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The recent detection of cyclic species in cold interstellar environments is
an exciting discovery with yet many unknowns to be solved. Among them,
the presence of aromatic heterocycles in space would act as an indirect
evidence of the presence of precursors of nucleotides. The seeming absence
of these species in the observations poses a fascinating conundrum that
can be tackled with computational insights. Whilst many arguments can be
given to explain the absence of heterocycles in space, one of the possible
scenarios involves fast chemical conversion and formation of new species
to be detected. We have tested this hypothesis for the reaction of pyridine
with the CN radical to find possible scenarios in which the detectability of
pyridine, as an archetypical heterocycle, could be enhanced or diminished via
chemical conversions. Using a combination of ab-initio characterization of
the reactive potential energy surface and kinetic and chemical simulations, we
have established that pyridine does react very fast with CN radicals, estimating
that the studied reactions is between 2.5-4.5 times faster in pyridine than in
benzene, with a total loss rate constant of 1.33 x 10™° cm®s™ at 30 K, with
an almost null temperature dependence in the (30-150) K range. Addition
reactions forming 1,2,3-cyanopyridine are favored over abstraction reactions
or the formation of isocyanides. Besides, for 1 and 2-cyanopyridine there is an
increase in the total dipole moment with respect to pyridine, which can help in
their detection. However, the reaction is not site specific, and equal amounts
of 1,2,3-cyanopyridine are formed during the reaction, diluting the abundance
of all the individual pyridine derivatives.
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1 Introduction

Recent detections of cyclic and aromatic molecules
in cold environments are revolutionizing astrochemistry.
Between the 2018 census (McGuire, 2018) and the 2021
census (McGuire, 2022) of extraterrestrial molecules a total
of 37 molecules have been detected. This corresponds to
a rate of detections of 12.33 molecules/year (see Figure 1
of McGuire (2022)), surpassing older rates by a factor
between two and three. It is thus fair to highlight that
we are amidst an astrochemical revolution in term of
detections, with experiments and simulations needing to
keep up the pace. Amongst the molecules that have been
detected recently, cyclic (aromatic or not) molecules in
cold environments constitute a significant breakthrough.
To date, several cyclic molecules containing five atoms or
more in their structure have been detected, most of them in
the Taurus Molecular Cloud (TMC-1) namely benzonitrile
(c-C4¢H5-CN) (McGuire et al., 2018), cyano-cyclopentadiene

(c-CsH,~CN)  (McCarthy et al,, 2020),  cyano-napthalene,
(McGuire et al., 2021), benzyne (Cernicharo et al., 2021c),
cyclopentadiene (Cernicharo et al., 2021b), indene

(Cernicharo et al., 2021b), or fulvenallene (Cernicharo, J. et al.,
2022). From the last wave of detections numerous questions
arise, for example, whether the molecules are formed from
a bottom-up approach from simpler precursors or are
produced from the fragmentation of, for example, graphene
(Merino et al.,, 2014). Another fundamental question to be
resolved is the apparent absence of heterocyclic species
(molecules whose skeleton backbone contains other elements
apart from carbon), for example pyridine, in relation
with the bottom-up formation of cyclic structures and the
possible conversion routes of these molecules once formed
(Barnum et al., 2022).

In fact, nitrogen bearing polycyclic aromatic hydrocarbons
(PANHSs) are considered to be relatively abundant in the ISM,
estimating that they account for 1%-2% of the total cosmic
nitrogen (Hudgins et al., 2005). PANHs have been a subject of
intense research because their presence could be linked with the
presence of simpler precursors (pyridine, pyrimidine, triazine)
that incidentally are constituents of prebiotic molecules like
nucleobases. Besides, PANHs studied in the laboratory and with
ab-initio simulations (Mattioda et al., 2003; Hudgins et al., 2005;
McNaughton et al., 2007; Alvaro Galué et al., 2010; Canelo et al.,
2018) show rich and distinguishable IR emission spectra,
specially around the 6.2-6.3 ym region. These bands, in
combination with others attributed to pure polycyclic aromatic
hydrocarbon (PAH) ones, i.e., 3.3, 7.7, 8.6, 11.3, and 12.7 ym
contribute to the so-called “Unidentified Infrared Emission”
owing to the high blending of bands and the impossibility of
disentangle the complex spectra. Conversely, such a limitation
is not in place for radio astronomical observations, and
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FIGURE 1
Scheme of the reactions considered in this work, as well as the
different equivalent carbon positions for the reactions to occur.
This example depicts reactions in C1.

specially considering that PANHs do possess a significant
dipole moment which make them susceptible of detection
(Mattioda et al., 2003; Malloci et al., 2007), and yet neither N-
bearing heterocycles nor PANHs have been conclusively detected
to date (Barnum et al., 2022).

There must be several reasons behind the lack of detection
of heterocycles. Taking as an example one of the simplest N-
bearing and more sought heterocycles, pyridine, we can find
several possible explanations for its absence. First, current
routes for the formation of pyridine, for example from cyanides
(e.g., vynil cyanide condensation) do present emerged barriers
(Parker et al., 2015) or alternative reaction products [e.g.,
formation of 1-cyano-1,3-butadiene in the reaction between
CN + butadiene (Cooke and Sims, 2019; Barnum et al., 2022)].
This is in contrast with the majoritarian formation of benzene
in the C,H + butadiene reaction (Jones et al., 2011), pointing
to an essential different chemistry operating in the formation

frontiersin.org


https://doi.org/10.3389/fspas.2022.1020635
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles

Heitkdmper et al.

of heterocycles. Second, it was found that pyridine should
diffuse
medium and should be photolysed rather fast, in 10-100 years

not withstand the conditions of the interstellar
(Peeters et al., 2005). Under this assumption, all the pyridine
that could be formed from, for example, fragmentation of large
PANHs (Yangetal, 2020) should be destroyed by the time
it reaches the dense molecular cloud and any new pyridine
molecules should be formed bottom-up.

In addition to the competitive routes of reaction affecting the
formation of heterocycles, another factor that heavily impacts the
abundances of interstellar molecules are the routes of destruction
of said molecules. Under this picture, a parent molecule reacting
with some other species would not be detectable anymore, and
rather the products of reaction would be. In fragmentation
events, for example in reactions of molecules with H;*, these
destruction routes are rather uninformative for the potential
detection of the parent molecule. However, when fragmentation
is not the main reaction outcome, for example in the case of group
substitutions (e.g., H by CN), the spectroscopic information of
the nascent molecule can help in detection of the parent species,
the so-called proxy effect (Cooke et al., 2020; Miksch et al., 2021;
Barnum et al., 2022). Such is the case of benzene (C¢Hy), an
apolar molecule that is functionalized via the reaction C¢Hy +
CN — C4H;CN + H forming benzonitrile (Balucani et al., 1999;
‘Woon, 2006; Trevitt et al., 2010), that, as we mentioned before
was the onset of the new wave of detections of cyclic species.
The choice of CN as reactive agent is not arbitrary, though.
The cyano radical is very reactive and is known to be one, if
not the most, important initiator of chemistry in the gas phase
[(Balucani et al., 1999; Vazart et al., 2015a; Sleiman et al., 2018;
Puzzarini et al., 2020; Marchione et al., 2022), to cite a few],
being possibly behind the prevalence of N-bearing molecules in
the gas phase of molecular clouds (Jiménez-Serra et al., 2021).
The CN radical usually associates barrierlessly to unsaturated
alkenes (including cyclic ones), increasing the number of carbon
atoms of the new molecule. As a byproduct of the reaction we
usually find atomic hydrogen. Furthermore, the CN group is a
very polar one and is able to induce a permanent dipole moment
in otherwise apolar structures, easing their detection.

In this work we have carried out a systematic study of
the interaction of CN radicals with the pyridine molecule in
order to reveal more about the possible chemistry that this
heterocycle experiences in the ISM, but also to determine the
possibility of detecting it through cyanated proxies. Although
pyridine itself has a net dipole moment, the addition of a
CN group can, in some cases, increase its magnitude helping
its detectability. However, and working against the previous
argument, the reaction of pyridine with CN can dilute the already
low abundance of pyridine. To shed some light in the topic we
have studied the reactivity of the C;H;N + CN theoretically,
characterizing the potential energy surface (PES) of the system
and complementing the static study with kinetic simulations. The
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paper is distributed as follows, in Section 2 we summarize the
methods used throughout the work. Section 3 is dedicated to a
description of all the potential channels of reactions whereas in
Section 4 we discern which ones are really contributing to the
reaction. Section 5 is dedicated to discuss the results obtained
during the work in light of the possible proxy effects emanating
from the reactions. Finally we give some conclusion and outlook
in Section 6.

2 Methods

2.1 Potential energy surface exploration

In this study we sampled both CN additions and H
abstractions (e.g., formation of HCN/HNC) under the
assumption that each reaction proceeds via a simplified kinetic
model involving a single bimolecular reactant state (Pyridine
+ CN), a single reaction intermediate and a single product
channel (Balucani et al., 1999; Trevitt et al., 2010), see Figure 1
for a schematic example of the reaction channels considered
in this work in the single-well model. The intermediates may
be connected with the reactant and product channel through a
transition state or not (e.g., barrierless).

The potential energy surfaces for the different reaction
channels were explored at the density functional theory
level (DFT) using the M06-2X-D3 (Zhao and Truhlar, 2008;
Grimme et al., 2010) functional, which is specially suited
for kinetic studies, accompanied of a def2-TZVP basis set
(Weigend and Ahlrichs, 2005). The electronic energies of
our molecular geometries were then refined using a high-
correlation method, namely (U)CCSD(T)/cc-pVTZ
(Dunning, 1989; Knowles et al., 1993). Hence, the level of
theory that we used throughout the work can be abbreviated
as CCSD(T)/cc-pVTZ//M06-2X-D3/def2-TZVP.

The exploration of the PES began with relaxed scans

level

(e.g., sample a reaction coordinate optimizing at each step all
the remaining degrees of freedom) to determine whether the
entrance channel, either addition of abstraction, was barrierless.
We performed relaxed scans in all the symmetry distinguishable
positions of pyridine, both for additions and abstractions. In
the cases where the entrance channel was barrierless we fitted
the corresponding long-range decay to a function of the type,
V(r) = =C/r" where C is a fitting constant employed in the
subsequent rate constant calculations using phase space theory
(See Section 2.2), r is the reaction coordinate sampled during
the scan, and n = 6 in all cases. The potential energy scans (e.g.,
the values of r) were sampled in the ~10-4 A range. In cases
where entrance barriers are present, we optimized the associated
transitions states. Due to the great reactivity exhibited by the CN
radical, we needed to do our PES scans constraining not only
the reaction coordinate of interest, but also the angles between
the atoms adjacent in the ring. Otherwise, every potential energy
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scan shows formation of non-wanted adducts. In some cases,
this procedure led to small (submerged) spurious barriers due
to the applied restraints. We confirmed that these barriers were
an artifact by lifting the constraints and optimizing the structure
to ensure the barrierless nature of the reactions. Finally, we note
that restraining these degrees of freedom must have a minimal
effect at long ranges, not affecting significantly our values of C.
The
steps was carried out for all subsequent steps of the reaction

search  for  barrierless  and  activated
mechanism, determining all the stationary points of the PES
(e.g., intermediate — TS — Exit channel, see Figure 1). We
examined cyanide additions (-CN), isocyanide additions (-NC),
hydrogen cyanide formation (HCN), and hydrogen isocyanide
formation (HNC). Vibrational frequencies were calculated
at each stationary point. We confirmed that each reactant,
intermediate and product lacked any imaginary frequencies,
characteristic of true minima of the PES, while transition
states were checked to have exactly one imaginary vibrational
frequency, corresponding to the reaction transition mode. All
real frequencies below 100 cm™ were raised to that number in
the subsequent kinetic simulations for all species. Zero-point
energies were corrected applying a correction factor of 0.971 to
the harmonic value (Alecu et al., 2010). All the DFT calculations
were performed with the ORCA code (Neese etal, 2020)
(v. 5.0.1). Coupled cluster calculations employed Molpro (v.

2019.1.2) (Werner et al., 2019, 2012).

2.2 Kinetic simulations

As we introduced before, in our kinetic analysis we
merged processes proceeding without an activation barrier
for whose associated rate constants were calculated in the
context of capture theory or phase-space theory (Pechukas
and Light, 1965; Truhlar, 1969; Chesnavich, 1986) and activated
processes (with submerged or emerged barriers) that are
modelled in the context of the Rice-Ramsperger-Kassel-Marcus
(RRKM) theory (Rice and Ramsperger, 1927; Kassel, 1928;
Marcus, 1952). All the kinetic calculations used the MESS code
(Georgievskii et al., 2013). Symmetry numbers (0) and tunneling
factors (k") were introduced, where relevant. Tunneling
factors are obtained from an asymmetric Eckart barrier.
Using the same MESS framework, we carried out chemical
simulations using a master equation approach implemented in
such code. From these simulations we attained temperature
(and pressure) dependent global rate constants for the reactions.
Note that we did not explore pressure dependence in our
rate constants, because we are interested in the limit of the
very low pressures of the ISM. All our kinetic simulations
use a pressure of 107 atm, following a previous work using
this methodology (Garcia de la Concepcion et al., 2021). We did
consider temperature dependence in our calculations, and
evaluated the rate constants in the (30-360) K range.
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FIGURE 2
Potential energy profiles for the addition of CN to pyridine in
different carbon atomic positions. The depicted magnitude is AU
(electronic energy + ZPVE) in kcal mol™1. Molecular structures of
the stationary points on the different PES other than pyridine are
shown for X = 1 as an example. Distances are given in A.

3 Potential energy profiles

3.1 Addition of CN to pyridine

In analogy with the reaction of CN addition to benzene
(Balucani et al., 1999; Woon, 2006; Trevitt et al., 2010) we started
our exploration of reaction channels with the C;H;N + CN —
Cs;H,NCN + H reactions, proceeding through the formation of
a highly excited association complex that is subsequently relaxed
by the release of atomic hydrogen from the same carbon where
the CN is attached to. However, and comparing with the study
on benzene, pyridine is a C,, molecule in contrast with the
highly symmetric D, benzene. This effectively means that not all
carbon and nitrogen positions are equivalent for the approach of
the CN radical, creating four different addition channels. All the
additions proceed without a barrier. However, the addition of CN
to the N atom (creating the -NCN moiety) does not have a clear
exit. Thus, we only considered back dissociation to CsH;N + CN
as possible exit channel for this addition.

3.1.1 Addition to C atoms

The PES for the selected reaction coordinates and the
structures for the stationary points in this reaction channel are
presented in Figure 2. Note that all internal energies U are
referred with respect to the separated reactants asymptote.

In all the sampled cases we observe a rather deep well,
of around -37 kcal mol™ that is accessed via a barrierless
association to form the adducts ADX (with X = 1,2,3, e.g.,
ortho, meta and para, see Figure 1). These radicals are very
stable and the relative energies between them are very similar,
with differences of merely 1.7 kcalmol™" in favor of AD2.
These small differences do not affect the reaction kinetics in
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any way. We observe similar tiny differences for the products,
with 2 — C;H,NCN being the thermodynamically most favored
product. As we show below, these slight differences in the PES
do not translate into faster or slower reactions, with reaction rate
constants for these systems being very similar for all the available
carbon positions, especially at low temperatures. It is also worth
noting that the activation energies for the barriers leading to the
exit channel are almost isoenergetic, too, with reaction energies
(exothermic) between 26-27 kcal mol™ with respect to the PES
well. A higher deviation between these barriers would enhance
the importance of thermal effects in the reactions, enlarging the
gap for the reaction rate constants and having a consequential
effect in the branching ratios of reactions, with importance for
the reactions at high temperatures, as we show in Section 5.

The reactivity of pyridine is very similar to the one in
benzene presented in (Woon, 2006). The intermediate well depth
for benzene is found to be —39.2 kcal mol™ which is within
our method uncertainty for pyridine. On a similar note, the
submerged transition state for H detachment is —14.1 kcal mol ™!,
that is slightly below our predicted values for AdX, of around
—10 kcal mol™'. Finally, the exothermicity of the reaction, of
around 19.3.2-20.2 kcal mol ™" is in very good agreement with
the 21.5 kcal mol™" that is found for benzene.

3.1.2 Addition to the N atom of pyridine:
Backdissociation

Apart from addition of the CN radical to the C atoms of
pyridine, it is also possible that CN attaches barrierlessly to the N
atom of pyridine, forming the NC-C;H;N adduct. This process,
that proceeds without a barrier, evolves to back-dissociation to
reactants, as we indicate in Section 4 and discuss in Section 5.
This process effectively reduces the total loss rate constant of
the process, and slows down the reaction. The relative energy
of the stable adduct (AdN), not depicted in Figure 2 (but the
geometry is provided in the Supplementary Materials) is AU
= —38.6 kcal mol™" with respect to the reactants, which makes it
more stable than the other wells, discussed above.

3.2 Addition of NC to pyridine

The second type of additions that we considered in this
work concern the formation of an isocyano complex with
pyridine. Isocyanides are normally less stable than cyanides,
evinced, for example, by the difference between hydrogen
cyanide and hydrogen isocyanide of 14.7 kcal mol™* (no ZPVE
corrected) at the CCSD(T)/cc-pVTZ//M06-2X-D3/def2-TZVP
level of theory. A similar behavior is found for the reactivity
with pyridine, with wells depths in between —14-16 kcal mol ™!
depending on the atomic position. These differ a lot from the
wells we found for addition of CN to the pyridine backbone, of ~
—37 kcal mol ™! (Section 3.1.1). The PES diagrams for isocyanide
association can be found in Figure 3.

Frontiers in Astronomy and Space Sciences

05

10.3389/fspas.2022.1020635

20

10
E 00
i 0 e
g CsH5N
)
= +CN
=)
< -10

—20

FIGURE 3

Potential energy profiles for the addition of NC (isocyanide) to
pyridine in different atomic positions. The depicted magnitude is
AU (electronic energy + ZPVE) in kcal mol~L. Molecular
structures of the stationary points on the different PES other
than pyridine are shown for X = 1 as an example. Distances are
given in A.

The most fundamental difference between the addition
reactions of CN and NC can be found in the emerged nature
of the entrance barrier in the case of the NC radical. These
barriers, that vary between 3.5 and 7.0 kcal mol™ essentially
deem the reaction to be a negligible channel in comparison with
CN additions. As we present in Section 4, the emergence of these
barriers yield reaction rate constants in the order of 107*6-107%
cm’s™" at 30 K, that are many orders of magnitudes lower than
the rate constants for the addition of CN (in the order of 107
cm?®s™"). Similarly, the energy profile for NC addition shows that
the H elimination to yield c-C;H,N-NC presents an emerged
barrier of similar magnitude than the one for the c-C;H,N-CN
formation, and of increased magnitude than the entrance barrier
(see Figure 3). However, the kinetics of the system are dominated
by the addition barrier. Involving a CN moiety, tunneling is
therefore negligible and thermal effects drive all the dynamics.
Thus, we conclude that the reaction is not competitive with CN
addition, as evinced also by the associated rate constants.

When comparing with what was found for benzene, we
confirm the presence of an emerged barrier for the H elimination
step, that in the case of benzene is of 5.9 kcal mol™!, that is
lower than our own results, of around 11 kcal mol™'. However,
for benzene, it appears that the association step has a submerged
barrier while we found that for pyridine that is both emerged and
rate limiting. This discrepancy has no impact in the dynamics
of both systems, with NC addition being a really minor route.
However, it is interesting to distinguish these differences in the
chemistry of both benzene and pyridine, because they can serve
to rationalize and generate reaction trends with other complexes.

Unlike CN addition to the N position of pyridine, the
isocyanide counterpart proceeds through a transition state
with an activation energy at the CCSD(T)/cc-pVTZ//M06-2X-
D3/def2-TZVP of 1.3 kcal mol ™. Because this reaction will be
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slow in comparison with additions and leads to back-dissociation
to reactants, we have not deepened in its study.

3.3 Abstraction of H from pyridine:
Hydrogen isocyanide formation

Summed to addition reactions, another possible reaction
type affecting these molecules is the abstraction of a H atom from
the skeletal backbone, releasing HCN (or HNC). This particular
reaction is known to not proceed in benzene (Woon, 2006). For
pyridine, we found a similar behavior, although the activation
energies for the entrance barriers are very low, and dependant
on the theoretical method. For example, for abstraction of H
at the C1 atom, we found a transition state structure, with an
energy of —1.3 kcal mol™' with respect to the reactants at the
MO06-2X-D3 level of theory (e.g., without refining the electronic
energies). When electronic energies are refined with a high
level method, e.g., CCSD(T)/cc-pVTZ, such a barrier emerges,
with an activation energy of ~ 0.6 kcal mol™. Contrarily, H
abstraction reactions on C2 and C3 proceed with a non-
submerged barrier both at the DFT level and also refining the
electronic energies. The PES diagrams for the HCN abstraction
can be found in Figure 4, note that we included a transient
reaction intermediate in order to being able to apply the RRKM +
Master equation kinetic protocol. The HCN abstraction reactions
are less exothermic than CN additions but more exothermic than
NC additions, with values of the reaction energy varying between
~ 13-19 kcal mol"!. The emerged barriers for the reactions of
H abstraction in C2 and C3 are lower than in the case of
NC additions, of merely 0.6 kcal mol™! for the abstraction of
H on C1 and 1.5-1.3 kcal mol™! for the abstraction in C2-C3.
Even such small barriers completely dominate the chemistry
at low temperatures and deem the reaction non competitive
with CN addition. These very small barriers or lack of thereof
dominating the kinetics of the formation of HCN pose a problem
in the methodological side, especially for HCN abstraction
at C1. With such a small activation energy, variations in the
theoretical method under consideration may affect the activated
or barrierless nature of the process, consequently affecting the
predicted rate constants for the reaction. We did tests with kinetic
calculations assuming HCN abstraction on C1 being barrierless,
finding a very minor contribution in the total rate constants at
low temperatures. At high temperatures, the effect of the presence
or the lack of a barrier influences the kinetics more. However,
in this study we are mostly interested in low-temperature
and low-pressure rate constants, characteristic of the cold
ISM.

The most exothermic reaction for this set corresponds
to the formation of 1-pyridyl. The rotational and vibrational
spectra of pyridyl radicals was recently reported using vibrational
perturbation theory (VPT2) (Meyer etal, 2022) using highly
correlated coupled cluster methods (CCSD(T)/ANQO). In their

Frontiers in Astronomy and Space Sciences

06

10.3389/fspas.2022.1020635

10
-X=1
1'15/' ° -X=2
TS-HCNX —X=3
0.0 .
CsHsN
— +CN
E
=~ -10
= 12.8
g = 12,9
jo) -1
a —20 86
238 7 X-CsH4N
— + HCN
AdHCNX
- Re
FIGURE 4

Potential energy profiles for the formation of HCN and X-pyridil
(X-C5H,4N) from pyridine and CN via a H abstraction in different
atomic positions. The depicted magnitude is AU (electronic
energy + ZPVE) in kcal mol™L. Molecular structures of the
stationary points on the different PES other than pyridine are
shown for X = 2 as an example. Distances are given in A

study, the authors reported that the 1-pyridyl radical is more
stable by 4.14-5.57 kcal mol™ with respect to 2-3-pyridyl, in
very good agreement with our values of ~ 5.7 kcal mol™.
We interpret this energy difference as the key factor behind
the apparent different reactivity with CN radicals in different
positions of the pyridine structure. The abstraction on Cl
generates an intramolecular cyanide (R-N-C-R’), similar to o-
benzyne (c-C¢H,), a molecule with positive detection in the
ISM (Cernicharo et al., 2021a), which, in fact, can stabilize the
1-pyridyl radical.

3.4 Abstraction of H from pyridine:
Hydrogen isocyanide formation

The last set of reactions under consideration pertains the
formation of HNC, that is the abstraction of H from the
pyridine molecule to form isocyanic acid. As in the case of
the contrast between CN and NC addition, we found that
the abstraction of HNC presents significant emerged barriers
that deem the reaction to be unfeasible under astrophysical
conditions. These barriers are in the order of 8.0-11.3 kcal mol™!
(see Figure 5). Thus, these activation energies are among the
highest of this work. However, the magnitude of these values does
not necessarily reflect into slower rate constants for abstraction,
because quantum tunneling plays a greater role (the reaction
involves a H atom) than in the case of NC additions. It is
therefore important to note also the influence of the imaginary

frequencies of the transition modes, that vary between 692i cm™
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FIGURE 5

Potential energy profiles for the formation of HNC and X-pyridil
(X-CsH,4N) from pyridine and CN via a H abstraction in different
atomic positions. The depicted magnitude is AU (electronic
energy + ZPVE) in kcal mol~L. Molecular structures of the
stationary points on the different PES other than pyridine are
shown for X = 1 as an example. Distances are given in A.

for position C1and 1334iand 1399i cm™ for positions C2 and C3
respectively. That is why rate constants at lower temperatures are
higher even considering significantly larger activation barriers
between C1 and C2/C3. The reaction in Cl1 is slightly exothermic
(~4.2 kcal mol ™) whereas the abstraction reactions in C2 and
C3 are endothermic by around ~ 1.5 kcal mol™'. As in the case
of HCN abstractions, the formation of 1-pyridyl is favored,
because of the formation of the intracycle CN moeity. Overall,
the reaction is clearly non competitive with all the other reactions
considered in this work.

Finally, all the energetic quantities are collated (with respect
to the separated reactants asymptote) in Table 1.

10.3389/fspas.2022.1020635

TABLE 2 Reaction step and values of the capture coefficient C (in
E,,/Bohrs) for the processes without a barrier studied in this work.

Reaction step C
CsH,N + CN — Ad1 545.02
CsH,N + CN — Ad2 521.63
C5H,N + CN — Ad3 541.46
CsH,N + CN — AdN 839.88
AdHCN, — 1 - C;H,N + HCN 1494.52
AdHCN, — 2 - C;H,N + HCN 724.52
AdHCN; — 3 - C;H,N + HON 482,01
AdHNC, — 1 - C;H,N + HNC 1402.11
AdHNC, — 2 - C;H,N + HNC 498.62
AdHNC, — 3 - C;H,N + HNC 487.52

4 Kinetic modelling

From the above PES explorations we selected the most
promising reaction channels to derive global rate constants
and subsequently branching ratios of reactions (see Section 5).
As we presented in Section 2 for processes without a barrier
we fitted an expression of the type V(r) = —C/r°, obtaining
the values of C required for the application of phase space
theory. The values of these coeflicients are collated in Table 2.
These, in combination with the information of the different
PES presented in the last section, allow us to attain global rate
constants of reaction through our master equation calculations
using MESS. The numerical values for the rate constants leading
to new products are gathered in Table 3, whereas the rate
constants for the back dissociation are gathered in Table 4. All
temperature dependant reaction rate constants are represented in
Figure 6.

Both the values and the graph confirm the picture obtained
by the PES exploration, that is that the reaction proceeds via
CN addition. All the latter are fast reactions with rate constants

in the range of 107 cm’s™' and with a very mild dependence

TABLE 1 Electronic energy difference with respect to the separated C;HsN + CN reactants without including ZPVE (AE, in kcal mol~1) and including ZPVE
(AU, in keal mol™2) for all species considered in this work. Figures 2—5 show the structures.

Structure AE AU Structure AE AU Structure AE AU
CsHsN +CN 0.0 0.0 Ad1! -17.8 -16.6 AJHCN3 -14.7 -15.3
Adl1 -38.2 -36.8 Ad2’ -17.4 -16.5 1-CsH,N + HCN -17.7 -18.6
Ad2 -38.9 -37.7 Ad3’ ~15.4 ~145 2-CsH,N + HCN -13.9 -12.8
Ad3 -37.3 -36.0 TS_NC1 132 10.0 3-CsH,N + HCN -14.7 -12.9
AdN —40.4 -38.6 TS_NC2 14.8 115 TS-HNC1 11.1 8.0
TS-CN-1 -7.0 -10.0 TS_NC3 152 12.0 TS-HNC2 15.4 11.3
TS-CN-2 -7.8 -10.8 1-C;H,N-NC + H 42 -0.2 TS-HNC3 152 11.1
TS-CN-3 -6.7 9.6 2-CsH,N-NC + H 5.9 2.7 AdHNCI -123 —125
1-C;H,N-CN + H -15.3 -19.3 3-C;H,N-NC + H 55 12 AdHNC2 -0.1 -0.9
2-CsH,N-CN + H -16.3 -20.2 TS-HCN1 1.6 0.6 AdHNC3 -1.1 -2.0
3-C;H,N-CN + H -15.6 -19.5 TS-HCN2 2.8 1.5 1-C;H,N + HNC -3.0 42
TS_NC1’ 6.7 6.9 TS-HCN3 2.4 1.3 2-CsH,N + HNC 2.8 1.5
TS_NC2/ 3.5 3.5 AdHCN1 -23.7 -238 3-CsH,N + HNC 1.7 1.4
TS_NC3/ 7.2 7.0 AdHCN2 -13.9 -14.3
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TABLE 3 Numerical values of the rate constants obtained in the present work for the different carbon and hydrogen positions in the (30—-360) K range. The

notation A (B) represents A x 1078 cm3 s™1.
C;H;N+CN -
X-C;H,N-CN+H X-C;H,N-NC+H X-C;H,N+HCN X-C;H,N+HNC

T 1 2 3 1 2 3 1 2 3 1 2 3

30 544(10)  5.36(10)  542(10)  477(64)  429(46)  7.92(66)  9.76(16)  221(23)  164(21)  3.17(30)  2.89(27)  7.87(26)
50 5.89 (10) 5.82(10) 5.85 (10) 8.91 (45) 6.86 (37) 2.23 (46) 1.98 (15) 4.02 (20) 4.40 (19) 1.22 (29) 4.00 (27) 9.07 (26)
70 6.17 (10) 6.13 (10) 6.11 (10) 1.35 (36) 6.28 (33) 2.87 (38) 3.74 (15) 1.45(18) 8.72 (18) 7.94 (29) 8.43 (27) 1.53 (25)
100 641(10)  643(10) 630 (10)  152(30)  7.92(30)  259(32)  798(15)  227(17)  107(16)  2.68(27)  3.88(26)  4.86(25)
120 6.49 (10) 6.56 (10) 6.33 (10) 3.15(28) 1.68 (28) 5.03 (30) 1.20 (14) 6.77 (17) 3.15 (16) 4.12 (26) 1.25 (25) 1.21 (24)
150 650(10)  6.68(10)  627(10)  635(26) 567(27)  9.78(28)  202(14)  208(16)  102(15  2.80(24)  833(25)  552(24)
200 6.29 (10) 6.67 (10) 5.93 (10) 1.39(23) 5.77 (25) 2.48 (25) 4.05 (14) 6.96 (16) 3.87 (15) 7.88 (22) 2.34(23) 8.85(23)
260 572(10)  635(10)  5.24(10)  824(22)  5.04(23)  240(23)  7.80(14)  1.82(15) L14(14)  7.02(20) 1.16(21)  2.70 (21)
300 5.21(10) 5.97 (10) 4.68 (10) 6.31 (21) 5.53 (22) 2.70 (22) 1.12 (13) 2.99 (15) 1.97 (14) 5.95(19) 1.13 (20) 2.17 (20)
360 4.34 (10) 5.23 (10) 3.78 (10) 7.18 (20) 9.73 (21) 5.03 (21) 1.80 (13) 5.54 (15) 3.84 (14) 6.77 (18) 1.90 (19) 3.07 (19)

TABLE 4 Numerical values of the rate constants obtained in the
present work for the back dissociation to pyridine (addition to the N
position) in the (30—-360) K range. The notation A (B) represents A x
10 B em3s7L.

T Back-dissociation Rate Constants
30 2.86 (10)
50 3.36 (10)
70 3.59 (10)
100 3.84 (10)
120 3.96 (10)
150 4.11 (10)
200 431 (10)
260 4.51(10)
300 4,62 (10)
360 4.76 (10)

on the temperature. Similarly, back-dissociation to pyridine via
attachment of CN to the aromatic N atom of pyridine presents

cm’s™!

rate constants also in the order of 107! , and slightly
smaller than addition to carbon positions at low temperatures.
However, at higher temperatures, and thanks to the effect of
thermal energy, back-dissociation rate constants monotonically
increase, in contrast with CN addition reactions. For the latter,
the rate constants present a competition of the capture event
with tunneling in the H abstraction step, whereas for back-
dissociation tunneling does not play a role at all. Rationalizing
the trends of the rate constants for the rest of the considered
reactions is complicated due to the interplay of thermal, energetic
and tunneling contributions to the rate constant. For example,
in the case of NC additions, a higher entrance barrier does not
necessarily correlate with an overall lower rate constant in the
whole range of temperatures because of the difference between
the entrance and exit barriers for the different atomic position.
Adopting a general explanation for each reaction would not
provide a significant insight about the evolution of the reaction.
Hence, we have not deepened in the discussion of the underlying
values.
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Finally, we have fitted our rate constants to a modified
Arrhenius-Kooij expression of the type

o L Yo (1)
k_“(3001<) eXp( T

to ease the inclusion of our global rate constants into

(1)

astrochemical models. The values of &, 3, and y are gathered
in Table 5. The fit for the C;H;N + CN — X — C;H,N + HNC
reaction diverges at low temperature (not well fitted by a modified
Arrhenius expression).

5 Discussion
5.1 Branching ratios of reaction

In order to determine the dilution of the parent molecule
pyridine into more complex cyano derivatives, a key magnitude
deriving from the reaction are the reaction branching ratios
(BR). They represent the fraction of a given product of reaction
weighted over all possible product channels. The BR for the
products are obtained as the ratio between a particular rate
constant (as obtained from Section 4) over the rate constants of
all the possible exit channels, e.g:

ki
2

Xk

We calculated the BR only considering the reaction channels

BR, =

that proceed without an entrance barrier, because the other
ones contribution are negligible. Branching ratios are gathered
in Figure7 (left panel). For the purpose of discussion we
gather here the values for a temperature of 30K, being
0.29/0.28/0.28/0.15 for CN addition in 1, 2, 3 and back-
dissociation to pyridine. Our results reveal that CN addition,
is the most likely outcome (85%), in agreement with the
values for benzene (Woon, 2006). The small emerged barriers
for the formation of HCN via the abstraction of H on Cl
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FIGURE 6
Global rate constants for the different reactions considered in this work. Note that for C;HsN + CN — CsH, N + HCN we employ a
semilogarithmic scale.

may indicate that this reactions can be also barrierless, as we
mentioned in Section 3.3. The contributions of this channel
should remain minor though. Independent of the exact ratios,
one of the main conclusions of the present article is that,
similarly to what happened to benzene, the destruction of
pyridine is indeed possible and fast via reactions with CN.
The high reactivity of the cyano radical is a well known
trait, responsible of the formation of many molecules in
the gas phase of the ISM (Balucani et al., 1999; Woon, 2006;

Vazart et al., 2015b; Sleiman et al., 2018; Puzzarini et al., 2020
Marchione et al.,

Valenga Ferreira de Aragéo et al., 2020;
2022).
In contrast with benzene, the formation of the different

cyanated derivatives is diluted in three reaction channels,
a consequence of the lower symmetry of the pyridine
molecule with respect to benzene. Combining all relevant
reactions, the total loss rate kp for the C;H;N+ CN
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reaction is:

kp = Z ki,Add = kpacio
i

with k; 544 the individual CN addition reactions and kg, the
back-dissociation rate constant. The total loss rate is 1.33 x 107
cm®s™! at 30 K, a factor ~ 4.3 higher than the loss rate of 3.15 x
107" ¢cm?s™! for benzene at that same temperature for theoretical
calculations (Woon, 2006) and a factor between 2.5 and 3.4 (5.30
x 1071°-3.49 x 107" cm?®s™!) with experiments (Trevitt et al.,
2010; Cooke et al., 2020) at equivalent temperatures. We believe
that the reason behind the increased reactivity of the pyridine
in contrast with benzene is due to the different attractive
forces implied in the CN capture event. While in the reaction
CN + Cg4Hg the interaction potential is dominated by induced
dipole interactions, in the case of CN+ C;H;N the dominant
interactions are dipole-dipole that are stronger and have a
consequential effect in the capture (association of the CN radical)
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TABLE 5 Best fitting parameters « (in cm3s7Y), B (dimensionless), y (in K) for the reactions in the carbon or hydrogen atoms considered in this work and for
the back-dissociation reaction. The notation A(B) represents A x 108 units. Note that the fits for C5HsN + CN — X = C5HyN + HNC diverge at low

temperature and are not well fitted by an Arrhenius-Kooij expression.

Reaction [ B y
1 2 3 1 2 3 1 2 3
CHN+CN—>X-CHN-CN+H  598(-10)  6.34(-10) 552(-10)  —3.89 (-1) —4.42(-1)  -490(-1)  3.31(1) 412(1)  3.81(1)
C;H;N+CN - X-C,HN-NC+H 3.24 (-18) 1.96 (-18) 1.07 (-18) 7.63 (0) 0(0) 8.45 (0) 1.87 (3) 1.91 (3) 2.49 (3)
Cs;HsN + CN — X - C;HyN + HCN 9.33 (-14) 3.21(-14) 6.34 (-14) 2.75(0) 0(0) 2.58 (0) -5.60 (1) 6.32(2) 3.50 (2)
CsHsN + CN — X — C;H,N + HNC 231(-14)  221(-18)  2.00(-19)  3.68(0) 1.06 (1) 1.25(1) 3.17 (3) 158(3)  6.65(2)
N N N
CsHsN + CN — C;H;N + CN 4.68 (~10) 139 (-1) 4.75 (0)
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FIGURE 7
(Left) Branching ratios for the main reaction channels considered in this work (Right) Total loss rate constant for the title reaction.

event. This higher loss rate may be partially behind the absence
of pyridine in the ISM as discussed by (Barnum et al., 2022).
At higher temperatures, and thanks to the gained importance
of the back-dissociation channel, the loss rate constant for the
CN+ C;H;N reaction is decreased to a lower bound value of
8.59 x 1071 cm®s™! (See Figure 7, right panel).

5.2 Viable proxies of pyridine

While pyridine and benzene hold similarities in their
reactivity with CN radicals, the situation concerning the
detectability of pyridine and its cyano derivatives is different than
with benzene. The dipole moment (|u|) of benzene is zero (in
Debye, D) and thus it was detected in TMC-1 through its nitrile
counterpart (CcH;CN) (McGuire et al., 2018). Such is not the
case for pyridine, that at the M06-2X-D3/def2-TZVP of theory
has a dipole moment of 2.23 D. Therefore, pyridine could be
detected through rotational transitions provided that its column
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density is enough. The dipole moment of the main product
channels of our study are gathered in Table 6. In general, dipole
moments are higher for the cyano derivatives than for the pure
pyridine (with the exception of 3 - C;H,N-CN), which can affect
the intensity of the rotational lines, and thus their detectability.
The combination of the increased loss rate of pyridine
molecules with respect to benzene and the net dipole moment
of pyridine are factors that go in different directions concerning
the prevalence and detection of pyridine in the ISM. As
we mentioned before, pyridine has a net dipole moment,
and the absence in its detection can also be attributed to
competitive formation routes out of the scope of the present
work (Barnum etal., 2022). For example, the formation of
carbon nitrogen bonds outside of the ring (as in the case of
cyanocyclopentadiene (McCarthy et al., 2020)) might be favored
over insertion of the CN moiety into the cyclic structure.
Although we cannot rule out the hypothesis of competitive
routes of formation, the results of this study show that the
destruction of pyridine from CN radicals proceeds through very
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TABLE 6 Magnitude of the dipole moments (||, in D) of the
products for the reaction studied in this work and pure pyridine at
the M06-2X-D3/def2-TZVP level of theory. In bold font, the main
products of the reaction.

Product |ul

CHN 223
1-C;H,N-CN 5.84
2-C,H,N-CN 3.98
3-C;H,N-CN 2.09
1-C4H,N-NC 5.27
2-C.H,N-NC 3.45
3 - CH,N-NC 147
1-CH,N 2.80
2-C,H,N 1.96
3-CH,N 1.24

fast reactions. The predicted smaller abundance of pyridine with
respect to benzene (Barnum et al., 2022), summed to the dilution
caused by the reactions with reactive radicals can be a cause of
the lack of detection of this molecule in the ISM. The reduced
symmetry of pyridine with respect to benzene also apply to other
heterocyclic species target of current astronomical surveys, and
the dilution caused by the different sub-products of reaction
(benzene only has benzonitrile as product of reaction) has a
direct impact on the potential observable abundances. A careful
inspection of the reactivity of radicals with heterocycles, and
possibly in a per-radical and per-heterocycle basis, is needed to
suggest good proxies of heterocyclic species.

For the specific case of pyridine, the subject of this study,
we suggest 1-cyano-pyridine (and in a lesser extent 2-cyano-
pyridine) as good candidates to posses a significant “proxy effect”
(Cooke et al., 2020) due to the increased dipole moment and the
significant contribution to the branching ratio of reaction (see
Table 6; Figure 7). We must emphasize however, that the dipole
moment of pyridine should allow for a detection of a pure species
in contrast with benzene.

6 Conclusion

In this work we presented a theoretical study of the reactivity
of pyridine with the CN radical, one of the most abundant and
reactive radicals in the ISM. Our results show that the main
products of reaction are formed without an entrance barrier,
leading to the formation of the addition products after a posterior
H detachment. We did not find a preferential addition channel at
low temperature in any of the carbons of the pyridine structure.
The other only reaction that proceeds without an activation
barrier is the back-dissociation to pyridine, that modulates
the total reaction rate constant over our considered (30-360)
K temperature range. At low temperatures, this channel is
minoritary and accounts for a 15% of the total reaction, but
this increases at higher temperatures. All the other reactions
considered in this work (NC addition, HCN abstraction, and
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HNC abstraction) proceed via an entrance activation barrier. It
is important to reiterate that, due to the small barrier for the
C;H;N + CN — 1 — C;H,N + HCN there may be the possibility
that alternative theoretical methods find this channel barrierless.
If that would be the case, the total loss rate constant would
increase, further strenghtening our conclusions regarding the
detectability of pyridine. We attribute the very small value of the
C;H;N + CN — 1 - C;H,N + HCN reaction to a stabilization
effect arising from the formation of a benzyne like structure with
an intramolecular nitrile. All the other reactions considered in
this work are not competitive owing to the emergence of kinetic
barriers.

Our kinetic study after the PES construction revealed a total

357! which was found to be

loss rate in the order 1.33 x 10~ cm
between 2.5-4.5 times higher than the same rates obtained for
the reaction of CN with benzene. We suggest that the reason for
this behavior are the different interactions at play in benzene (an
apolar molecule) and pyridine (a polar molecule). This is proof of
a faster destruction of pure pyridine in the cold ISM by chemical
agents. Moreover, the destruction pathways arising from this
reaction lead to several branches that make a posterior detection
of the considered molecules difficult. In favor of detection of
molecular proxies, the reaction with CN leads to an increased
dipole moment for 1-cyano-pyridine and 2-cyano-pyridine that
should make the rotational transitions “brighter” and help the
detectability of the molecule. Overall, the interplay of different
factors affecting both the dilution of the parent species and the
enhanced dipole of the products of reaction make it difficult to
estimate the appearance of a proxy effect for pyridine. This may
not be the case for other cyclic species.

The importance of the different formation routes of
heterocycles in the apparent absence of this molecule in
the ISM cannot be overruled (Cooke and Sims, 2019) and
further molecular data is required to build a complete picture
that could help astronomers to identify viable candidates
for detection. We will continue this endeavor in the near
future.
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