, we have considered the following reaction:

C,H, +X > CHX + H (1)

where C,H, represents the three isomers obeying the general

formula C,H, and X denotes the OH, CN or CCH radicals.
The intermediates (I) and transition states (TS) located on

the different potential energy surfaces (PES) are labeled using a

Phys. Chem. Chem. Phys., 2025, 27, 1413-11427 | 11417
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subscript indicating the related hydrocarbon (cyc, but, or vin,
for reactions with cyclobutadiene, butatriene, or vinylacetylene)
and the radical (OH, CN, or CCH) involved in the reaction
under study. The reactions studied all proceed on the doublet
PES. Geometric optimizations have been performed at the
CCSD(T)-F12 level exclusively for reactants and products. The
relative energies calculated at this level on the DFT-optimized
geometries (CC-F12//DFT) are in close agreement with those
obtained directly at the CCSD(T)-F12 level. In particular, the
reaction energies computed at the CC-F12//B2PLD level gener-
ally differ by about 0.5 kcal mol " from the CCSD(T)-F12 values.

3.2.1 Reaction of cyclobutadiene with OH, CN, and CCH.
The relative energies of the characterized stationary points for
the reactions between cyclobutadiene and the OH, CN, and
CCH radicals are shown in Table 2 for the different calculation
levels. The corresponding reaction profiles are schematically
depicted in Fig. 4.

The formation of hydroxy, cyano, and ethynyl derivatives of
cyclobutadiene are exothermic processes. The most favorable
one is the production of c-C,H;CCH followed by that
of c-C4H;CN, whose reaction energies are —30.27 and
—22.62 kcal mol™" at the CCSD(T)-F12 level, respectively. The
formation of the two hydroxyl-substituted conformers is slightly
exothermic (with energies of —0.58 and —1.51 keal mol ™" at the
CCSD(T)-F12 level for anti-c-C,H;OH and syn-c-C;H;0H,
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respectively). Thus, from an energetic point of view, the formation
would be possible at the low temperature conditions of the ISM,
provided that barrierless reaction pathways are available.

The reaction mechanism for the substitution process is
analogous for all three radicals, as illustrated in Fig. 4, which
depicts the characterized stationary points in their respective
potential energy surfaces (PESs). For simplicity, in the reaction
involving the OH radical, only the reaction pathways corres-
ponding to the syn conformers have been represented, while
the energy values for the anti conformers are provided in
Table 2.

As a representative example, we consider the reaction
mechanism of cyclobutadiene with the CN radical. The process
begins with the insertion of the CN radical into one of the
carbons giving rise to the intermediate denoted as Ilcccn
located at —95.75 kecal mol™ ' below the reactants at the CC-
F12//B2PLD level. This step does not involve any transition
state. Once the intermediate I1.y._cy is formed, the elimination
of the hydrogen atom through the transition state TS1cyc-cn
(located about —23.05 kcal mol™* at the CC-F12//B2PLD level)
leads to the product c-C,H;CN. Alternatively, the intermediate
I1¢yc-cn can undergo isomerization to form the more stable
intermediate 12¢ccn (—101.79 kecal mol™' at the CC-F12//
B2PLD level) through hydrogen migration from the carbon
where the CN insertion occurred to the adjacent carbon. This

Table 2 Relative energies (in kcal mol™) for the stationary points located along the gas-phase reaction paths of cyclobutadiene with hydroxyl, cyano,

and ethynyl radicals computed at different levels; ZPV energies are included

Molecule MOSHX CC-F12//M08HX MPWB1K CC-F12//MPWB B2PLYPD3 CC-F12//B2PLD CCSD(T)-FIZ
Reaction c-C,H, + OH

c-C4,H, + OH 0.00 0.00 0.00 0.00 0.00 0.00 0.00
anti-c-C4H;OH + H —2.86 —0.66 —2.44 —0.57 —1.17 —0.80 —0.58
syn-c-C;H;0H + H —3.68 —1.48 —-3.37 —1.42 —2.03 —1.62 —1.51
antl’—IleC,OH —75.96 —73.02 —78.08 —72.93 —74.05 —72.51

YN-Meye-on —74.32 —71.26 —76.35 —71.14 —72.30 —70.72

antl’-IZCyc_OH —80.75 —75.78 —83.09 —75.78 —77.88 —75.42

YN12¢yc-0m —80.51 —75.61 —82.92 —75.64 —77.71 —75.30

anti-TS1eye-on -1.78 0.02 —2.01 —0.23 1.94 1.29

$YN-TS1eye-om —2.27 —0.50 —3.13 —0.61 0.79 0.57

antl’—TSZCycfoH —28.51 —22.95 —30.10 —22.99 —25.81 —22.95

Y-TS2¢ye-om —29.73 —24.20 —31.29 —24.13 —26.99 —24.07

anti-TS3cye-on —3.36 —0.56 —2.48 ~1.01 —1.24 —0.83

SYN-TS3cye-om —4.03 -1.33 —3.31 —1.75 —2.07 —1.69

TS4-I1cye-on —73.76 —70.58 —75.79 —70.56 —71.68 —70.13

TS5-12¢yc-0n —77.63 —72.98 —79.93 —73.01 —74.69 —72.60

Reaction c-C,H, + CN

c-C4,H, + CN 0.00 0.00 0.00 0.00 0.00 0.00 0.00
c-C4H;3CN + H —30.88 —23.65 —31.40 —23.64 —28.07 —23.51 —22.62
Ileye-con —106.45 —96.48 —109.45 —96.47 —101.40 —95.75

12¢yc-cn —113.45 —102.76 —117.48 —102.75 —108.48 —101.79

TS1eye-cn —30.26 —22.74 —34.06 —22.43 —23.82 —23.05

TSZCyC,CN —61.07 —49.36 —64.01 —49.34 —55.94 —48.78

TS3cye-cn —31.20 —23.58 —31.06 —23.55 —23.64 —22.16

Reaction c¢-C4;H, + CCH

c-C4H,; + CCH 0.00 0.00 0.00 0.00 0.00 0.00 0.00
c-C4H;3;CCH + H —34.39 —30.90 —35.66 —31.01 —35.60 —30.86 —-30.27
Ieye-cen —107.08 —101.08 —110.74 —101.16 —106.00 —100.40

2eye-ccn —117.35 —110.08 —122.10 —110.52 —116.28 —109.49

TS1eye-con —33.73 —30.07 —39.12 —57.26 —32.77 —30.86

TS2eye-con —64.67 —56.66 —68.25 —56.75 —63.38 —56.14

TS3cye-ccH —34.85 —30.94 —35.56 —31.16 —35.86 —31.02

11418 | Phys. Chem. Chem. Phys., 2025, 27, 11413-11427 This journal is © the Owner Societies 2025
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Fig. 4 Relative energies (in kcal mol™) for the stationary points located along the gas phase reaction of cyclobutadiene with hydroxyl, cyano, and
ethynyl radicals computed at the CCSD(T)-F12/cc-pVTZ-F12//B2PLYPD3/aug-cc-pVTZ level. ZPV energies are included.

step involves the transition state TS2y.cn located —48.78 keal mol ™!
below the reactants at the CC-F12//B2PLD level. Subsequently, the
elimination of one of the hydrogen atoms bonded to the carbon in
I2¢yc-cn also yields the formation of ¢-C,H;CN. This step involves
the transition state TS3.y.cn, Which is clearly below the reactants
(—22.16 keal mol ' at the CC-F12//B2PLD level). Therefore, the
formation of c-C,H;CN via both pathways proceeds without a net
activation barrier, indicating that the reaction is feasible under
ISM conditions. The reaction mechanisms can be summarized as
follows:

¢-C4H, + CN - Hepe-on = TS1gye-on — ¢-C,H;CN + H

(2)

C'C4H4 +CN - Ilcyc—CN - TSZCyc—CN - Izcyc—CN - TSBCyC7CN -
¢-C,H,CN + H (3)

Regarding the reaction between cyclobutadiene and the
ethynyl radical, it shows a reaction profile analogous to that
observed for the corresponding reaction with the cyano radical.
However, in the case of the CCH radical, the identified sta-
tionary points and the final product possess greater relative
stability compared to those found in the CN system, with
energy differences ranging from 10 to 20 kcal mol .
As illustrated in Fig. 4, the transition states TSlcc-ccn
and TS3c-ccu, When zero-point vibrational energy (ZPVE)

This journal is © the Owner Societies 2025

corrections are included, show energies equal to or slightly
lower than that of the reaction product, c-C4H;CCH.

As previously indicated, the formation of the two conformers
of the hydroxy derivatives, syn- and anti-c-C,H;0H, is only
barely exothermic. As shown in Table 2 and Fig. 4, both syn-
and anti-TS1y.con transition states lie slightly above the reac-
tants (0.57 kcal mol™" and 1.29 kcal mol™" at the CC-F12//
B2PLD, respectively), suggesting that the formation of the
hydroxy derivative could proceed in the ISM via the syn- and
anti-12¢y._op intermediates. This path involves the transition
states syn- and anti-TS3¢con lying below the reactants
(—0.83 kcal mol™' and —1.69 kcal mol ' at the CC-F12//
B2PLD, respectively). In Table 2, for the reaction of c-C,H, with
radical OH we include transition states TS4-I1¢yc_on and TS4-
12¢yc-on, Which correspond to the interconversion between the
syn and anti conformers of intermediates I1¢yc-on and 12¢ye_om,
respectively. As shown, the activation barriers for interconver-
sion are significantly lower than the energy of the reactants
(—70.13 and —72.60 kecal mol ' at the CC-F12//B2PLD level of
theory, respectively). This suggests that interconversion to the more
stable conformer is energetically favorable under ISM conditions.

In summary, the results for the reaction of cyclobutadiene
with OH, CN, and CCH radicals indicate that the formation of
cyano, ethynyl, and hydroxy derivatives of cyclobutadiene is
thermodynamically feasible and involves no net activation
barriers. Among these, the most favorable processes involve

Phys. Chem. Chem. Phys., 2025, 27, 11413-11427 | 11419
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Table 3 Relative energies (in kcal mol™?) for the stationary points located along the gas-phase reaction paths of butatriene with hydroxyl, cyano, and

ethynyl radicals computed at different levels; ZPV energies are included

Molecule MO8HX CC-F12//M08HX B2PLYPD3 CC-F12//B2PLD CGSD(T)—F12
Reaction H,CCCCH, + OH

H2C,H, + OH 0.00 0.00 0.00 0.00 0.00
syn-H,C,HOH + H 1.60 2.59 2.41 2.40 2.49
anti-H,C,HOH + H 3.90 4.83 4.80 4.68 4.75
syn-H,CCOHCCH + H —3.43 —4.90 —2.82 —-5.27 —5.06
anti-H,CCOHCCH + H —4.39 —5.76 —3.63 —6.03 —5.86
syn-Tlpueomn —47.05 —47.25 —44.96 —47.03

anti-pyeom —48.19 —48.33 —46.15 —48.04

syn-TS1pyeou —0.26 -1.97 0.05 ~1.89

anti-TS1puron —1.11 —2.77 —0.71 —2.64

Reaction H,CCCCH, + CN

H,C,H, + CN 0.00 0.00 0.00 0.00 0.00
H,C,HCN + H —26.50 —19.40 —23.13 —19.23 —19.27
H,CCCNCCH + H —29.78 —25.44 —27.20 —25.49 —25.40
Hpuecn —77.08 —70.21 —71.98 —69.72

Rpyecn —75.77 —68.43 —70.50 —68.06

TS1pue-on —26.54 —22.33 —23.73 —21.78

TS2but-oN —23.07 —~16.37 —18.61 —15.67

TS3put—cn —38.48 —28.90 —30.84 —28.06

Reaction H,CCCCH, + CCH

H,C,H, + CCH 0.00 0.00 0.00 0.00 0.00
H,C,HCCH + H —29.52 —26.23 —-30.12 —26.10 —25.85
HZCC(CCH)Z +H —32.98 —32.53 —34.30 —32.59 —32.18
Mpuecen —79.13 —76.41 —78.04 —75.92

12put-ccu —77.06 —73.96 —75.88 —72.26

TS1put-ccu —29.92 —29.70 —31.02 —29.10

TS2but-ccH —26.17 —23.40 —25.55 —22.68

TS3pucon —46.74 —41.19 —43.23 —40.39

the formation of ¢-C,H;CN and c-C,H;CCH derivatives, which
appears as thrilling candidates for interstellar detection. More-
over, this derivatization infers a significant dipole moment to
the parental and apolar ¢-C,H,, enabling its detection by means
of rotational spectroscopy in the laboratory but also in space. In
this context, the main challenge for such measurements lies in
generating sufficient quantities of these highly unstable anti-
aromatic species in the gas phase. However, emerging labora-
tory techniques, such as direct-absorption millimeter and
submillimeter spectroscopy of desorbed species from ice
samples,”® may succeed where conventional spectroscopic
methods are likely to fail. Furthermore, the eventual detection
of CN and CCH derivatives could serve as indirect evidence for
the presence of c-C,H, in the interstellar medium (ISM).

3.2.2 Reaction of butatriene with OH, CN, and CCH. The
stationary points on the doublet potential energy surfaces
(PESs) corresponding to the reactions between butatriene and
the hydroxy, cyano, and ethynyl radicals at various computa-
tional levels are summarized in Table 3. The reaction profiles
are depicted in Fig. 5. As in the case of cyclobutadiene reacting
with OH, only the pathway associated with the anti conformer is
presented, as it is the most thermodynamically favorable.

As shown in Table 3, the formation of 1-cyanobuta-1,2,3-
triene (H,C,HCN) and 1-ethynylbuta-1,2,3-triene (H,C,HCCH)
are significantly exothermic, with reaction energies of —19.27
kcal mol " and —25.85 keal mol ™, respectively, at the CCSD(T)-
F12 level. On the other hand, the formation of 1-hydroxybuta-
1,2,3-triene (H,C,HOH) is slightly endothermic for both the syn

1420 | Phys. Chem. Chem. Phys., 2025, 27, 11413-11427

and anti conformers, with computed reaction energies of
2.49 keal mol ™" and 4.75 kecal mol ™, respectively, at the same
level of theory. Consequently, the formation of these hydroxy-
containing species is not feasible under the low-temperature
conditions characteristic of the ISM. Additionally, we consider the
vinyl acetylene derivatives 1-vinyl-1-cyano-acetylene (H,CCCNCCH),
and 1-vinyl-1-ethynyl-acetylene (H,CC(CCH),), and the syn- and
anti-1-vinyl-1-hydroxy-acetylene (H,CCOHCCH) as potential reac-
tion products, as they can also form through the interaction of
butatriene with the aforementioned radicals. These reaction path-
ways are exothermic, with reaction energies of —25.40, —32.18,
—5.06, and —5.86 kcal mol ", respectively, at the CCSD(T)-F12 level.
The corresponding reaction pathways for their formation are also
illustrated in Fig. 5.

We then analyze the reaction profile starting with the
interaction between butatriene and the CN radical as a refer-
ence. The CN radical can either bond to one of the central
carbon atoms of butatriene, leading to the intermediate 1y,
cns Or to one of the terminal carbon atoms, yielding intermedi-
ate I2p,ccn. An analysis of the reaction coordinate in both cases
indicates that these intermediates form without passing
through a transition state. Both are significantly more stable
than the reactants, with relative energies of —69.72 kcal mol "
and —68.06 kcal mol ', respectively, at the CC-F12//B2PLD
level. From Il cn, the elimination of a hydrogen atom from
the terminal carbon farthest from the CN group leads to the
formation of the most exothermic product, the vinylacetylene
derivative H,CCCNCCH. This transformation occurs through

This journal is © the Owner Societies 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp00781j

Open Access Article. Published on 02 May 2025. Downloaded on 11/2/2025 7:00:59 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

PCCP Paper
o ‘7/ antl'TSIhul-OH
hanm .
o ot = ,
=0 ‘/ b
A nn_ -
000 . NS
264 s N
Vitey N = o
RO / .03
P MR N N 1 A
AN ! TS2pyecx,
M % S ' TSI ) )
. . Slput-cN . i
‘. “‘ \\\ N \s :I, \ R o s ."_’\ . Tszh“t'CCH
' v N N N , / » / i . o
| \ ~ ) ey ey ge o o
4% % “IS3pueen P BT e il .
' Vo N N & p o 4 7 e % b—a—0—df
LORh S S ; -, ; \ 1923 ) — p
LY £ | ' . O h TR /
L T ] NI N W |} M. s | -22.68 SIS S
' ' \ DR~ e . H 254 K ’a=\‘ i / i N 9
i \ \ N 2. S 7 — 1 R
' VN N28.06 e TS3 ; "N —
N 1 < ——
' v \\\ 8 \", A ) hut»ACCH :’ o -“229.10 ... X :’
' Y \ . N 4 ~ \ ! .
‘ \ ny . \ : y 3259
' v Nanti-Tlgyeon [ -~ I ; ; :
l‘ \“ \“ ; ‘\9\ ! "'\\ \\\ B I’, - :n
—_——
0 4 \\: /\‘\/, K 5 ; <4039 8, ; ’,' :
. Y N A [ N 257 :
! Voo 4804 S i Wy g1 N :
' Vo I U T S !
¢ 8 4 ), 3 4 // e AR 3 '
1 v II ks \ v /I \\ \\ !
' “' , NS . / oo N h Reacti ith OH
’ 4 ¥ . ~ S eeeesee-
Vo Ipyeen N - # / SR : eaction wit
\ ut-CN SN L : S % [ - Reaction with CN
] ; [ ' N 5,5 TEbUGCN o < 2 ' Reaction with CCH
! 4 /,'\\ Iyueccu j R ! S hut—CCH‘ﬂ,,,
ll N 1 2 /’ W ‘\ N
s ‘,%)‘\-‘,/‘, g J ’/ - NN L '
jo \ Y J ” Na i
[ \ ¢ v .z N
69.72 I -68.06 3 ;
V=N 7226

-75.92

Fig. 5 Relative energies (in kcal mol™) for the stationary points located along the gas phase reaction of butatriene with cyano, and ethynyl radicals
computed at the CCSD(T)-F12/cc-pVTZ-F12//B2PLYPD3/aug-cc-pVTZ level. ZPV energies are included.

the TS1p,¢cn transition state, which is located below the energy
of the reactants (—21.78 kcal " at the CC-F12//B2PLD level). The
overall reaction process can be summarized as follows:

H,C,H, + CN > Hpyeon — TS1pueon — H,CCCNCCH + H

(4)

Alternatively, if one of the hydrogens in I1py.cn is removed
from the carbon closest to the CN group, a cyclic product is
formed. This process involves an activation barrier of more
than 30 kecal mol . For this reason, it has not been included, as
it is, in principle, an unfeasible process under ISM conditions.

Starting from the intermediate 12y, cn, the elimination of
one hydrogen from the carbon to which the CN radical is
attached leads to the formation of the butatriene derivative,
H,C,HCN. This process takes place through the TS2pucn
transition state, located —15.67 kcal mol ™" below the reactants.
The overall process can be summarized as:

H204H2 + CN — Izbutch i Tszbutch d H2C4HCN +H

(5)

As can be seen in Fig. 5, the intermediate 12},,,.cn can also
isomerize to the more stable one, I1p,.cn, through the TS3p,.
o~ transition state, which is located 28.06 kcal mol™* below the
reactants.

Concerning the reaction of butatriene with the CCH radical,
its profile closely parallels that of the reaction with the CN
radical and, similarly to the reactions with cyclobutadiene, the

This journal is © the Owner Societies 2025

various PES stationary points along the reaction paths are
relatively more stable. Overall, the results derived for the
reaction of butatriene with CN and CCH radicals indicate that
the butatriene derivatives, H,C,HCN and H,C,HCCH, can be
readily produced, but the formation of vinylacetylene deriva-
tives, H,CCCNCCH and H,CC(CCH),, is even more favorable
from the energetic (more exothermic) point of view and exhibits
lower barriers.

A similar result is obtained for the reaction of H,C,H, with
the OH radical, for which, from a thermodynamic point of view,
only the formation of the vinylacetylene derivatives, syn- and
anti-H,CCOHCCH, is feasible (see Table 3). As shown in Fig. 5,
these pathways proceed via the syn- and anti-syn-Ilpuon
intermediates by elimination of a hydrogen from the terminal
carbon farthest from the OH group. The transition states
involved, syn- and anti-TS1lpyon, are located 1.86 and
2.64 keal mol ! below the reactants. Therefore, the formation
of syn- and anti-H,CCOHCCH is also feasible.

3.2.3 Reaction of vinylacetylene with OH, CN, and CCH.
Finally, we analyze the reactions of OH, CN, and CCH radicals
with vinylacetylene. The relative energies of reactants, products,
intermediates, and transition states characterized on their respec-
tive PESs - at the different calculation levels — are summarized in
Table 4. The corresponding reaction profiles for OH, CN, and
CCH are depicted in Fig. 6, 7, and 8, respectively.

We first consider the reaction of H,CCHCCH with the
OH radical. As can be seen in Table 4, the reaction is
only exothermic for the formation of the vinylacetylene
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Table 4 Relative energies (in kcal mol™?) for the stationary points located along the gas-phase reaction paths of vinylacethylene with hydroxyl, cyano,

and ethynyl radicals computed at different levels; ZPV energies are included

Molecule MOSHX CC-F12//M08HX B2PLYPD3 CC-F12//B2PLD CGSD(T)—F12
Reaction H,CCHCCH + OH

H,CCHCCH + OH 0.00 0.00 0.00 0.00 0.00
syn-H,CCHCCOH + H 8.72 11.44 11.47 11.40 11.47
anti-H,CCHCCOH + H 8.73 11.45 11.48 11.41 11.50
syn-H,CCOHCCH + H 1.91 2.74 3.36 2.47 2.59
anti-H,CCOHCCH + H 0.95 1.87 2.55 1.71 1.80
syn-transsHOHCCHCCH + H —0.61 1.03 1.19 0.86 0.99
anti-trans-HOHCCHCCH + H 0.03 1.68 1.88 1.51 1.60
syn-cissHOHCCHCCH + H —3.94 —2.07 —1.90 —2.26 —2.12
anti-cis-HOHCCHCCH + H —0.06 1.44 2.21 1.87 1.96
syn-Tlyin-on —37.94 —35.56 —34.78 —35.46

SYN124in-om —37.35 —35.61 —34.86 —35.37

SYN-TS1yin-om 3.81 4.95 5.11 5.10

SYN-TS24in-om 0.39 1.79 1.93 1.90

SYn-TS3yin-on —36.60 —35.00 —34.11 —34.77

Reaction H,CCHCCH + CN

H,CCHCCH + CN 0.00 0.00 0.00 0.00 0.00
H,CCHCCCN + H —28.47 —20.75 —26.09 —20.52 —20.60
H,CCCNCCH + H —24.43 —17.80 —21.02 —17.75 —17.75
trans-HCNCCHCCH + H —28.24 —20.80 —24.60 —20.65 —20.67
ciss-HCNCCHCCH + H —27.79 —20.45 —24.33 —20.31 —20.35
Myin-cn —72.78 —63.54 —66.98 —62.89

124in-cx —52.53 —44.53 —46.87 —44.37

Boincn —69.92 —61.09 —63.93 —60.54

Hyin-cn —69.45 —60.67 —63.60 —60.18

TS1yin-cx —23.14 —15.88 —19.80 —15.00

TS2uin-oN —~16.20 —~9.99 —12.49 —9.66

TS3yin_oN —24.18 —17.03 —20.09 —16.43

TS4yin-cx —23.72 —~16.67 —19.81 —16.05

TS5yin_cn —9.76 —4.51 -9.10 —4.34

TS6yin-on —68.70 —60.16 —63.10 —59.72

Reaction H,CCHCCH + CCH

H,CCHCCH + CCH 0.00 0.00 0.00 0.00 0.00
H,CCHCCCCH + H —34.30 —30.05 —35.59 —29.92 —29.71
HZCC(CCH)2 +H —27.64 —24.89 —28.12 —24.85 —24.52
trans-HCCHCCHCCH + H —31.42 —27.73 —31.65 —27.64 —27.37
ciss-HCCHCCHCCH + H —31.09 —27.48 —31.42 —27.31 —27.07
Myin-ccn —74.76 —69.47 —72.88 —68.83

12yin-con —54.23 —50.25 —52.54 —50.13

Byin-ccn —70.88 —65.97 —68.82 —65.51

yin-ccn —70.23 —65.39 —68.33 —64.97

TS1vin-ccn —28.73 —25.03 —29.03 —24.17

TS2yin_con ~19.30 —~17.09 ~19.53 —~16.79

TS3yin-ccH —27.35 —24.06 —27.09 —23.46

TS4in-ccn —26.96 —23.74 —26.87 —23.10

TS5yin_con —4.56 —3.38 —7.49 —2.98

TS6yin-ccn —69.46 —64.86 —67.75 —64.45

derivative, syn-cissHOHCCHCCH with a reaction energy of
—2.12 keal mol " at the CCSD(T)-F12 level. The reaction energy
for obtaining the syn-trans-HOHCCHCCH isomer is close to
zero at all the different levels employed. Therefore, we will
consider the formation of these two products whose reaction
profiles are shown in Fig. 6. When the OH radical interacts with
the terminal carbon of the acetylene group, two intermediates,
syn-Ilyin-on and syn-12,i,_on, are obtained, depending on the
dihedral angle formed between the OH radical and the
CCH group of vinylacetylene. The formation of these inter-
mediates occurs directly, without the involvement of transition
states and they are located below the reactants (—35.46, and
—35.37 keal mol ' at the CC-F12//B2PLD level, respectively).
Subsequent hydrogen elimination from the OH-bonded carbon

1422 | Phys. Chem. Chem. Phys., 2025, 27, 11413-11427

in syn-I1yin-on and syn-12y;, on leads to the formation of the
products syn-cissHOHCCHCCH and syn-trans-HOHCCHCCH.
These processes proceed through the transition states syn-
TS1yin-on and syn-TS2.in_on, Which lie 1.90 and 5.10 kecal mol ~*
above the reactants at the CC-F12//B2PLD level, respectively.
Given these energy barriers, the formation of hydroxy deriva-
tives of vinylacetylene through these reaction pathways are
unlikely under the typical temperature and density conditions
of the ISM.

On the other hand, the formation pathways of the four
cyano-substituted derivatives of vinylacetylene, H,CCHCCCN,
H,CCCNCCH, trans-HCNCCHCCH, and c¢is-HCNCCHCCH,
through the substitution of a hydrogen atom in vinylacetylene
for the cyano (CN) radical, are exothermic, with reaction

This journal is © the Owner Societies 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp00781j

Open Access Article. Published on 02 May 2025. Downloaded on 11/2/2025 7:00:59 PM.

(cc)

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

View Article Online
PCCP Paper

syn'Tszvin—OH

Syl’l-TS 1 vin-OH

Path to syn-cis-HOHCCHCCH
Path to syn-trans-HOHCCHCCH

—L-35.46 -34.77
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energies ranging from —17.75 to —20.67 kcal mol ™', as sum-
marized in Table 4. The corresponding reaction profiles for the
formation of these cyano derivatives are depicted in Fig. 7. terminal carbon of the vinyl group in different orientations. All

The reaction initiates with the addition of the CN radical to intermediates lie significantly below the reactants, with relative
one of the carbon atoms in vinylacetylene. When CN attaches to  energies of —62.89, —44.37, —60.54, and —60.18 kcal mol " at
the carbon of the ethynyl moiety, intermediate I1,;,cy is the CC-F12//B2PLD level, respectively. From these intermedi-
formed. Alternatively, if the CN radical binds to the carbon of

ates, the elimination of a hydrogen atom bonded to the carbon
the vinyl group that is bonded to just one hydrogen, where the CN radical was initially added results in the

intermediate 12,;,_cn is obtained. Furthermore, intermediates
13yin_-cn and I4yi,_cn arise from the attachment of CN to the

This journal is © the Owner Societies 2025 Phys. Chem. Chem. Phys., 2025, 27, 1413-11427 | 11423
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formation of the final cyano-substituted vinylacetylene pro-
ducts H,CCHCCCN, H,CCCNCCH, trans-HCNCCHCCH, and
cissHCNCCHCCH. These steps proceed through transition
states TS1yin-cny TS2vin-cny TS3vin-cn, and TS4yin_cn, Which are
located —15.00, —9.66, and —16.43 and —16.05 kcal mol™*
below the reactants at the CC-F12//B2PLD level, respectively.
Additionally, we include in the reaction profile transition state
TS5.in-cn, located at —4.34 kcal mol ™" relative to the reactants
at the CC-F12//B2PLD level, which corresponds to the isomer-
ization of intermediate I12.,_cn into the more stable ones
13,in-cn and I4,;,_cn. We also characterized the transition state
TS6.in-cn, Which is associated with the rotation of the terminal
vinyl carbon, facilitating the interconversion of I3;,-cn to I4yin-
cn- This transition state is positioned slightly above the inter-
mediates, with a relative energy of —59.72 kcal mol " at the CC-
F12//B2PLD level. As shown in the Fig. 7, the formation path-
ways of the four cyano-substituted vinylacetylene isomers fol-

low analogous mechanisms, which can be exemplified by the
formation of H,CCHCCCN:

H,CCHCCH + CN — Iyin-on = TS1yin-on — H,CCHCCCN + H

(6)

These results indicate that the formation of the four cyano-
substituted derivatives of vinylacetylene is thermodynamically fea-
sible in the ISM from the proposed CN addition. However, deter-
mining the relative abundances of each isomer requires a detailed
kinetic study of the processes, which falls beyond the scope of this
work and will be undertaken in the near future. As noted in the
introduction, two cyanovinylacetylene isomers, H,CCHCCCN and

1424 | Phys. Chem. Chem. Phys., 2025, 27, 11413-11427

trans-HCNCCHCCH, have been detected in the TMC-1 molecular
cloud.”** The reaction described here represents a potential
synthetic pathway contributing to their formation.

As shown in Table 4, the formation of the four ethynyl-
substituted derivatives of vinylacetylene, H,CCHCCCCH,
H,CC(CCH),, trans-HCCHCCHCCH, and cis-HCCHCCHCCH,
from the reaction between vinylacetylene and the CCH radical
is exothermic, with reaction energies of —29.71, —24.52,
—27.37, and —27.07 kcal mol ' at the CCSD(T)-F12 level,
respectively. The corresponding reaction pathways leading to
these products are depicted in Fig. 8. It is worth noting that
these pathways closely resemble those described in Fig. 7 for
the analogous reaction with the CN radical. The reaction
between the CCH radical and vinylacetylene leads to the
formation of four intermediates, I1yin_ccr, 12vin-ccry I3vin-ccs
and I4in-ccu. These intermediates undergo hydrogen atom
elimination from the carbon where the CCH radical has
bonded, resulting in the final products. The transition states
involved in these processes, TS1vin-ccr, TS2vin-ccrs TS3vin-cCHy
and TS4yin-ccn, are located well below the reactants (—24.17,
—16.79, —23.46, and —23.10 kcal mol™! at the CC-F12//B2PLD
level). Thus, the formation of isomers H,CCHCCCCH,
H,CC(CCH),, trans-HCCHCCHCCH, and cis-HCCHCCHCCH,
from the CCH addition to vinylacethylene, is feasible under
ISM conditions, as all processes proceed without a net activa-
tion barrier. In contrast, the higher TSs reported above for the
reactions with the OH radicals can be rationalized in terms of a

reduced delocalization of m-electrons in the double bonds,
compared to CN- and CCH-bearing species, which benefit from
greater stabilization due to a more extended conjugation.
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3.3 Astrophysical implications

Our theoretical findings demonstrate that the cyano, ethynyl,
and hydroxy derivatives of the highly strained antiaromatic
cyclic c-C4Hy, can readily form under ISM conditions, provided
that the parental species c-C,H, is available in the gas phase, as
supported by its recent laboratory detection in low-temperature
ice analogs.”* Subsequent desorption could occur through
different thermal and non-thermal processes (e.g., in the hot-
core stage or due to the action of large-scale shocks), depending
on the physical properties of the astronomical environment.
Furthermore, we emphasize that while ¢-C,;H, is “invisible” to
radioastronomy due to its lack of a permanent dipole moment,
the detection of its OH, CN and CCH derivatives could serve as
indirect evidence of the presence of ¢-C4;H, in the ISM. Therefore,
the present results highlight the need for future theoretical and
laboratory studies on the spectroscopic characterization of these
polar derivatives that facilitate their astronomical identification,
which will help shed light on the role of antiaromatic systems in
astrochemistry.

The results obtained for the reactions of butatriene with CN
and CCH radicals suggest that the formation of butatriene
derivatives, specifically H,C;HCN and H,C,HCCH, is energeti-
cally feasible. However, the formation of vinylacetylene deriva-
tives, such as H,CCCNCCH and H,CC(CCH),, is even more
favorable, exhibiting higher exothermicity and lower activation
barriers. In the case of the OH radical, only the formation of
vinylacetylene derivatives, syn- and anti-H,CCOHCCH, is found
to be viable. On the basis of these results, kinetic analysis is
necessary to fully assess the viability of butatriene derivative
formation under interstellar conditions.

Four distinct isomers can be obtained via the CN and CCH
addition reaction to vinylacetylene: H,CCHCCCN, H,CCCNCCH,
trans-CNHCCHCCH, and c¢is-CNHCCHCCH, H,CCHCCCCH,
H,CC(CCH),, transsHCCHCCHCCH, and c¢issHCCHCCHCCH.
Bearing in mind that H,CCHCCCN and ¢rans-HCNCCHCCH, have
been already detected in the cold dark cloud TMC-1,>*** our
results suggest that the CN and CCH addition reactions to
vinylacetylene represent a plausible formation pathway leading
to these species. In this context, future theoretical efforts will
focus on analyzing the kinetics behind the proposed routes, which
will be essential for deriving and subsequently rationalizing the
observed isomeric ratio.

Overall, our results indicate that cyano and ethynyl deriva-
tives can be readily formed from C,H, hydrocarbons. In con-
trast, the formation of hydroxy derivatives appears significantly
less favorable, despite the high abundance of OH radicals in
the interstellar medium (ISM). These results are consistent with
the fact that, to date, only CN and CCH derivatives of pure cyclic
hydrocarbons have been definitely identified.

4 Conclusions

In this study, we have performed a theoretical investigation of the
stability and formation processes for the cyano (CN), ethynyl
(CCH) and hydroxy (OH) derivatives of the C,H, structural
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isomers: cyclobutadiene (c-C4H,), butatriene (H,CCCCH,), and
vinylacetylene (H,CCHCCH). In particular, we proposed the gas-
phase reaction: C;H, + X — C,H3X + H, where X = CN, CCH, and
OH. For each system, we have analyzed in detail the thermo-
chemistry and identified the critical points involved in each PES to
determine possible activation barriers. The main conclusions of
this work are the following:

e The results for the reaction starting with the cyclic system,
cyclobutadiene (c-C4H,) have shown that the formation of cyano,
ethynyl, and hydroxy derivatives are thermodynamically feasible
and involve no net activation barriers. Among these, the most
favorable pathways involve the formation of c-C,H;CN and c-
C,H;CCH derivatives, which emerge as promising candidates for
interstellar detection via JWST (IR) observations or through radio-
astronomical observations, once rotational laboratory spectro-
scopic data become accessible.

e Regarding the formation of the butatriene (H,CCCCH,)
derivatives, we found that endothermic reaction pathways
are unfeasible to the formation of the hydroxy derivatives under
ISM conditions. However, the suggested PESs also allow the
formation of various vinylacetylene derivatives syn- and anti-
H,CCOHCCH, which proceeds with no net activation barrier. In
contrast, the CN and CCH addition reactions are exothermic
and lead to the formation of H,C,HCN and H,C,HCCH without
net activation barriers. Interestingly, we also found that the
formation of the vinylacetylene derivatives H,CCCNCCH and
H,CC(CCH), is even more favorable from the energetic (more
exothermic) point of view and shows lower barriers.

e As for vinylacetylene (H,CCHCCH), while the formation of
the OH derivatives is again unlikely under the typical conditions
of the ISM due to the net activation barrier, we have identified
feasible routes for the formation of all CN and CCH substituted
derivatives. In this context, future theoretical efforts will focus on
analyzing the kinetics behind the proposed routes.

e Finally, concerning the different computational levels
employed in this study, the reaction energies calculated at the
CCSD(T)-F12 level deviate by less than 1.0 kcal mol™" from
those obtained at the CC-F12//B2PLD level, where single-point
energy calculations were performed on geometries optimized at
the B2PLYPD3 level. The results obtained with this approach
are highly consistent. Therefore, the influence of molecular
geometry is comparatively less significant than the incorpora-
tion of electron correlation energy.
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