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ABSTRACT: Nitriles are a notable subset of nitrogen-bearing
molecules detected within the interstellar medium (ISM). The
cyano group (C=N) enables these species to serve as potential
chemical precursors for the formation of prebiotic molecules (e.g.,
amino acids) among other astrochemically relevant compounds.
Acetonitrile, CH;CN, is one of the simplest detected nitriles that
has garnered the attention of the astrochemical community. In this
study, a computational mechanistic investigation of the reaction
between CH;CN and the carbon monochloride cation, CCl*, was
conducted. One of the reaction’s primary products, protonated
acetylene (C,Hj), was recently detected at the z = 0.89 molecular
absorber in front of the quasar PKS 1830-211 [Astron. Astrophys.
2024, 683, A62], where CH;CN [Astron. Astrophys. 2011, 538,
A103] and HCI, the proposed chemical precursor of CCl* [Astron. Astrophys. 2019, 629, A128; Astrophys. J. 2009, 706, 1594], have
been previously detected. This detection points to the possibility that the reaction occurs within this molecular absorber, and C,Hj
could serve as a proxy for detecting CCI". The Unified Reaction Valley Approach (URVA) method, developed by our group, was
utilized to acquire precise insights into the reaction’s mechanism. Among other mechanistic insights, we find that the dissociation of
the acetonitrile’s CN bond is critical to the formation of the C,Hj molecular ion, whose exceptionally mobile hydrogen atoms are
heavily involved in the four reaction pathways which produce the primary products of the reaction. This study demonstrates the
utility of URVA for the in-depth mechanistic analysis of ion-neutral gas-phase reactions in the ISM.

KEYWORDS: URVA, acetonitrile, halogen, mechanistic analysis, interstellar medium, astrochemistry, ion—molecule, ion-neutral

1. INTRODUCTION of the simplest nitriles reported in the CDMS. This molecule
was initially detected in the Sgr A and Sgr B2 molecular clouds
in 1971 through the detection of the 2.7 mm radio emission
line corresponding to the nitrile’s ] = 6 — S rotational
transition.” Since then, it has been found in comets,'®™'* star-
formin§ regions of molecular clouds,"*™"> and protoplanetary
disks,"°~"* among other sources. It is plausible that acetonitrile
could either directly or indirectly serve as a chemical precursor
to the formation of prebiotic compounds. For example, amino
acetonitrile, which has been detected in Sgr B2(N),"” can be
formed from the photoinitiated reaction between ammonia
and acetonitrile at low temperatures.”” This derivative of
acetonitrile has been proposed as a precursor for the abiotic

synthesis2 lof the fundamental prebiotic molecules glycine and

To date, the collection of molecules detected within the
interstellar medium (ISM) and circumstellar shells has grown
to about 330 molecules, which are listed in the comprehensive
Cologne Database for Molecular Spectroscopy (CDMS).'™*
The experimental detection of such molecules has been
facilitated by the generation of reference spectral data and the
modeling of reactions between astrochemical species—these
three activities together form the basis of modern-day
astrochemistry.”> An important subset of the detected ISM
molecules are nitriles. Characterized by their cyano moiety
(C=N), these species have exceptional chemical versatility,
enabling them to act as chemical precursors for various
interstellar complex organic molecules (iCOMs), carbon-

containing astrochemical species with six or more atoms adenine.

which may have played an important role in the formation of

prebiotic molecules (e.g., amino acids).®” According to the Received: March 14, 2025
exogenous hypothesis of the origin of life, extraterrestrial Revised:  May 28, 2025
carriers (e.g., meteoroids and asteroids) brought prebiotic Accepted:  June 25, 2025

molecules to the early Earth, where they became the building Published: July 1, 2025

blocks for the basic biomolecules of life.” One particular nitrile
of great interest to astrochemists is acetonitrile (CH;CN), one
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Figure 1. PES of the reaction mechanism, with ZPVE-corrected single point energies computed at the DLPNO-CCSD(T)/ aug-cc-pVIZ//MP2/
cc-pVTZ level of theory. All energies are reported relative to the combined single point energies of 1 and 2. The plus signs denote infinite
separation of the ion-neutral pairs. Single imaginary frequencies of transition states, computed at the MP2/cc-pVTZ level of theory, are also given.

Over the past few years, Krohn and co-workers examined
various cold ion—molecule reactions in the gas phase,
including those between acetonitrile and molecular ions.”*~**
The first of these studies is an investigation of the reaction
between acetonitrile and the halogenated carbocation CCI’,
which is predicted to exist in the ISM but has not been
detected so far.”>* In this study, cold CCI* ions were reacted
with acetonitrile to produce the primary products of NCCI,
HNCCI*, C,H,, and C,H3.”> One of the reaction’s primary
products, protonated acetylene (C,Hj), was detected for the
first time in 2024 in the z = 0.89 molecular absorber toward
the quasar PKS 1830-211 using spectra obtained from the
Atacama Large Millimeter/Submillimeter Array (ALMA).*°
Interestingly, CF', currently the only detected halogenated
carbocation in the ISM, was detected there in 2016.”” This
detection of CF" prompts the question of whether this
molecular ion’s chlorinated counterpart, CCl¥, could also be
detected there in the near future. Given that acetonitrile and
HC], the proposed chemical precursor of CCl*,*> have also
been detected within the molecular absorber,”** the reaction
examined by Krohn and co-workers may occur there. If so, it
may be possible to utilize C,H} as a chemical proxy for
detecting CCl" in future astronomical surveys. To gain further
insights into this reaction, the authors also assessed micro-
scopic kinetic rate constants through experiments and
theoretical calculations, and both approaches yielded rate
constants that were in good agreement with each another.”
For the theoretical prediction of the rate constants in
particular, Rice—Ramsperger—Kassel—Marcus (RRKM) theory
calculations were employed.”® The RRKM predictions were
based on potential energy surface (PES) scan calculations
performed by the authors to determine potential intermediates
and transition states (TS) which form during the reaction.”®

Here, beginning with the PES structures determined by
Krohn and co-workers,”® we explore the reaction between
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CCIl* and CH;CN through a unique mechanistic lens: the
Unified Reaction Valley Approach (URVA), a computational
method developed by our group.”’ ™’ Previously, we
successfully utilized this method to gain detailed mechanistic
insights into the gas-phase reaction between CH, and N,
another ion-neutral pair, to form potentially prebiotic
molecules with CN bonds in Saturn’s largest moon, Titan,
which is well-known for its rich atmospheric and surface
chemistry.”*™** The current study is the first application of
URVA in examining ion-neutral gas-phase reactions in the
ISM. We pursued the following objectives:

e to evaluate the sequence of elementary reactions which
constitute the overall mechanism and to assess the
energetics and thermochemistry of each elementary
reaction under the conditions resembling that of the
astrochemical environment in which the reacting
CH,;CN and CCI" species may be present;

to determine the precise sequence of bond breaking/
forming and charge polarization/transfer events for each
elementary reaction using URVA;

to assess the energetic contributions of each of these
mechanistic events to the overall change in the total
energy of the reacting species, as well as to monitor the
changes in geometry and atomic charges during each
event.

2. COMPUTATIONAL METHODS

URVA was utilized in this study to assess the electronic
structure changes of the reaction complex (RC), i.e., the union
of the reacting species, throughout the course of the reaction
L 31233,39 :
mechanism. For each elementary reaction of the
mechanism, the RC evolves along the reaction pathway (RP)
on the RC potential energy surface. The RP connects the PES
stationary points associated with the reaction, which include

https://doi.org/10.1021/acsearthspacechem.5c00083
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the local minima and, provided that the reaction is not
barrierless, the intermediary TS. By evaluating the curvature of
the RP for each point along the reaction coordinate, URVA
allows us to pinpoint the electronic structure changes of the
RC for each reaction.”’ Specifically, the curvature maxima, i.e.,
the curvature peaks, correspond to points along the RP where
electronic structure changes indicative of important mecha-
nistic phenomena, such as bond breaking/forming and charge
polarization/transfer, occur. The curvature minima, on the
other hand, are locations along the RP corresponding to
minimal electronic structure changes. With this in mind, one
can define a reaction phase, a segment of the RP for a given
elementary step with two end points corresponding to
curvature minima and a sin§le intermediary point correspond-
ing to a curvature peak.’”*' Thus, each reaction phase
represents a set of electronic structure changes to the RC.
Furthermore, the individual electronic structure changes which
constitute this set can be determined by the decomposition of
the overall curvature into individual curvature components due
to the changes in the RC’s geometric parameters, such as bond
lengths, bond angles, dihedral angles,42 or other coordinates of
choice including, e.g,, Cremer—Pople puckering coordinates.**
When a curvature component is negative or positive for a given
curvature peak, the parameter associated with that curvature
component either resists or supports the chemical change
associated with that curvature peak, respectively.*” Therefore,
dividing the RP curvature profile of each elementary step into a
series of successive reaction phases, followed by the
decomposition of the overall curvature into its constituent
components for each reaction phase, enables the precise
evaluation of the sequence of electronic structure changes
which characterizes that step.’”*” Our group has applied
URVA to a wide variety of chemical reactions, ranging from
those involving small organic molecules—in different environ-
ments such as gas phase, solution, and/or in enzymes—to
those involving large organometallic complexes; we have
published a comprehensive review of these works,”" as well
as a detailed description of the mathematical formalism of
URVA.*

Geometry optimization and frequency calculations of the
stationary points, shown in Figure 1, were performed with
second-order Moller—Plesset 7per‘curbation theory (MP2)***
and the Dunning cc-pVTZ*** basis set. The initial geometries
of the stationary points—with the exception of TS;, and
intermediate 4—were previously determined and optimized by
Krohn and co-workers at the M06-2X**/aug-cc-pVTZ*"* and
MP2/aug-cc-pVTZ levels of theory, respectively.” Single point
energies of the reoptimized geometries were computed at the
domain-based local pair natural orbital coupled-cluster theory
(DLPNO-CCSD(T))So/aug—cc—pVTZ level of theory using
ORCA 5.0.4., with an self-consistent field (SCF) convergence
threshold of 107 E, between successive cycles.”' Zero-point
vibrational energy (ZPVE) corrections obtained from the
frequency calculations were applied to these single point
energies. The frequency calculations also yielded the reaction
enthalpies and Gibbs free energies of the elementary reactions
R1—R9 shown in Figure 1, as well as the activation enthalpies
and Gibbs free energies of R2, R3, R4, and R?7, all of which
were recomputed for a temperature of 10 K and a
concentration of 2.4908 X 107" mol/L (~150 molecules/
cm®) using the GoodVibes thermochemistry program®” to
represent the conditions of diffuse molecular clouds where
acetonitrile has been detected, such as Sg B2.2535* Reaction
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path calculations were performed at the MP2/cc-pVTZ level of
theory, and the Intrinsic Reaction Coordinate (IRC) method*”
was applied with a step size of s = 0.03 amu'/? bohr. All of the
geometry optimization, frequency, and IRC calculations were
run on Gaussian 16.°° All Gaussian calculations utilized the
default UltraFine integration grid, consisting of 99 radial
shells and 590 angular points per shell; the default geometry
optimization convergence thresholds utilized are the following:
0.0003 E,/bohr (root mean square force), 0.0004S E;/bohr
(maximum force), 0.0012 E;/rad (root mean square disglace-
ment), and 0.0018 E,/rad (maximum displacement).”® The
RC’s atomic charges and Lewis structures were evaluated with
the natural bond orbital (NBO) analysis method.”” URVA
analysis was performed for R1-R9 with the pURVA
program.”® To facilitate URVA calculations, all preceding
IRC calculations implemented the improved reaction path
following procedure of Hratchian and Kraka for tracking each
elementary reaction far out into its specific entrance and exit
channels.”

3. RESULTS AND DISCUSSION

3.1. Reaction Mechanism and Energetics. Figure 1
depicts the sequence of elementary reactions responsible for
the transformation of reactants 1 and 2 to products 7, 8, 10,
11, and 12, as well as the three-dimensional (3D) geometries
of transition states TS, TS;s, TSse, and TSge. The reaction
and activation energies of each reaction were computed at the
DLPNO—CCSD(T)/aug—cc—pVTZ//MP2/cc—pVTZ level of
theory, and they are listed in Table 1. Due to the low

Table 1. Activation Energies (E*) and Reaction Energies
(E,) of Reactions R1—R9, Computed at the DLPNO-
CCSD(T)/aug-cc-pVTZ//MP2/cc-pVTZ Level of Theory”

reaction E? E,
Rl (1+2 - 3) —45.8
R2 (3 > 4) 22.1 20.7
R3 (4 > 5) 2.7 —63.0
R4 (5 > 6) 49.6 45.1
RS (6 > 7 +8) 40.4
R6 (6 — 11 + 12) 19.1
R7 (5 > 9) 48.6 29.2
R8 (9 — 11 + 12) 35.0
R9 (9 — 8 + 10) 14.1

“Activation energies are reported only for R2, R3, R4, and R7, as
these are the only reactions with activation barriers. All values are
reported in kcal/mol.

temperature and pressure conditions considered, the reaction
and activation energies are very similar to the corresponding
reaction/activation enthalpies and free energies for each
reaction (with the greatest observed difference of ~1 kcal/
mol for the barrierless association/dissociation reactions due to
their non-negligible entropic changes; see Supporting
Information). The following discussion will therefore be
focused on the energetics of the reactions.

Reaction R1 is described by the approach and unification of
the reacting acetonitrile (1) and carbon monochloride cation
(2) species to form intermediate 3. This barrierless reaction is
highly exothermic, and the endothermic reaction R2 utilizes a
fraction of the energy released from R1 to force 3 to overcome
an activation barrier of 22.5 kcal/mol and transform into the
unstable carbene 4. Intermediate 4, the most unstable

https://doi.org/10.1021/acsearthspacechem.5c00083
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intermediate on the RC PES, undergoes the hydrogen
migration reaction R3 to convert into 5, the most stable
intermediate on the PES (Figure 1). Consequently, R3 is
highly exothermic; it is also kinetically favorable due to the low
activation energy barrier of 2.7 kcal/mol. The energy released
from reaction R3, combined with the unspent energy released
from reaction R1, is approximately sufficient for 5 to take one
of four reaction pathways shown in Figure 1: path la (R4 —
RS), path 1b (R4 — R6), path 2a (R7 — R8), and path 2b
(R7 — R9). Comparing the energetic requirements of the four
paths, however, it is clear that path 1b and path 2b are less
energetically demanding and therefore more favorable than
path la and path 2a.

Both path la and path 1b begin with reaction R4, which
involves the dissociation of 5’s CN single bond, as well as the
formation of a nonclassical three-center, two-electron (3c—2e)
bond involving one of its terminal hydrogen atoms, to form
two interacting molecular fragments which constitute inter-
mediate 6. In sharp contrast to the preceding R3 reaction, R4
is the most endothermic step in the overall mechanism.
Furthermore, this reaction’s high activation barrier of 49.6
kcal/mol positions it to be the least kinetically favorable
reaction in the overall mechanism. Intermediate 6, once
formed, is the point at which path la and path 1b diverge on
the RC PES. In the case of path la, a hydrogen atom is
transferred between the two molecular fragments of 6 during
barrierless reaction RS to yield products 7 and 8. Path 1b, in
contrast, simply involves the gradual dissociation of the two
fragments to form the corresponding products 11 and 12 by
the barrierless reaction R6. Consequently, although RS and R6
are both endothermic, there is an approximate factor-of-two
difference between their reaction energies of 40.4 and 19.1
kcal/mol, respectively, indicating that path 1b is ultimately a
significantly more favorable reaction path for intermediate 6.

Reaction R7, like reaction R4, also involves the dissociation
of the CN single bond of 5, but the former differs from that
latter in that it involves the subsequent dissociation of a
terminal CH single bond and the formation of a terminal NH
single bond to form two interacting molecular fragments which
constitute intermediate 9. R7 is the starting point for both path
2a and path 2b, and the resulting intermediate 9 acts as the
point along the RC PES at which the two paths diverge. In
path 2a, 9 undergoes the barrierless hydrogen transfer reaction
R8, akin to RS of path 1a, to generate products 11 and 12, the
same set of products observed for reaction R6 of path 1b. Path
2b involves the gradual dissociation of the two molecular
fragments of 9 via barrierless reaction R9, akin to R6, to form
the corresponding products 8 and 10. Given these parallels
between RS and RS, as well as those between R6 and R9, it is
perhaps not surprising that, similar to the factor-of-two
difference in reaction energies for RS and R6, an approximate
factor-of-two difference in the reaction energies of R8 and R9
(35.0 and 14.1 kcal/mol, respectively) is observed. Thus, as
observed for path 1b when compared to path 1la, path 2b is
considerably more energetically favorable than path 2a for
intermediate 9.

While most of the mechanistic structures” geometries, which
were computed at the MP2/cc-pVTZ level of theory, are
similar to those computed by Krohn and co-workers at the
MP2/aug-cc-pVTZ level of theory, a few notable differences
are present. First, for the isomerization reaction R2, relaxed
PES scans revealed a transition state, TS;,, which transforms
into the metastable intermediate 4 located in a very shallow
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well on the PES, shown in Figure 1. These two structures were
previously unreported, although the authors did note that a
shallow well between INT1 and TS1, two PES structures they
found during their PES scan (analogous to 3 and TS,
respectively), may be present based on one’s choice of the level
of theory.23 Furthermore, intermediate 6 differs from an
analogous intermediate structure reported by the authors,
INT3.”* More specifically, the C,H} fragment in 6 adopts a
nonclassical bridged geometry, with atom H3 situated right
above the center of the fragment’s C1C4 bond, while INT3
adopts the classical Y-shaped geometry of protonated
acetylene.”” Previous quantum chemical calculations®~** and
experimental investigations®®~®’ have confirmed that that the
bridged isomer of protonated acetylene is more energetic
stable (by ~4 kcal/mol) than its Y-shaped counterpart, with a
small energetic barrier to go from the latter to the former (1
kcal/mol). Lastly, since the protonated acetylene fragment of
intermediate 6 is in the bridged isomeric form, the two
fragments of the intermediate’s van der Waals (VdW) complex
can readily undergo dissociation to form products 11 and 12,
which are also produced via reaction R8. We find, therefore,
that there are two elementary reactions that can produce
bridged, protonated acetylene (R6 and R8), just as there are
two elementary reactions to form the HNCCI" product (RS
and R9), as shown in Figure 1. The similarity between the
reaction energies of RS and RS, as well as those of R6 and R9
(Table 1), indicates that kinetic modeling of the overall
reaction based on the PES shown in Figure 1 would yield a
theoretical HNCCI' to C,Hj branching ratio that should be in
good agreement with the experimentally determined branching
ratio of approximately 50:50;> for this study, however, we did
not conduct such modeling.

To complement our calculations of the energetics of
reactions R1—R9, a detailed mechanistic analysis of each
elementary step was also conducted. Since energy is a
cumulative property of the RC,*" it cannot be used to provide
a detailed description of the sequence of mechanistic events
which characterizes each elementary reaction. To address this,
a discussion of the URVA results will be presented.

3.2. URVA Description of Reaction Mechanism. The
URVA results for RI—R9 were examined by evaluating the
following for each phase of each reaction as a function of the
reaction parameter s: the changes to RC energy, the changes in
NBO atomic charges, the changes in the RP curvature along
with its decomposition into relevant curvature components,
and the changes in the geometric parameters associated with
each of these curvature components. By piecing together these
complementary data sets, a precise description of the evolution
of the RC for a given elementary reaction can be acquired.
Detailed phase-by-phase descriptions for all elementary
reactions, with the exception of R6 and R9, which involve
only the dissociation of their respective VAW complexes, are
provided in the Supporting Information. Reaction animations
showing the geometric changes of the RC for R1—R9, as well
as the associated geometries for all stationary points/TS/VdW
complexes, can also be found in the Supporting Information.
The detailed mechanistic descriptions of the nine elementary
reactions allowed us to categorize the reactions based on their
roles in the transformation of the RC from the reactants to the
experimentally observed products, as described below.

3.2.1. Formation, Destabilization, and Subsequent
Stabilization of the RC (R1—R3). Intermediate 3, formed
from the union of reactants 1 and 2 during synthesis reaction

https://doi.org/10.1021/acsearthspacechem.5c00083
ACS Earth Space Chem. 2025, 9, 1837—-1847
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Figure 2. Evolution of the RC in reaction R2 as a function of reaction parameter s, as illustrated by the (a) reaction energy profile (with RC energy
changes for each phase), (b) changes in RC geometric parameters, (c) total RP curvature (solid black line) and corresponding curvature
components (colored solid lines), and (d) changes in NBO atomic charges. Curvature minima are denoted by black dotted lines M1—M3, while TS
is denoted by the black dotted line at s = 0 amu'/? bohr. Reaction phases 1—4 are shown above for each plot. MP2/cc-pVTZ level of theory.

R1, endothermically isomerizes in four-phase reaction R2,
shown in Figure 2, to form highly unstable carbene
intermediate 4. The first of these four phases, which is also
the most energetically demanding phase, involves significant
conformational changes to the bond angles involving atoms
C4, N6, C7, and C8, indicative of the start of the change in the
hybridization of atoms C4 (sp to sp*) and C7 (sp® to sp). This
switch in the hybridization of the two carbons reflects the
drastic switch in the bond orders of the C4N6 and C7N6
bonds, with the former reduced to a single bond and the latter
promoted to a triple bond. Phases 2 and 3 describe the
intermediate steps of this process, during which intermediate 3
converts into a transient ylide in which both CN bonds are
double bonds. Soon thereafter, the ylide converts into the
previously unreported late transition state TS;,, which
undergoes further conformational changes during phase 4 to
yield metastable carbene intermediate 4. Although the cyano
group of the acetonitrile reactant contributes to the formation
of the RC in reaction R1 via the formation of a CN bond with
the electrophilic CCI" species, in reaction R2, it contributes to
the destabilization of the RC through the formation of the
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carbene. However, this destabilization serves a critical role in
the mechanism. During reaction R3, the carbene, the most
unstable intermediate in the mechanism, exothermically
converts to S, the most stable intermediate in the overall
mechanism. In this three-phase process, shown in Figure 3, the
hydrogen atom HS migrates to the highly nucleophilic
carbenoid atom C4 to form $. During phase 1, HS promptly
begins migrating toward C4, yielding the early transition state
TS,s. Concurrently, the electron density responsible for the
C1HS bond begins to shift toward C4, resulting in the
formation of a transient 3c—2e bond between HS, C1, and C4
during phase 2. This nonclassical bond quickly dissociates,
resulting in the formation of a C1C4 double bond, while HS
goes on to form a single bond with C4 during phase 3 to yield
intermediate S.

3.2.2. Dissociation of the Stabilized RC—Paths 1a and 1b
(R4—R6). Reaction R4, the first reaction for both path 1a and
path 1b, involves the splitting of intermediate $ into two
noncovalently bound fragments, which subsequently under-
goes rearrangement to form the intermediate VAW complex 6.
This elementary reaction, an endothermic, eight-phase process
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Figure 3. Evolution of the RC in reaction R3 as a function of reaction parameter s, as illustrated by the (a) reaction energy profile (with RC energy
changes for each phase), (b) changes in RC geometric parameters, (c) total RP curvature (solid black line) and corresponding curvature
components (colored solid lines), and (d) changes in NBO atomic charges. Curvature minima are denoted by black dotted lines M1 and M2, while
TS is denoted by the black dotted line at s = 0 amu'/? bohr. Reaction phases 1—3 are shown above for each plot. MP2/cc-pVTZ level of theory.

shown in Figure 4, involves several bond-breaking/bond-
forming processes, which result in an atypical reaction energy
profile. Phases 1 and 2 describe the energetically demanding
cleavage of the C4N6 bond of 5 to form a VAW complex with
C,H; and NCCl fragments. After the dissociation of the bond,
the H2 atom of the C,Hj fragment begins migrating toward
the carbon atom C4. This process begins in phase 2 and ends
in phase 4, when it results in the formation of a transient 3c—
2e bond involving atoms H2, C1, and C4. The nonclassical
bond dissociates as soon as it is formed, forcing atom H2 to
return back to C1. This sudden change causes a sharp jump in
the energy of the RC during phase S, leading to TS, which
has a C,Hj fragment resembling the classical Y-shaped isomer
of protonated acetylene. In phases 6 and 7, this classical
structure isomerizes to the lower-energy nonclassical bridged
structure due to the migration of H3 toward atom C4, which
results in a new 3c—2e bond involving atoms H3, C1, and C4
by the end of phase 7. The interconversion between the
nonclassical and classical forms of the C,HJ fragment results in
the anomalous shape of the energy profile during phases 4—7.
Both the C,Hj and NCCI fragments complete their
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reorientation in phase 8 to yield the VAW complex given by
intermediate 6. This intermediate can evolve in one of two
ways. The first option, where it undergoes proton transfer
between its two fragments (followed by the dissociation of the
fragments), occurs via the seven-phase barrierless reaction RS
of path 1a to yield products 7 and 8; in the second option, 6
can undergo less energetically demanding dissociation by the
separation of its two fragments via barrierless reaction R6 of
path 1b to yield products 11 and 12.

3.2.3. Dissociation of the Stabilized RC—Paths 2a and 2b
(R7—R9). Reaction R7, the first reaction for both path 2a and
path 2b, involves the splitting of intermediate S into two
noncovalently bound fragments, which subsequently under-
goes rearrangement to form the intermediate VAW complex 9.
Like reaction R4, this elementary step also has an unusual
energy profile, which can be understood by examining its seven
reaction phases, shown in Figure S. Phases 1 and 2, akin to
their counterparts for R4, also describe the dissociation of the
C4N6 bond in § to form a VAW complex involving C,H3 and
NCCI fragments. Soon after this dissociation step, the
hydrogen atom H3 begins migrating toward the now-
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Figure 4. Evolution of the RC in reaction R4 as a function of reaction parameter s, as illustrated by the (a) reaction energy profile (with RC energy
changes for each phase), (b) changes in RC geometric parameters, (c) total RP curvature (solid black line) and corresponding curvature
components (colored solid lines), and (d) changes in NBO atomic charges. Curvature minima are denoted by black dotted lines M1—M?7, while TS
is denoted by the black dotted line at s = 0 amu'/? bohr. Reaction phases 1—8 are shown above for each plot. MP2/cc-pVTZ level of theory.

electron-deficient C4 atom, which culminates in the formation
of a transient 3c—2e bond between H3, C1, and C4 during
phase 3. At the beginning of phase 4, this bond dissociates,
resulting in the formation of a triple bond between atoms C1
and C4, converting the protonated acetylene fragment into
neutral acetylene. For the remainder of this phase, the liberated
H3 atom migrates to the NCCI fragment as the C,, symmetric
T-structure of intermediate 9 begins to form, resulting in the
observed shoulder in the energy profile during this phase.
During phase S, the H3 atom binds to atom N6 of the NCCI
fragment, resulting in a new, linear HNCCI" fragment, which is
reorientated during phases 6 and 7 such that it is perpendicular
to the acetylene fragment to yield intermediate 9, which can be
described as 7-complex with electron density present along its
C, axis.”’ This intermediate can evolve in one of two ways. The
first option, where it undergoes proton transfer between its two
fragments (followed by the dissociation of the fragments),
occurs via the seven-phase barrierless reaction R8 of path 2a to
yield products 11 and 12; in the second option, 9 can undergo
less energetically demanding dissociation by the separation of
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its two fragments via the barrierless reaction R9 of path 2b to
yield products 8 and 10.

4. CONCLUSIONS

The mechanistic analysis of this reaction ultimately answers a
question posed by Krohn and co-workers in their study:>> does
the formation of the experimentally observed products require
the cleavage of acetonitrile’s CN bond, and if so, why? Our
findings suggest that the dissociation of acetonitrile’s CN bond
in reactions R4 and R7 is necessary, since the dissociation
results in the creation of a C,Hj molecular ion, transient or
otherwise, which is necessary for the four aforementioned
reaction pathways following intermediate S. The high flexibility
and mobility of the ion’s hydrogen atoms, which we observed
from the URVA results and the reaction animations, enable the
formation of the diverse set of experimentally observed
products, each of which are made up of various combinations
of H, N, C, and Cl atoms. The migration of the ion’s hydrogen
atoms can also be induced through its exposure to electro-
magnetic radiation, which pervades the ISM. In previous work
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Figure 5. Evolution of the RC in reaction R7 as a function of reaction parameter s, as illustrated by the (a) reaction energy profile (with RC energy
changes for each phase), (b) changes in RC geometric parameters, (c) total RP curvature (solid black line) and corresponding curvature
components (colored solid lines), and (d) changes in NBO atomic charges. Curvature minima are denoted by black dotted lines M1—M6, while TS
is denoted by the black dotted line at s = 0 amu'/? bohr. Reaction phases 1—7 are shown above for each plot. MP2/cc-pVTZ level of theory.

conducted by Shi and co-workers, Born—Oppenheimer
molecular dynamics simulations were utilized to demonstrate
that these hydrogens, when exposed to high-frequency,
circularly polarized light, can migrate around the two central
carbon atoms (i.e., a propeller-like motion), causing the ion to
alternate between the aforementioned bridged and Y-shaped
isomers on the ion’s PES”'—similar to the chemically induced
interconversion between the two isomers observed in reaction
R4. Interestingly, significant amounts of high-frequency
circularly polarized light have been observed in star-forming
regions of the ISM,”” so the chemistry of the newly detected
C,Hj ion in molecular clouds may be influenced by reactions
with other astrochemical species as well as its interactions with
the circularly polarized light that may be emitted from the star-
forming cores of molecular clouds. This exceptional chemical
versatility of C,Hj may pave the way for a rich interstellar
chemistry, especially considering that this ion can also undergo
an electron recombination reaction to form the acetylene
molecule, which has been extensively investigated for its role in
the evolution of chemical complexity in the ISM, including the
formation of polycyclic aromatic hydrocarbon compounds and
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other iCOMs of astrochemical/astrobiological relevance.”
Thus, the interstellar chemistry of this ion, particularly with
respect to the formation of iCOMs through gas-phase ion-
neutral reactions, merits further investigation. This work
demonstrates, as a proof of concept, the utility of URVA as
an effective computational tool for such a potential future
research endeavor.

Our findings also prompt the question of whether the CN
bond dissociation observed in this study can be expected for all
nitriles in the ISM. The nucleophilicity of the terminal nitrogen
on acetonitrile enabled it to react with the electrophilic carbon
of the CCI" species. Beginning from reaction Rl, electron
density was gradually transferred from acetonitrile’s CN bond
to the newly formed CN bond during the formation,
destabilization, and subsequent stabilization of the RC,
resulting in the transformation of acetonitrile’s strong CN
triple bond to a weak single bond susceptible to cleavage (and
vice versa for the adjacent CN bond) by the end of reaction
R3. To break one strong CN bond, another strong CN bond
had to be made. However, dissociation may have not occurred
if the CN bond was bound to a strong electron-withdrawing
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group instead of the electron-donating methyl group of
acetonitrile. A strong electron-withdrawing group potentially
could withdraw significant electron density from the CN bond,
thereby partially or entirely deactivating the bond and
rendering it be less reactive or even unreactive when it
encounters the CCI" species. One class of interstellar nitriles
for which CN deactivation could occur are cyanopolyynes.
Cyanoacetylene (HC,CN), the smallest detected cyanopo-
lyyne detected in the ISM,”* has an unsaturated, electron-
withdrawing ethynyl group attached to its CN bond, which
may render the terminal nitrogen to be less nucleophilic and
prevent the CN bond from undergoing cleavage if one
attempted to react the molecule with CCI*. The larger
cyanopolyynes may exhibit a similar behavior since they have
even longer chains of relatively electronegative sp-hybridized
carbons bound to the CN bond. On the contrary, if nitriles
with electron-donating groups are considered, CN bond
dissociation may be more likely to occur. Examples of these
nitriles include other detected alkylated nitriles besides
acetonitrile, such as ethyl cyanide’® and propyl cyanide.”’
Future mechanistic studies utilizing URVA alongside kinetic
modeling could evaluate the extent to which electron-
donating/-withdrawing functional groups influence the cleav-
age of a given nitrile’s CN bond during reactions with
halogenated carbocations such as CCI" and its detected,
fluorinated counterpart CF*.”’
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