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ABSTRACT: The formation pathways to nitrogen-containing
molecules and radicals are crucial to the understanding of the
carbon−nitrogen chemistry in interstellar and atmospheric environ-
ments. While over 65 nitrogen-containing neutral species have been
observed in deep space to date, their formation mechanisms�in
particular, those of radical species�remain largely speculative. The
crossed molecular beam technique in conjunction with electronic
structure and statistical calculations was utilized to offer a detailed
overview of the fundamental pathways in the gas-phase bimolecular
reaction of ground-state atomic carbon (C, 3P) with acetonitrile-d3
(CD3CN, X1A1) under single-collision conditions leading to the
formation of the 1-cyanovinyl radical (D2CCCN, X2A′) coupled
with deuterium atom loss. The indirect reaction was initiated by
barrierless carbon-atom addition, with the most probable route involving carbon addition across the carbon−nitrogen nitrile triple
bond of acetonitrile, forming a three-membered ring intermediate followed by ring-opening and unimolecular decomposition via
atomic deuterium loss from the C3 carbon atom. The reaction was overall exoergic, and intermediates and transition states lie lower
in energy than the separated reactants, unlocking the reaction of carbon with acetonitrile in low-temperature environments such as
cold molecular clouds, e.g., Taurus Molecular Cloud (TMC-1), and planetary atmospheres, e.g., Saturn’s moon Titan. In these
environments, the 1-cyanovinyl radical may act as a building block for cyano-substituted polycyclic aromatic hydrocarbons and N-
heterocycles, thus furthering our understanding of the complex carbon−nitrogen chemistry in deep space.

1. INTRODUCTION
Since the first observation of the cyano radical (CN, X2Σ+)
toward ζ Ophiuchi more than 80 years ago,1 multiple nitrogen-
containing molecules such as nitriles,2 amines,3 and imines4

have been discovered in various astrophysical regions, with
particular interest directed to cold molecular clouds such as
TMC-1 and the atmospheres of planetary bodies like Saturn’s
moon Titan.5−8 In the last few years alone, the list of detected
molecules in the ISM has nearly doubled, with over 65
observed neutral compounds containing (iso)cyano moieties
thus far.9 Simple nitriles such as hydrogen cyanide (HCN),10

acetonitrile (CH3CN),
11 and vinylcyanide (CH2CHCN)

12 are
ubiquitous throughout deep space and easily detected via
microwave spectroscopy due to their large dipole moments.
While the dehydrogenated radicals of hydrogen cyanide
(cyano, CN) and acetonitrile (cyanomethyl, CH2CN) were
observed decades ago,1,13 only recently has the 1-cyanovinyl
radical (H2CCCN)�the singly dehydrogenated radical
counterpart of vinylcyanide�been identified in the Taurus
Molecular Cloud (TMC-1),14 while the Z- and E-2-cyanovinyl
isomers�along with the isocyanovinyl counterparts�remain
elusive. Astrochemical models predict that the reaction of
carbon atoms with acetonitrile is the most favored pathway to
the 1-cyanovinyl radical, whereas the atomic nitrogen reaction

with propargyl (CH2CCH) should also contribute to a lesser
extent.14 The kinetics of the C/CH3CN system to the 1-
cyanovinyl radical coupled with atomic hydrogen loss have
been previously elucidated,15 showing fast rate constants of
(3−4) × 10−10 cm3 s−1; however, a detailed mechanistic and
dynamic study under single-collision conditions is still lacking.
The molecular structures of the 1-cyanovinyl radical and the

2-cyanovinyl isomers are shown in Figure 1.16,17 The greater
stability of the 1-cyanovinyl radical of 28 kJ mol−1 compared
with its isomers may be due to resonance stabilization within
the C3N backbone, which is absent in Z- and E-2-cyanovinyl
radicals. Perhaps due in part to the resonance stabilization, the
carbon chain within 1-cyanovinyl features a C−C−C bond
angle of 152°, while the 2-isomers have molecular structures
more similar to vinylcyanide with C−C−C bond angles of
122−123°. Further insight into the molecular properties and
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chemical bonding is often obtained by comparison with
isovalent species; in this case, the ethynylvinyl radical (C4H3)
with its three most stable structures.18,19 As shown in Figure 1,
the cyanovinyl and ethynylvinyl radicals are nearly identical
with respect to bond lengths and angles. The energy gap
between the 1- and 2-structures provides the largest difference,
with the ethynylvinyl gap about 20 kJ mol−1 greater than the
energy gap for cyanovinyl. While the more stable 2-isomer is
calculated to be Z for cyanovinyl and E for ethynylvinyl, the
energies between the E and Z configurations are so close as to
be effectively the same within the error bars of the calculations.
Previous studies on the reaction of ground-state atomic carbon
with methylacetylene (CH3CCH)

18 and allene (H2CCCH2)
20

revealed the formation of the 1-ethynylvinyl radical along with
atomic hydrogen loss, which further reinforces the prediction
of the isovalent 1-cyanovinyl radical formation from the
nitrogen-containing equivalent reaction of atomic carbon with
acetonitrile.
Herein, we report on the gas-phase reaction of ground-state

atomic carbon (C, 3P) with acetonitrile-d3 (CD3CN) under
single-collision conditions by utilizing the crossed molecular
beam technique coupled with electronic structure and
statistical calculations. The reaction may proceed through
multiple barrierless entrance channels featuring carbon atom
addition to the carbon of the cyano group, the nitrogen of the
cyano group, or across the carbon−nitrogen triple bond of the
cyano group, eventually leading via ring-closing and opening
isomerization to the 1-cyanovinyl radical (D2CCCN, X2A′)
coupled with atomic deuterium loss in an overall exoergic
reaction. Both reactants are common in extraterrestrial sources.

Since there is no entrance barrier and all intermediates and
transition states lie lower in energy than the separated
reactants, the reaction of carbon with acetonitrile can proceed
rapidly to the 1-cyanovinyl radical in low-temperature
environments such as cold molecular clouds, e.g., TMC-1,
and planetary atmospheres, e.g., Saturn’s moon Titan, where
temperatures can get as low as 10 K21 and 70 K,22 respectively.

2. METHODS
2.1. Experimental Methods. The reaction of ground-state

atomic carbon (C, 3P) with acetonitrile-d3 (CD3CN, X1A1,
99.9%, Sigma-Aldrich) was conducted under single-collision
conditions utilizing a crossed molecular beams apparatus.23

Carbon atoms were generated in situ from laser ablation of a
rotating graphite rod using the fourth harmonic (266 nm)
output of an Nd:YAG laser (Quanta-Ray Pro 270, Spectra-
Physics) operating at 30 Hz and 8−12 mJ per pulse focused to
a spot size of less than 1.5 mm2. Helium (He, 99.9999%,
Airgas) was pulsed through a Proch−Trickl24 valve at a
backing pressure of 4 atm, amplitude of −400 V, 60 Hz
frequency, and pulse width of 80 μs before carrying the ablated
carbon atoms through a 1 mm diameter skimmer and attaining
supersonic expansion. A chopper wheel selected a carbon peak
velocity (vp) of 2298 ± 67 m s−1 and a speed ratio (S) of 2.6 ±
0.2. A second molecular beam was generated by sending argon
(Ar, 99.9999%, Airgas) at a backing pressure of 550 Torr
through a stainless-steel bubbler containing acetonitrile-d3
(purified by multiple freeze−pump−thaw cycles) and pulsing
the resulting gas mixture through a pulsed valve (−350 V, 60

Figure 1. Structures of the C3NH2 isomers and the isovalent C4H3 species. Relative energies between isomers are given in kJ mol−1, bond angles in
degrees, and bond lengths in angstroms. Point groups and electronic ground-state term symbols are also shown. Carbon atoms are denoted in gray,
nitrogen atoms in blue, and hydrogen atoms in white.
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Hz, 80 μs) and skimmer. In the interaction region, the carbon
beam crossed the acetonitrile-d3 beam (vp = 710 ± 6 m s−1, S =
11.6 ± 1.7) giving a collision energy (EC) of 27.3 ± 1.5 kJ
mol−1 and center-of-mass angle (ΘCM) of 49.3 ± 1.1°. It
should be noted that dicarbon (C2, X1Σg

+/a3Πu) and tricarbon
(C3, X1Σg

+) molecules were also produced in the ablation
source at minor levels of less than a few percent. However, the
signal recorded at m/z = 52 and 54 can only be replicated with
a single channel via the reaction of atomic carbon with
acetonitrile-d3 (Section 3).
Reactive scattering products were collected by a triply

differentially pumped universal detector, which can rotate
within the plane of the reactant beams. Products that entered
the detector were ionized by electron impact ionization at 80
eV and filtered by mass-to-charge ratio (m/z) with a
quadrupole mass spectrometer (150QC, Extrel) operating in
the time-of-flight (TOF) mode. Signal acquisition and
enhancement were performed with a Daly-type setup.25 Up
to 5.4 × 106 TOFs in an angular range of 9.3° ≤ Θ ≤ 64.3°
were scanned in 5° steps, where 0° is defined by the carbon
beam and 90° corresponds to the acetonitrile-d3 beam.
Integrating the TOFs at each angle and normalizing to ΘCM
provides a laboratory angular distribution (LAD). Additional
chemical dynamics information was acquired by using a
forward convolution routine to fit the laboratory data with
user-defined CM translational energy (P(ET)) and angular
(T(θ)) flux distributions.26,27 Briefly, the P(ET), or kinetic
energy release probability distribution, during the decom-
position of an intermediate to products can often be given by
the following:

P E E B D E( ) ( ) ( )p q
T T T=

where B, D, p, and q are varied to alter the shape of the P(ET).
Likewise, the T(θ) is approximated by a sum of Legendre’s
polynomials Li(cos θ) with ai coefficients:

T a L( ) (cos )
i

n

i i
0

=
=

Because products are scattered with cylindrical symmetry
about the products’ relative velocity vector, the T(θ) is only
shown from 0° to 180°. A CM flux contour map can then be
defined:

I u P u T( , ) ( ) ( )

where I(u, θ) is the reaction differential cross section and P(u)
is the product velocity distribution in the CM frame
determined from ET. The laboratory data fitting routine
utilizes the relation between the measured TOFs, N(Θ, t), and
the CM distributions, P(ET) and T(θ), as given by

N t CT P E
v
u

( , ) ( ) ( )T

3
=

where v and u are the laboratory and CM product velocities,
respectively, and C is a constant. More details on the lab-to-
CM transformation are found in ref 28.

2.2. Computational Methods. Theoretical calculations
were carried out with the GAUSSIAN 16 software package29

available through Florida International University’s High-
Performance Computing (HPC) facility from the Instructional
and Research Computing Center (IRCC). The geometries of
all species (including reactants, products, intermediates, and
transition states) in the reaction of ground-state atomic carbon

(C, 3P) with acetonitrile (CH3CN, X1A1) were optimized
using the density functional theory (DFT) ωB97XD functional
and the 6-311G** basis set. The ωB97XD functional, which
incorporated empirical dispersion corrections, generally
yielded more compact geometries and more accurate bond
lengths than older functionals such as B3LYP, which often
overestimated internuclear distances.30,31 The 6-311G** refers
to six primitive Gaussian functions specific to the core
electrons and three basis functions for each valence orbital
contracted as 311 in terms of primitive Gaussian functions.
The two asterisks represent the addition of polarization
functions (d functions for sp-elements like C and N and p
functions for the hydrogens), allowing for more flexibility in
the electron density clouds. Vibrational frequencies were
computed for all optimized structures at the same ωB97XD/6-
311G** level of theory and were utilized to evaluate zero-point
vibrational energy corrections (ZPE) and for rate constant
calculations (vide inf ra). Single-point energies of each of the
stationary points on the investigated potential energy surface
(PES) were refined using the explicitly correlated coupled-
cluster method with single and double excitation, as well as the
perturbation theory treatment of triple excitations, CCSD(T)-
F12/cc-pVQZ-F12/cc-pVQZ-F12, as implemented in MOL-
PRO 2021,32 which approached the complete basis set limit
(CBS) and gave a more accurate representation of the relative
energies for all species involved in the reactions. The mean
average error is expected to be typically within 2−4 kJ mol33

when the more accurate CCSD(T)-F12/cc-pVQZ-F12 level of
theory was used.
The energy-dependent rate constants of the unimolecular

reaction steps were calculated using the Rice−Ramsperger−
Kassel−Marcus (RRKM) theory.34,35 This theory utilized
parameters from the PES to determine the rate of all
unimolecular reaction steps as a function of the reactant’s
energy as the energized reactant isomerized and/or dis-
sociated.36 Product branching ratios were computed at the
zero-pressure limit corresponding to experimental single-
collision conditions by using the steady-state approximation.
At such conditions, master equations for unimolecular
reactions can be expressed as follows:

C
t

k C k C
d

d
i

n j m i
[ ]

= [ ] [ ]

with [C]i and [C]j being concentrations of various
intermediates or products and kn and km being microcanonical
rate constants for the production and consumption of an
intermediate Ci computed within the RRKM theory. Only a
single total energy level was considered throughout, as at the
zero-pressure limit, where the available internal energy of each
intermediate was assumed to be equal to the sum of the
collision energy and the energy of chemical activation, which,
in turn, is equal to the negative of the relative energy of the
species with regard to the C(3P) + CH3CN reactants. As rate
constants of different unimolecular reaction steps are
independent of each other, relative product yields can be
determined from the solution of the system of coupled master
equations. Within the steady-state approximation, this system
of differential equations is reduced to a system of linear
equations where the concentration of a chosen initial
intermediate formed in the bimolecular reaction is taken as a
constant and concentrations of all other unimolecular
intermediates remain steady, so that their 0C

t
d

d
i =[ ] . We
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employed our internal UNIMOL code37,38 to compute the rate
constants and product branching ratios. UNIMOL postpro-
cesses GAUSSIAN log files to extract molecular parameters of
intermediates and transition states, including rotational
constants and vibrational frequencies, calculates energy-
dependent rate constants for the entire user-specified
unimolecular reaction network within the rigid-rotor harmonic
oscillator (RRHO) approximation, and then solves the steady-
state equations to obtain product branching ratios given the
initial intermediate produced in the entrance channel of the
bimolecular reaction.

3. RESULTS AND DISCUSSION
3.1. Laboratory Frame. For the reaction of carbon with

acetonitrile-d3, reactive scattering TOF spectra were collected
at ΘCM for m/z = 54 (C3ND2

+) and 52 (C3ND+). These TOFs
overlap after scaling (Figure S1) indicating that the signal at
m/z = 52 originates from fragmentation by the electron impact
ionizer of atomic deuterium loss products seen at m/z = 54.
No signal was observed for the adduct at m/z = 56. The signal-
to-noise ratio at m/z = 52 was larger than that at m/z = 54;
therefore, the LAD (Figure 2a) was collected using the former
m/z. Six representative TOFs taken at distinct angles are

shown in Figure 2b, which feature a sharp rise and a gradual
decline with total widths of about 500 μs. The LAD is
forward−backward symmetric with respect to ΘCM, which
implies that the reaction of carbon with acetonitrile-d3
progresses through C3ND3 intermediate(s) in overall indirect
mechanism(s) eventually producing C3ND2 product(s)
coupled with atomic deuterium loss (Reaction 1).

C (12 amu) CD CN (44 amu)

C ND (54 amu) D (2 amu)
3

3 2

+

+ (1)

C (12 amu) CD CN (44 amu)

C ND (52 amu) D (4 amu)
3

3 2

+

+ (2)

3.2. Center-Of-Mass Frame. To acquire additional
information about the reaction dynamics, the laboratory data
were transformed to the CM frame of reference (Section 2).
The laboratory data could be fit with a single reaction channel
corresponding to atomic deuterium loss, forming C3ND2
product(s). First, P(ET) features a threshold (Emax) at 181 ±
17 kJ mol−1 (Figure 3a). Conservation of energy dictates that
the reaction energy is equal to the difference in EC and Emax for
products without internal excitation; this provides a reaction
energy of −154 ± 19 kJ mol−1. In addition, the P(ET) peaks at
46 ± 5 kJ mol−1, indicating that the title reaction proceeds
through an exit channel with a tight transition state and hence
considerable electron rearrangement prior to product for-
mation.39 This is most clearly explained by visualizing the
reverse reaction. If the intermediate decomposing to products
has an exit barrier, i.e., an activation barrier in the reverse
reaction, then some or all of the reverse activation energy is
converted to kinetic energy of the products resulting in the
most probable kinetic energy release peaking away from zero.
Second, the T(θ) shows an isotropic distribution with equal
intensity at all angles (Figure 3b). This reveals that the
reactants’ collision forms intermediate(s) that have long
lifetime(s) such that multiple rotational periods occur,
resulting in deuterium atom ejection in a random direction;
hence, scattering probability is equal for all angles. This
reinforces the conclusion that the C/CD3CN system
progresses through an indirect reaction mechanism, since
direct reactions feature strong forward or backward scattering
of products giving asymmetric angular distributions. The “flat”
distribution results from a poor coupling between the initial
and final angular momenta with most of the kinetic energy
released into the light deuterium atom.40 Finally, utilizing both
the P(ET) and T(θ), the flux contour map highlights the
overall outcome of the reaction (Figure 3c).

3.3. Potential Energy Surface. To understand the
mechanisms involved and the nature of the intermediate(s)
and product(s), the experiments were combined with high-
level electronic structure calculations, which are visualized in
Figure 4 as a PES. All reactants, intermediates, transition states,
and products were calculated at the CCSD(T)-F12/cc-pVQZ-
F12//ωB97XD/6-311G** + ZPE(ωB97XD/6-311G**) level
of theory, providing expected accuracies of ±2 to 4 kJ mol−1.
The experimentally derived reaction energy of −154 ± 19 kJ
mol−1 matches the calculated reaction energy of the 1-
cyanovinyl radical (H2CCCN, p1) of −152 kJ mol−1, while the
next most stable products�the Z- and E-2-cyanovinyl isomers
(HCCHCN, p2/p2′)�and the isocyanovinyl counterparts
(p3, p4, p4′) lie outside the experimental energy error bars.

Figure 2. Laboratory angular distribution (a) and time-of-flight
(TOF) spectra (b) recorded at mass-to-charge (m/z) = 52 for the
reaction of carbon (C, 3P) with acetonitrile-d3 (CD3CN) conducted
at a collision energy of 27.3 ± 1.5 kJ mol−1. CM represents the center-
of-mass angle, and 0° and 90° define the directions of the carbon and
acetonitrile-d3 beams, respectively. The black circles depict the data,
and the red lines represent the fits. Carbon atoms are colored gray,
nitrogen atoms blue, and deuterium atoms cyan.
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While this provides strong evidence for the production of p1,
the formation of other products from the experiment cannot be
discounted as the lower energy portion of the P(ET) may
encompass the kinetic energy release of multiple species. The
reaction between carbon and acetonitrile features three
entrance channels via addition, each without a barrier. First,
the carbon atom can add across the carbon−nitrogen triple
bond of the cyano group of acetonitrile forming a three-
membered cyclic collision complex (i1) stabilized by 147 kJ
mol−1 with respect to the separated reactants. There are a few
different pathways to p1 from i1, with the most energetically
favorable route involving the three-membered ring opening to
a triplet carbene CH3CCN structure (i1 → i2) over a small 17
kJ mol−1 barrier with respect to i1, and subsequent hydrogen
atom loss from the methyl group (i2 → p1) over a relatively
loose exit transition state 7 kJ mol−1 above p1. Alternate routes
from i1 to the 1-cyanovinyl radical include ring opening to i4,
ring formation and simultaneous [1,3]-hydrogen shift (i4 →
i6), ring opening to an N-terminated structure (i6 → i7), and
finally hydrogen atom loss to p1. A [1,2]-hydrogen shift can
also occur from i2 to i6 followed by p1 formation via hydrogen
atom loss. Intermediates i1 and i6 are likewise connected
through a single transition state with a [1,3]-hydrogen shift
from the methyl group to the three-membered ring (i1 → i6).
However, these three pathways feature maximum barrier
heights, which are 145, 21, and 40 kJ mol−1 higher in energy
than those for the first path, respectively, suggesting that the i1
→ i2 → p1 route is favored. The second entrance channel

features carbon atom addition to the carbon of the cyano
moiety of acetonitrile, which serves as another pathway to i4.
The third entrance channel is initiated through carbon-atom
addition to the nitrogen of acetonitrile forming i3 which, aside
from leading to the 1-isocyanovinyl product (p3) through
atomic hydrogen loss, can undergo ring closure forming i1 and
eventually form p1 through previously discussed pathways.
Any other products not shown on the PES lie above the
experimental collision energy and cannot be formed in the
present study (Figure S2).
Rice−Ramsperger−Kassel−Marcus (RRKM) theory was

exploited to calculate the statistical rate constants for each
reaction step (Table S1); these rate constants were then
utilized to evaluate the branching ratios of the products
(Tables S2−S4). Considering initial intermediate populations
of 100% at i1 or i4 at a collision energy of 25 kJ mol−1, the
branching ratios of products p1, p2/p2′, and p3 are 38%, 16%,
and 46%, respectively, with no formation of other products.
Conversely, with carbon-atom addition to the nitrogen of
acetonitrile, i.e., starting from i3, the 1-isocyanovinyl radical
(p3) is almost exclusively formed, with negligible amounts of
p1 and p2/p2′. Even without the aid of molecular dynamics
simulations to determine the favored entrance channels, i1
and/or i4 must be initially populated since p1 was observed in
the experiment. Interestingly, the statistically most likely
product to form from the reaction of carbon with acetonitrile
regardless of the entrance channel is p3. While the
experimental data do not provide direct evidence for the

Figure 3. CM product translational energy (a) and angular (b) flux distribution, as well as the associated flux contour map (c) leading to the
formation of C3ND2 product(s) in the reaction of carbon (C, 3P) with acetonitrile-d3 (CD3CN) conducted at a collision energy of 27.3 ± 1.5 kJ
mol−1. Red lines define the best-fit functions, while shaded areas provide the error limits. The flux contour map represents the intensity of the
reactively scattered products as a function of product velocity (u) and scattering angle (θ), and the color bar indicates the flux gradient from high
(H) to low (L) intensity.
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formation of p3, it is still possible as the kinetic energy release
of p3 may be cloaked within the lower energy portion of the
translational energy distribution (Figure 3a). Overall, our
results unequivocally support the barrierless exoergic synthesis
of at least the 1-cyanovinyl radical coupled to atomic hydrogen
loss.

4. CONCLUSION
In summary, the gas-phase bimolecular reaction of ground-
state atomic carbon (C, 3P) with acetonitrile-d3 (CD3CN) was
explored experimentally under single-collision conditions.
These results were combined with high-level computations,
revealing the formation of the 1-cyanovinyl radical (D2CCCN,
p1) plus atomic deuterium in an overall exoergic reaction. The
most likely pathway to p1 involves carbon atom addition
across the nitrile triple bond, ring opening, and unimolecular
decomposition via atomic deuterium loss. All entrance
channels proceed without a barrier, suggesting that these
routes may commence in low-temperature environments such
as the cold molecular cloud TMC-1 or the atmosphere of
Saturn’s moon Titan, thus offering a plausible link to the
astronomical observation of the 1-cyanovinyl radical.14 In these
environments, it is possible that the 1-cyanovinyl radical may
act as a precursor to larger cyanides, cyano-substituted
polycyclic aromatic hydrocarbons (PAHs), or N-heterocycles.
Indeed, a study modeling Titan’s atmosphere revealed the
isovalent 1- and 2-ethynylvinyl radicals (C4H3) as building
blocks of pyridine (C5H5N) from their reactions with the
methylene amidogen radical (H2CN) and stabilization by a
third-body collision;41 it follows that swapping both reactants
with their isovalent counterparts, i.e., the reaction of the
cyanovinyl radical with the vinyl radical (C2H3), should also

form pyridine under the low-temperature conditions present
on Titan, where pyridine has been detected with Cassini’s
Plasma Spectrometer (CAPS).42 Reactions of ethynyl
(C2H),

43,44 cyano (CN),45 and phenyl (C6H5)
46 radicals

with methylacetylene (CH3CCH)�the isovalent counterpart
to acetonitrile�have previously been studied; however, unlike
reactions of atomic carbon with methylacetylene18 and
acetonitrile, none of these systems produce a substituted
vinyl radical. RRKM calculations show that the 1-cyanovinyl
radical has more than double the predicted yield from the title
reaction compared to its 2-cyanovinyl isomers, which may
contribute to why the E- and Z-2-cyanovinyl radicals have yet
to be detected in the interstellar medium. Conversely, the 1-
isocyanovinyl radical is predicted to be the major product from
the reaction of carbon with acetonitrile at low temperatures,
indicating that this species would make a valid target for
astronomical surveys of dense molecular clouds like TMC-1. In
all, the reaction of ground-state atomic carbon with acetonitrile
provides a glimpse into the fundamental carbon−nitrogen
chemistry crucial to understanding the chemical processes in
deep space.
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Figure 4. Simplified potential energy surface (PES) for the reaction of ground-state atomic carbon (C, 3P) with acetonitrile (CH3CN) at the
CCSD(T)-F12/cc-pVQZ-F12//ωB97XD/6-311G** + ZPE(ωB97XD/6-311G**) level of theory. Point groups and electronic ground-state term
symbols are shown for the reactants, intermediates, and products, and the red lines show the most probable pathway to p1. The full PES is shown
in Figure S2.
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