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We report quantum calculations involving the dynamics of rotational energy-transfer processes, by
collision with He atoms in interstellar environments, of the title molecular species which share the
presence of the CN backbone and are considered of importance in those environments. The latter
structural feature is taken to be especially relevant for prebiotic chemistry and for its possible role in the
processing of the heterocyclic rings of RNA and DNA nucleobases in the interstellar space. We carry out
ab initio calculations of their interaction potentials with He atoms and further obtain the state-to-state
rotationally inelastic cross sections and rate coefficients over the relevant range of temperatures. The
similarities and differences between such species and other similar partners which have been already
detected are analyzed and discussed for their significance on internal state populations in interstellar

rsc.li/pccp

1 Introduction

The study of the molecular complexity in the interstellar
medium (ISM) provides us with fundamental information on
the chemical storage of species and on the energy available for
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2D-RR-PESs employed in this work are available as ESI, to the present publication.
The different folders of the ESI, therefore contain: (i) NCN: containing all the
additional Information regarding that molecule. Specifically four different folders
which include: (i) the PES raw points; (ii) the calculated rates discussed in the
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space for the two title molecular radicals.

the formation of stars and planets." It also gives us useful
indication about the chemical inventory that the primitive
Earth may have inherited and about the formation paths of
many of the species increasingly discovered by direct
observations.” In particular, the molecular species with the
nitrogen-carbon (CN) backbone are especially relevant for
prebiotic chemistry, since e.g. the heterocyclic rings of RNA
and DNA nucleobases contain such a structure.’

It is in fact notable that a simple molecule like HCN is
already ubiquitous in the solar system and beyond, having been
detected on comets,” in various planets as shown by Tokunaga
et al® and in Lellouch et al,® in dwarf planets and in the
interstellar medium,” as well as in the atmosphere of Saturns
moon Titan.® Furthermore, HCN also lies at the roots of
reaction networks proposed to explain the origins of RNA,
protein, and lipid precursors, as discussed in ref. 9 and also
in ref. 10. Various biomolecular building blocks, such as
nucleobases, cofactors, and amino acids, e.g. see: oro’'! and
Ferris et al.,'* have been detected among the reaction products
of HCN polymerization experiments.

More specifically for the present study, and for the general
case of CN-bearing molecules, the last decade of observations
has brought to light the presence of such species like cyana-
mide (NH,CN): Fahrenbach et al.'® and Powner et al.'* just to
mention one example of a molecule bearing the backbone in
question. Furthermore, its isomer carbodiimide (HNCNH),
Merz et al.,"> and urea (NH,CONH,): Becker et al.*® are indeed
also considered key molecular precursors for the synthesis of
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RNA and DNA ribonucleotides which can occur under the early
earth conditions. It is also interesting to note that all the three
above examples have been recently detected in the Interstellar
Medium (ISM) environment: see Turner et al,'”” McGuire,
B. A. et al,'® and Belloche et al.'® Additionally, the simpler
cynomidyl radical HNCN has also been observed very recently
in the direction of the G + 0.693 — 0.027 molecular cloud, e.g.
see: Rivilla et al.”® The latter has been considered as an ideal
target to detect new molecular species since it has shown a very
rich chemistry of complex organic molecules, and in particular
of N-bearing species like cyanamide (NH,CN) Zeng et al,*'
iminopropyne (HCCCHNH) Bizzocchi et al?>* and ethanol-
amine (NH,CH,CH,OH) Rivilla et al.** In fact, it has been in
that direction that several rotational transitions of the HNCN
millimeter spectrum have been observed by Rivilla et al.*

It is also important to mention at this point that more than
30 interstellar molecules indeed contain the strong bond of the
CN group and that cyanogen, NCCN, has been successfully
identified in comets and in Titan’s atmosphere while recently
the polar metastable isomer isocyanogen (CNCN) has been
confirmed in interstellar space by Agundez et al.>* This isomer
has been observed in L483 and tentatively in TMC-1 by identify-
ing various rotational transitions in the 2> mm band. Further-
more, another simple triatomic species like CCN XTI, a linear
carbon-nitrogen chain framework, has been finally detected in
IRC + 10216 by Anderson and Ziurys,>® thus reinforcing
the likelihood that such simple (C,N)-bearing species could
also play a role within the astrochemical processes. All of the
above molecules are structurally related to the species we are
discussing in the present work: NCN and CNN, both structu-
rally described as X~ electronic states. It therefore would
be useful to add more knowledge on their dynamical behaviour
and make comparisons with the behaviour already found
from recent calculations on the other, similar systems
mentioned in this Introduction in spite of the fact that
their existence in the ISM has not yet been confirmed: see
Bizzocchi et al.*”

In order to further have additional information on the role
which the above species might have in storing and transferring
part of their internal energy via their dynamical interaction
with the most abundant baryons of that environment, like He
atoms or H, molecules, one needs to gather data on the shape
and strength of the corresponding interaction forces and then
employ them to derive the temperature behaviour and relative
size of the relevant state-to-state inelastic rate coefficients,
especially those involving the rotational states of these title
molecules. In the present work we shall start with the He atom
as the prime partner of these energy-transfer processes and
discuss in the following the calculation of their potential energy
surfaces, followed by the evaluation via quantum dynamics of
the inelastic cross sections and inelastic rate coefficients. The
more complex dynamical study of the collision with the mole-
cular partner H, could be bypassed by performing a realistic
scaling of the rate coefficients obtained for the He partner,
a procedure employed in the literature with varying success,
e.g. see: Gianturco et al.*®
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The present work will involve first the discussion of the
potential energy surfaces (PESs) for all two species with He as a
partner, presented in the next Section II. The details of the
relevant quantum formulation of the scattering dynamics and
the evaluation of the corresponding rate coefficients will be
given in Section III, while all the results which we have obtained
will be given in Section IV. Our final Conclusions will then be
presented in the last Section V.

2 The ab initio computed
interaction potentials

The calculations were carried out using the GAUSSIANO9 set of
codes as in ref. 27 with the UCCSD(T) approach based on initial
UHF orbital expansion using the aug-cc-pVTZ. The usual BSSE
correction was applied for both systems as discussed in ref. 27-29.
In all the ab initio calculations we used an angular grid of 2.5°
intervals. The optimized bond distances in the CNN partner
were taken to be: 1.2369 A for the R(CN) and 1.2030 A for
the R(NN), in line with what was reported in earlier studies
in ref. 22. In the case of the NCN partner, the optimized bond
distances were both the same and placed at 1.228 A. The
resulting potentials were then described by only the distance
R and the polar angle 0, both being the usual 2D Jacobi
coordinates. The radial variable R’s range is from either 2.2 A
or from 2.3 A depending on the particular angular orientation
and their values went out to 20 A. Intervals of 0.2 to 0.4 A were
used depending on the range region. A pictorial view of the
neutral partner radical species is presented in Fig. 1 as a
summary of the above discussion. The actual computed raw
points from the initial calculations are given in complete form
in the ESL{

Both neutral molecules are found to be linear radical of >~
symmetry in the ground electronic states. This specific feature

CNN 3z-

1.2369 A

1.2030 A

NCN 3z-

1.2280 A

representation of the geometries for

1.2280 A

Fig. 1 Pictorial
radical species.

the partner
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will be further discussed below when their interaction with He
atoms will be presented.

2.1 NCN and CNN interaction potentials with He atoms

The data reported by Fig. 2 and 3 show a pictorial representa-
tion of the spatial anisotropy displayed by the interaction
potentials of the two radical species with the He atom. The
former figure reports the NCN target while the latter shows the
CNN partner with the helium atom.

Some significant structural features of the two PESs mapped
pictorially in Fig. 2 and 3 are reported by the data of Table 1. For
each of the interaction forces we show there the geometries of
their stationary points, both of which present the T-shaped
configurations of the two complexes. We further report their
global minima that indicate the presence of well depths suffi-
ciently deep to support one of more bound states, although to
study such structural features in the present dynamical study is
at the moment outside our principal aims. In any event, the
above details point at the presence of only one global minimum
for each system, without the presence of either further local/
global minima or of global/local maxima features.

We clearly see the strong similarities between the inter-
action strengths of the two radical partners, while however also
realizing that the differences in inversion symmetry between
the two produce different mapping of their spatial anisotropy.
To better understand this structural point, we shall discuss
below another, well-known way of presenting the spatial shape
of these interaction potentials.

In the standard procedures employed for solving the
Coupled-Channel (CC) scattering equations, it is usually con-
venient, in fact, to expand at each value of R the interaction
potential V(R,0) into orthogonal angular functions Arthurs and
Dalgarno,®® Secrest,’® Kouri and Hoffman,”* Gianturco.’?
Hence, the spatial anisotropy around the CNN and NCN radical
fragments, given by the extensive 2D grid of points obtained
from the quantum chemical calculations mentioned before,
can be given in terms of the familiar Legendre polynomials in
their standard (R,0) form:

404.24.44.64.85.
r

=50

-40 -30 10 20 30

Fig. 2 Pictorial representation of the spatial features of the interaction
between the NCN radical and an He atom. See main text for further details.
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Fig. 3 Pictorial representation of the spatial interaction between the CNN
radical and the He atom. See main text for further details.

Table 1 Main structural details from the computed PES for the NCN and
CNN with He systems. The angle values are in degrees and the N1 atom is
the middle atom in CNN

NCN + He

0 (He-C-N) R (A, He-C) E(em™) Stationary point

90.00 34 —30.244 Global minimum

CNN + He

0 (He-N1-C) R (A, He-N1) E(cm™) Stationary point

97.50 3.2 —40.047 Global minimum
V(R,0) = X,V,(R)P;(cos 0) 1)

The actual expansions were carried out to 4 values up to
A =18, to ensure numerical convergence. We report in Fig. 4 a
comparison between the lower six coefficients for the present

He + CNN
Vs Vg —— V5 —
10 12 14
He + NCN
Ve, Vg - Vip —— 1
10 12 14
R/A

Fig. 4 Radial multipolar coefficients for the interaction potential energy
surfaces between the CNN (upper panel), NCN (lower panel) radicals and
the He atom. See main text for further comments.
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molecular radicals to indicate the relative strength of the
angular coupling that will be active for the various radial
regions of the two interactions. The actual numerical values
of all the radial coefficients are given in the ESL}

As it is to be expected, the spherical interactions with 4 =0
exhibit the largest well depths for their attractive regions, while
the next strong interactions come from the A = 2 coefficients for
both radical partners. These coefficients are both attractive in
the long-range regions and present well depths of similar
strengths. The significance for the quantum dynamics of hav-
ing this particular radial coefficient providing the largest ani-
sotropic coupling will be discussed in the next Section.

It is also instructive to view the same radial coefficients over
an enlarged range of distances, as done in Fig. 5 for the case of
CNN radical. The situation is very similar for the NCN system,
so we only show one for brevity, while reporting the latter in the
ESI.f The data in Fig. 5 clearly show that the multipolar
coefficient with 4 = 2 has the outermost turning point and
further shows a marked attractive well which is next in size only
to the one of the spherical interaction of A = 0. These clear
strength dominance features play a significant role for the cross
section behaviour, since they are indicators of strong direct
coupling induced by the interaction between target rotational
states with Aj = 2.

The actual multipolar radial functions were numerically
fitted with standard polynomial forms and further connected
smoothly to the asymptotically correct long-range potential
representing the polarizability of the He partner and also the
dipole term for the CNN radical partner. Hence, the long range
potential is given by the following leading terms

Vir(0) = —=—- + —<cos(0) )

where o, for the He atom is 1.383a,’, while the rigid-rotor
dipole moment of CNN is x = 0.2169 Debye. The C, dispersion
coefficient acts between two neutral partners at large distances.

100
Vy ——
v, ——
V, ——
80 |- V3 ——
v, ——
Vs
60 | 1
TE
S 40
<
>
20 f
0
-20 ‘ ‘ :
35 4 45 5 5.5

R/A

Fig. 5 Same coefficients as those in Fig. 4 but here for an enlarged view of
the shorter radial distances involving the CNN radical partner. See main
text for further details.

This journal is © the Owner Societies 2023

View Article Online

PCCP

The above terms are therefore used to extend the interaction to
the largest distances employed for the scattering calculations
discussed below. The details of how such procedure is imple-
mented in our in-house scattering code are detailed in: Lopez-
Duréan et al.,** Martinazzo et al.>®

The computed rotational constants for the two neutral
radicals, treated at the simplified level of linear, rigid rotors
in pseudo-'T states (see further discussion below) were found
to be fairly close to each other, as is to be expected: B. =
0.3991 cm ™' for the NCN molecule and 0.4375 cm™ ' for
CNN. For a comparison between the rotational energy levels
within the pseudo-singlet simplification, we report in the
ESIt the lower rotational states within about 100 em™' of
energy. We see there that excited rotational levels up to j = 14
or 15 become energetically accessible at the T conditions
expected to be present in the diffuse molecular clouds
environment.

To see more clearly the relative role and abundances of a
large number of states which can be available, we have pre-
pared two additional figures, reported in the ESI,{ where we
show the equilibrium populations up to about 150 K of the
rotational states of the two present systems. One sees there that
rotational states up to about jyax = 20 could be significantly
contributing to an equilibrium population up to 80 K if one
expects the diffuse cloud environments to have reached local
thermal equilibrium (LET). This structural features will further
be discussed later when we shall examine the results from the
scattering processes for both neutral radicals and the efficiency
of the collision-driven inelastic processes causing state changes
in the expected ISM environments.

3 Rotationally inelastic quantum
dynamics

The present molecular species have both a *>Z~ electronic term,
hence their physical rotational levels are split by electronic
spin-rotation coupling dynamics that requires the electronic
spin angular momentum to be coupled to the molecular rota-
tional angular momentum.*® Following the Hund’s case (b), we
can write that the electronic spin angular momentum S couples
with the nuclear rotational angular momentum N to form the
total angular momentum j

j=N+S (3)

It thus follows that each j level (with j > 1) is split into three
subleves Fj, F,, F; which have the following rotational wave-
functions:

[Fyjm) = [N =j—1,8jm)
|Fajm) = [N = j, Sjm) 4)

|Fyjm) = [N = j + 1, Sjm)

where |m) defines the projection of j along the space-fixed
z-axis.
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For a given value of N, the molecular rotational quantum
number, the corresponding relative energies for the three levels
defined in eqn (5), and associated with the three different
rotational wavefunctions, are given by:*®

2iN
Ei_y+1 = BN(N +1) — DN*(N +1)* - )+yN

3(2N +3
R , 22
Ejy = BN(N +1) = DN*(N + 1) + 75—

L U(N+1)

E/:N—l = BN(N+ 1) —DNz(N + 1)2 m

—y(N+1)
(5)

where B is the rotational constant, and the other constants
describe: D is the centrifugal distortion, A the spin-spin inter-
action, and y the spin-rotation. The spin angular momentum
and the rotational angular momentum are those already
described and discussed in the previous eqn (5) and clearly
involve the structural characteristic of the involved molecular
targets. In the present study we omitted the inclusion of the
much smaller centrifugal distorsion D and the even smaller A
spin-spin interactions. Hence we have included the primary
rotational constants B, given in the previous section, and the
spin-rotation coupling constants y obtained from the literature:
Ganser et al.*” and Curtis et al.*®

The lower-lying rotational energy levels when spin-rotation
effects are included are given by Fig. 6. As mentioned before,
due to their relative smallness, the centrifugal distortions have
been neglected in these calculations.

One clearly sees in Fig. 6 that the AN # 0 and the Aj # 0
transitions involve larger energy gaps than those transitions
were only the spin S quantum number changes: spin-flip
processes therefore involve much smaller energy transfers
during inelastic collisions, hence we shall not further discuss
them for the present study since they are expected to contribute
only marginally to state-changes induced by collision paths.
This aspect of the dynamics has already been illustrated by us
in our earlier work®® on similar molecules. We also see in Fig. 6
that, by removing the spin-rotational coupling which causes the
energy splitting terms, we could obtain an approximate picture
for the rotational structures of the target molecules described
as a pseudo-'Z cases, with the corresponding simplification of
the energy spacings reported by the figure given in the ESI,}
where we cover a larger range of rotational levels. The validity of
such a recoupling scheme was recently tested by us for the
Hydrogen Molecular Ions (HMIs) in collision with He, see:
Hernandez Vera et al.*® and for the OH" cation, also colliding
with He atoms in: Gonzalez-Sanchez et al*® In the following
discussion we shall verify once again this simplification and
therefore decide to generate the necessary rate coefficients only
for the pseudo-'X case.

In order to check in our two systems the validity of the
recoupling simplification, we need to treat the quantum
dynamics for a specified state |Fjm) for each target molecule
which interacts with the He atom as a structureless partner.
Hence we need to generate the scattering eigenfunctions of the

30334 | Phys. Chem. Chem. Phys., 2023, 25, 30330-30342
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12 12|5.0—— 50 54
10 10
4.0 4.0
40—
— 4838 4.0 4.0
T" 8 8/ 4.0 4
IS 48 38
)
w
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3.0 3.0
3.0 3.0
> 3848
: 3.0
3.0 4.0
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2.0
2.0 3.0
2.0 1.0 2.0 2.0 3.0
2 2 2.0 1.0
1.0 1.0 —— 1.0 1.0
1.0
1.0 2.0 1.0 1.0 2.0
0/0.0 —}898 o000 —— 00 1.0
58 28 —— 0010

Fig. 6 Computed lower-lying rotational level spacings for the CNN and
NCN systems. The columns on the left present the levels for the simplified
pseudo-'T cases while the ones on the right show the correct spacings for
the 3% cases.

total angular momentum J, which describe the total collisional
system, and which can be written as in Gonzalez-Sanchez et al.:*°

|FLIM) = > (jmLM | JM)|LM)|Fjjm) ~ (6)

MM,

Here (...]|..}|..) is a Clebsch-Gordan coefficient, M is the projection
of J along the space-fixed z axis, L is the relative orbital angular
momentum quantum number associated with the impinging
spherical helium atom, M; is its projection along z, and |LM;)
is the wave function for the angular motion of the helium
structureless particle. The index F; refers to the labelling of the
splitted spin levels (i = 1, 2, 3) reported in eqn (5). The
target rotational wave functions of eqn (6) may also be expressed
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in a general form

N=j+1

[Fm) = > iy [NSjm) )

N=j—1

To now solve the correct coupled-channel (CC) equations we
need to generate the transition matrix elements between the
fine-structure states defined by 7 which are now coupled via the
anisotropic PES discussed in the previous Section. One should
note here that the quantum dynamics involves a potential
coupling which is only electrostatic in nature and therefore
does not directly involve spin-flipping effects Gonzalez-Sanchez
eta Hernandez Vera et al.*® Such effects are only indirectly
brought in by the recoupling of the changed rotational quan-
tum numbers, during a state-changing collision (AN # 0), with
the electronic spin angular momentum to produce a different
set of coefficients of the changed F; values in eqn (7). We shall
further discuss this effect later on in this work. For a fixed value
of J, the relevant potential-coupled matrix elements are given as
Franz et al.*'

39
L

<F,.’ j’L’JM’ VIFGLIM) =3¢ &b (N'S'J L' IM|V|NSLIM)
NN’ i

®)

where the matrix elements of V between pure Hund’s case (b)
basis functions are given by (N'S'j'L'JM|V|NSjLIM).****

We have carried out calculations by solving the relevant
coupled-channel equations for all the initial states from N =0 to
N = 5 using our in-house quantum scattering code ASPIN, as
described in Lépez-Duran et al,** Martinazzo et al.,”® and
solved both the full fine-structure coupling scheme of the *Z~
target and the pseudo-closed shell (i.e. spin zero) simplified
coupling scheme of the 'X target Franz et al.*" The total angular
momentum values were extended, when needed, up to Jimax =
65. Several closed channels were included in order to obtain
convergence of the collisional cross sections: the range of
integration was extended, in some cases, out to a radial
distance of 200 A maximum and at least ten closed channels
were included in each expansion Lopez-Duran et al.>* The final
cross sections have been checked to be numerically converged
within 1-to-5% of their values.

We have collected in Table 2 the actual values of the
scattering parameters employed in our calculations.

When the pseudo-'~~ modifications are employed during
the collisional event (as is in our case), the total scattering wave
function can be expanded in terms of asymptotic target rota-
tional eigenfunctions (within the rigid rotor approximation)
which are taken to be spherical harmonics and whose eigen-
values are given by B.j(j + 1) where B, is the rotational constant

Table 2 Numerical parameters employed for the quantum scattering
calculations. Their definitions are given in the main text

System Rend (A) Jmax Jmax
CNN 200 40 64
NCN 200 38 63
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mentioned earlier for the present systems
when ignoring vibrational effects. The channel components for
the CC formulation are therefore expanded into products of
total angular momentum eigenfunctions and of radial
functions.?® These functions are in turn the elements of the
solutions matrix which appear in the familiar set of coupled,

second order homogeneous differential equations:

d2 ) 12
(@*FK 7V7ﬁ>'f’=0 9)

where [K]; = 6;2u(E — ) is the diagonal matrix of the
asymptotic (squared) wavevectors and [I]; = d;;1(l; + 1) is the
matrix representation of the square of the orbital angular
momentum operator. This matrix is block-diagonal with two
sub-blocks that contain only even values of (I + j) or only odd
values of (I + ).

The scattering observables are obtained in the asymptotic
region where the Log-Derivative matrix has a known form in
terms of free-particle solutions and unknown mixing coeffi-
cients. For example, in the asymptotic region the solution
matrix can be written in the form:

¥Y(R) = J(R) — N(RK (10)

where J(R) and N(R) are matrices of Riccati-Bessel and Riccati-
Neumann functions. Therefore, at the end of the propagation
one uses the Log-Derivative matrix to obtain the K matrix by
solving the following linear system:

(N —YN)=J' - Y]

(11)

From the K matrix the S-matrix is easily obtained and from it
the state-to-state cross sections. We have already published an
algorithm that modifies the variable phase approach to solve
that problem, specifically addressing the latter point and we
defer the interested reader to these references for further
details.***> In the present calculations we have followed the
above simplified, decoupling method and generated a broad
range of state-to-state rotationally inelastic cross sections from
the collisions of NCN and CNN with He.

Once the state-to-state inelastic integral cross sections are
known, the rotationally inelastic rate coefficients k;_, 7(T) can be
evaluated as the convolution of the cross sections over a
Boltzmann distribution of the Ei 4, values:

8 1/2
ki (T) = (W)

o ¢]
—FEirans/kg T
XJ Elrans(fjﬂj’(Elrans)e wrans /Ky dElrans
0

(12)

The reduced mass value for the NCN/He and CNN/He systems
was of 3.6385636 a.u. The individual rate coefficients were
obtained at intervals of 1 K, starting from 5 K and going up to 80 K.

4 Discussion of results

In the following subsections we shall discuss the present
computational results involving state-changing processes for
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the two title systems in collision with He atoms. The next
Section 4.1 reports our results for the inelastic cross sections
correctly calculated within the CC scheme and treating the
targets as >X " rotors and compared with the simplified results
within the approximate pseudo-'X ™ treatment of the molecular
radicals. The following Section 4.2 will discuss more extensively
the present results obtained within the CC treatment but for
simple linear rotors of the pseudo-singlet-states of the radical
molecules. The resulting rate coefficients are reported in the
Section 4.3.

4.1 Rotationally inelastic cross sections for *L rotors

The calculations reported in the panels of the two four-panel
figures, which are given in the ESI,{ are comparing the values of
the inelastic cross sections calculated exactly by following the
inclusion of the spin-rotation coupling mechanism outlined in
the previous Section. The exact data are given by dots, while the
results from the decoupling scheme that treat the targets as
pseudo-'T~ rotors are given as continuous lines of different
colours. The reported calculations clearly indicate that the two
types of cross sections are essentially coincident and that to
implement the faster, and simpler, decoupling scheme for the
dynamics yields for both radicals results which are practically
indistinguishable from the exact calculations. Such findings
therefore confirm once more that it makes sense to carry out
our production cross sections and inelastic rates for the rota-
tional populations of the title molecules by using only the
decoupling scheme.

4.2 Rotationally inelastic cross sections for pseudo-'~ ™ rotors

We have therefore computed a broad range of state-to-state
rotationally inelastic cross sections for the title systems,
employing the exact Coupled-Channel (CC) method outlined
in the previous Section 3 but treating the rotating molecules as
simple linear rotors in their X~ pseudo-state without any
coupling induced by the electronic spin discussed earlier. The
values of the index for the multipolar coefficients included in
the expansion potentials described in the previous subsection
went up to 4 =10 for the CNN radical and up to A = 16/17 for the
NCN radical. The number of coupled channels has been
extended according to the involved collision energy, covering
all available open channels. For the case of CNN we included a
varying range of coupled channels up to j = 30-to-38 depending
on collision energies and with a minimum number of 11 closed
channels. For the NCN radical j values were between 22 and up
to 38 with a minimum of 3 closed rotational channels. The
range of radial integration was extended with the long-range
terms discussed earlier and went out to 200 A at all the
energies. Collision energy values went from 0.0001 cm ™" up
to 340 cm™ " for CNN and up to 415 cm™ " for NCN.

It is also interesting to note here that in the case of the target
molecule with inversion symmetry, the NCN radical, the rota-
tional j index can separately have either odd or even values,
with the sequence ladders separated by the Aj = 2 selection rule.
On the other hand, the CNN system, the asymmetric polar
radical, allows both even and odd j values within the same
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coupling sequence so that both types of transitions, with the
Aj =1 and 2 selection rules.

Some of the obtained results are reported by the panels in
Fig. 7 and 8, where both types of transitions involving even and
odd j values, with the Aj = 2 selection rule, are given for the
pseudo-singlet state of the NCN symmetric radical, while
transitions involving both even and odd rotational states, and
with all the types of selection rules, are reported for the CNN
radical.

The following comments can be made from a perusal of the
data in Fig. 7 and 8:

(i) at all energies considered in the panels of Fig. 7, but
especially from the data near thresholds, we see that the
transitions involving Aj =2 steps are systematically the largest
cross sections, both for the even and odd j values, when in
comparison with processes involving both smaller and larger j
changes. This behaviour is obviously linked to the different
coupling strengths displayed in the previous Section 2 by the
different multipolar coefficients representing the original
points of the PESs. Both of their interactions, in fact, indicated
the 4 = 2 term as having the strongest coupling range and
therefore to be more efficient when involving transitions with
Aj = 2 processes.

(ii) the inelastic transitions displayed by the three panels of
Fig. 8 report a comparison between excitations with Aj = 1 (top
panel) and processes with Aj = 2 in the middle and bottom
panels. Right after the threshold regions where resonant pro-
cesses are indicated by the oscillatory behaviour of these cross
sections, we clearly see that, once again, transitions with Aj =2
provide the larger cross sections. The smaller differences
shown in their behaviour are additionally linked to the values
of the energy gaps between involved levels. As shown by the
energy ladders of Fig. 6, the gaps increase between excited
levels and therefore the efficiency of the corresponding inelas-
tic coupling decreases when excited levels are involved.

Another interesting type of behaviour is reported on a log
scale by the three panels of Fig. 9. What we present there are

o 4
% ]
© 1
120 T T T
100 |- 052 —— 054 —— 06 058 i
o 80 | B
< 60t ]
° 4ol He + NCN ]
20 H r:v" _ |
0 T T
0 50 100 150 200
70 T T T
60 158 —— 155 —— 157 1-9 B
o 50 i
< 40 }
= 30 ]
o 3 He + NCN 1
10
0 ! T T
100 150 200
Eml/cm"

Fig. 7 Computed excitation cross sections from the ground rotational
states (odd and even j values) for the CCN (upper panel), NCN (middle and
lower panels). See main text for further details.
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the computed cross sections involving de-excitation (rotational
cooling) processes over a very broad range of collision energies.

The results of Fig. 9 show clearly the dramatic effect of the
collision energy on the size of the computed de-ecitation cross
sections. Over a range of seven orders of magnitude for the
relative collision energies the corresponding cross sections
decrease by about six orders of magnitude, in the top panel,
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Fig. 9 Computed de-excitation (cooling) cross sections from three dif-
ferent initially excited rotational states. The upper panel shows results with
varying Aj values from the j = 5 level for the CNN radical, while the middle
and the bottom panels report the transitions with varying Aj values for the
NCN system starting from the j = 10 and the j = 11 excited rotational states.
See main text for further details.
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for transitions with different —Aj = values starting from thej =5
excited initial state. On the other hand, when de-excitation
processes involve initially a higher excited level, e.g. the j = 10
level in the middle panel, we see that the dominant factor in
controlling de-excitation efficiency is the value of the Aj change
since for the Aj = —10 we already have much smaller cross
sections even close to the threshold opening, so that the overall
decrease is just about two orders of magnitude. The same type
of behaviour is also displayed by the transitions between odd j
reported by the bottom panel for the NCN radical. This effect is
due to the interplay between the involved energy gap and the
increase of the interaction times for the larger —Aj changes:
longer interaction times induce less efficient energy-transfer
processes.

In terms of comparison between the energy-transfer beha-
viour of two radicals, our calculations of both the excitation and
de-excitation cross sections between different rotational states
indicate that the polar CNN radical displays larger cross sections
and greater efficiency for its collision-driven state-changing
processes than we see for the case of the homonuclear radical
NCN. Such differences in size and behaviour will also have, as
expected, direct consequences on the general features of the
inelastic rate coefficients discussed in the next Section 4.3.

4.3 Inelastic rate coefficients

Following the numerical integration process of eqn (12) we
have employed the computed inelastic cross sections discussed
in the previous Section 4.2 to generate inelastic rate coefficients
over a range of about 50 K, which is the expected range of
temperatures relevant to the CSE environments where detec-
tion of the present radical is been surmised, as we have already
discussed in our Introduction.

Examples of the present results are displayed and compared
with each other in the panels of the following figures. The data
in Fig. 10 report the rate coefficients for excitation processes
which start from the lowest available rotational states of the
radical molecules and show increasingly larger Aj values, while
the data in Fig. 11 report rate coefficients for the excitation
transitions only with Aj =1 and 2.

When we look at the data involving excitations from the
ground rotational states (even and odd j values) for the two
molecular radicals (reported by Fig. 10), we clearly see that all
the rate coefficients pertaining to excitation processes with Aj =
2 transitions are uniformly the largest ones. Furthermore, in the
T range above 10 K all the largest rates are very similar in size for
all three panels, stressing the similarities between coupling
potentials and energy gap values for the two molecules.

Different sets of inelastic rate coefficients are reported in the
two columns of data shown by Fig. 11. In fact, we present there,
on the left, excitation processes which originate From different
levels, while we give in the panels of the right column de-
excitation processes also from different initial levels. We easily
see that, when excitation processes initiate from higher rota-
tional states, and the Aj =1 or = 2 transitions are considered, we
find that the corresponding rates decrease in value when the
excitation moves up from the ground initial levels and are also

Phys. Chem. Chem. Phys., 2023, 25, 30330-30342 | 30337


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp03316c

Open Access Article. Published on 25 October 2023. Downloaded on 2/7/2026 10:16:27 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

Tcn ‘0 -1 —0 —>?;
iy 052 — 054

%) 1+ S
<@

[}

1S
(s]

£ T

© e —
=)

5 He + CNN

; 0.1 L L L L

0 10 20 30 40 50

A1 10

w

3 1

o

5 0.1

o
2 0.01

o

< 0001 !

0

T 10
T

8 1

o

5 0.1
mE .

o
o
T 001 He + NCN

=

S 0.001 : ‘ : :

0 10 20 30 40 50

T/K

Fig. 10 Computed excitation rate coefficients from the ground rotational
states (odd and even j values) for the CCN (upper panel), NCN (middle
and lower panels), over a temperature range of 50 K. See main text for
further details.

-1

100 T

T T

w A .

A0 i 250 —— 8956
=L He+CNN | 8 80 |2 432 — 1058 J
H g 64

mg ng 60 | 1
3 o o—— ¢ 4op He + CNN |
; Rl =il A = ‘

2 - = 0 10 20 30 40 50 60 70 80

T/K

-1

140
120 f;
100 -
80
60

05—

k /1072 cm® molec™" s

k /107" cm® molecule™" s7 k /107" cm® molecule™ 57!

T/K
o
10 e ¥ i — e
1| 8 \ 553 — 1159
e 100 755 b
o1 | He+NON { He + NCN
5 80
0.01 1583 —— 557 4 o
355 — 759 c e T— ]
0.001 25 T 729+ e P ‘
10 20 8 40 5 = 0 10 20 30 40 50 60 70 80
TIK TIK

Fig. 11 Left column: Excitation rate coefficients from a variety of initial
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Fig. 10. Right column: De-excitation (cooling) rate coefficients from
several initial rotational states (odd and even j values) for the CCN (upper
panel), NCN (middle and lower panels) the range of temperature values is
up to 80 K.

much larger when the polar radical species is involved (middle
and lower panels in that figure). Once more, the changing
energy gap values largely control the efficiency of the transi-
tions involved, as already discussed earlier in this Section.
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Fig. 12 Left column: De-excitation rate coefficients from three different
excited initial rotational states (odd and even j values) for the CCN (upper
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J = 11) over the same range of temperature values as before. Right column:
De-excitation rate coefficients from yet other initial excited rotational
states (odd and even j values) for the CCN (upper panel: from j = 10),
NCN (middle panel: fromj = 14 and lower panel from j = 13) over the same
range of temperature values as before.

We now turn to an analysis of the de-excitation (collisional
cooling) processes which are presented in the right column of
the same Fig. 11, as well as in the various panels of the two
columns in Fig. 12. We compare processes which start from
different initial states of the title molecules.

Several specific considerations could be made from a per-
usal of the data reported in the various columns of these
figures. If we start from the three panels on the right in
Fig. 11, we focus there on de-excitation processes involving
Aj = —2 transitions from a variety of initial levels up to j = 10
and j = 11 excited initial states. We see there that cooling
transitions from the higher excited rotational states are now
producing in all cases the largest rates, both for the CNN
radical (upper panel) and the NCN radical reported in the next
two panels. Since the energy ladder of the involved levels (given
in the previous Fig. 6) showed that the energy gaps become
larger as j increases, the collisional efficiency indicates here
that the largest energy release from the target molecules is
linked to the rate coefficients where the Aj = —2 transitions
occur. They confirm once more that the cooling mechanism is
most efficient when the Aj = —2 transitions are involved and
start from one of the higher initial states since the increased
energy gaps now allow for shorter interaction times and for
more sudden processes, a feature we discussed many times in
our earlier work, e.g. see: Gianturco.®® The swifter collisions, in
classical terms, are generally associated with more efficient
energy releases.

4.4 Assessing state-changing efficiency from collisional
pathways

An interesting aspect that can be gleaned from our information
on the inelastic rate coefficients involving rotational levels in
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both radical molecules is the general trend of the relative
efficiency of the state-transfer processes which are induced by
the collisional events in the ISM environments where we expect
these molecules should be present. Furthermore, since similar
cyanogen-bearing species have also been detected and compu-
tationally evaluated (e.g. see: NCCN in ref. 42 and CNCN in ref. 2)
it will be useful to compare the state-changing efficiencies
exhibited by the latter two systems with the present radicals.
One should also bear in mind, in fact, that the involved
rotational constants turn out to be somewhat similar to those
discussed here: thus, the B. = 0.157 cm ™! for NCCN and B. =
0.172 cm™ ' for CNCN, to be compared with 0.3991 cm™ "' for NCN
and 0.4375 cm™ ' for CNN, which are nearly a factor of 3 larger.

The data shown by the three panels of the first of them, i.e.
Fig. 13, present excitation processes involving the two radicals
of this study in the upper and middle panels and the already
published data for the NCCN radical in the bottom panel of
that figure. We report, at three different temperatures given by
different colour lines, transitions from different initial rota-
tional states and involving the dominant Aj = 2 excitations. The
efficiency of the excitation processes for the present radicals,
given in the upper and middle panels, gets smaller as T
decreases, which is what to expect from our previous data
analysis of the dynamical coupling during collisions. Further-
more, the excitation rate coefficient values become smaller as
one starts from the more highly excited initial states, a feature
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Fig. 13 Computed excitation rate coefficients for the two molecules of
the present study (upper two panels) and for the NCCN molecule from
ref. 42 (in the bottom panel). Transitions with Aj = 2 from different initial
levels are shown for three different temperatures labelled with different
colours. See main text for further details.
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related once more to the increase of both the energy gaps and
the interaction times as the initial j increases. The bottom
panel further shows the same type of processes involving the
NCCN cyano-derivative, already detected in the ISM and
recently studied in collision with He by Chhabra et al.** In
spite of the fact that this system has a smaller rotational
constant than both our title systems, we see that its rotational
excitation rate coefficients are similar in size, follow a less
marked pattern as j increases and exhibit a rather weak
dependence on temperatures. Such features are linked here
to the smaller energy gaps existing between transition levels,
while however the general effects are the same as in the present
molecules. Since NCCN has been observed, while those of the
present study have been so far only surmised, it stands to
reason to suggest that our systems, if further searched, could
become observationally available and should follow a similar
non-LTE behaviour as that indicated for the NCCN radical.**

Comparisons between computed data are further reported
in the three panels of Fig. 14 for the same three molecules
discussed in previous Fig. 15. We are showing a series of
de-excitation processes which all initiate from the excited
rotational state of j = 10 and report rate coefficients at four
different temperature values. The top and middle panels show
our present calculations for the CNN and the even-j levels of
NCN, while the bottom panel compares our results with those
obtained in ref. 2 for the cyano-derivative CNCN. The following
considerations can be made:
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Fig. 14 Comparing de-excitation rates from the initial level of j = 10 for
the present molecules (top and middle panels) and for the CNCN from
ref. 2 (bottom panel). Different T values are shown in the various panels
and are labeled with different colours. See main text for further details.
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(i) the rapid oscillations of the relative efficiency among
state-changing processes confirm once more that the cooling
transitions which yield the largest rate coefficient values corre-
spond to the largest energy release during the de-excitation
paths. Differences however exist between systems: the top panel
shows oscillatory behaviour between even- and odd-j values
for the CNN system, indicating once more the importance of
Aj = —2 coupling dynamics, while the middle panel exhibits
uniform decrease for the NCN system where all transitions obey
the Aj = —2 selection rule. The decrease in size as the Aj
increases is most rapid in the bottom panel for the CNCN
molecule where no such selection rule applies;

(ii) the temperature dependence of the ’cooling’ processes we
are considering now indicates that the collisional de-excitation
paths are more efficient the lower the T regime one is consider-
ing and decrease uniformly at higher T values, a feature related
once more to the relative changes of the interaction times;

(iii) the present radical molecules show their largest de-excitation
efficiency to be of the order of about 10™"" em® molecule ™ 577, as
indicated by the top two panels in Fig. 14. On the other
hand, the same quantities for the CNCN molecule, and shown
in the bottom panel of that same figure, clearly indicate
that the de-excitation efficiency for this molecule is about
50% smaller. This interesting result does confirm that the
two bio-fragments which are the object of the present study
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can indeed undergo collisional state-changing processes
at the same, or higher level of efficiency as those from
similar molecules which have been already observed in ISM
environments.

The results reported in the three panels of Fig. 15 addition-
ally present an analysis of the de-excitation paths which com-
pares the present radicals with the CNCN cyano-derivative of a
previous study.” Five different state-changing processes are
shown and compared at two different temperatures. The fol-
lowing comments could be made:

(i) the largest de-excitation rate coefficients stem from ’cool-
ing’ paths involving Aj = —2 transitions for the CNN radical and
for the NCN radical. All the other processes involving different
values of Aj show invariably smaller collisional efficiency. Thus,
the dominant efficiency of that direct rotational coupling term
of their potentials is confirmed;

(ii) in the case of the CNCN molecule, on the other hand, we
see both transitions with Aj = —1 and —2 are comparable in size
and show the largest rate coefficient values. Such values, on the
other hand, are again about 50% smaller than those shown in
the upper panels by the present radical molecules;

(iii) the results in the top two panels also show that the
temperature effects around the two values examined are rather
negligible and the relative cooling efficiency remain largely the
same at the two temperatures.

In conclusion, our present calculations indicate that both
title radicals exhibit rather efficient rotational state-changing
probabilities from collision with He atoms and therefore are
likely to be present in the ISM environments in some of their
rotationally excited levels, from which radiative emissions can
occur and probably be sighted.

5 Present conclusions

In the work reported here we have discussed in some detail the
inelastic dynamics of two important cyanogen-related mole-
cules, believed to provide the molecular backbones of several
systems considered to be precursors to bio species in the ISM.
We provide computational evidence on how such molecules
could exist in rotationally excited internal states by undergoing
efficient collisions with the He atoms, abundant component of
the same environment. Such data, obtained from accurate
quantum dynamics, could also be employed in principle to
estimate the same rate coefficients, but for the H, molecular
partner, by usings scaling procedures already present in the
current literature Gianturco et al.>®

Neither CNN nor NCN have so far been observed in Molecular
Clouds, but their presence has been surmised and searched, as
discussed in our Introduction. This means that to have addi-
tional information on their energy-transfer behaviour via their
interaction with He atoms, in the CSE environments where they
could be located, would certainly help us to provide additional
data on their relative populations of internal states which can be
in turn be detected by radiative emission, at least in the case of
the CNN radical. To be able to model the collision-driven
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processes which can lead to LTE (Local Thermal Equilibrium)
rotational populations is therefore one of the products of the
present calculations.

To this end, we have first obtained, from accurate ab initio
calculations, their interaction potentials with the He atom and
we have shown that it is computationally accurate to treat the
dynamics of the NCN *Z~ and the CNN *Z~ rotating radicals, to
a first approximation, as behaving like pseudo-singlet rotors.
We have, in fact, directly tested by calculation that the actual
differences between the two types of inelastic cross sections are
not significant and therefore we carried out the production of
final inelastic rate coefficients from quantum dynamics within
the pseudo-singlet rotor decoupling scheme, using the exact CC
treatment to solve the scattering problem.

Inelastic cross sections were therefore calculated for a
variety of initial and final rotor states and the corresponding
inelastic rate coefficients were obtained up to 80 K, in keeping
with the expected T-range within the CSE environments where
these molecules have been searched so far.

The inelastic rate coefficients which we have obtained here
turned out to be significant in size, indicating a good efficiency
of the collision paths to state-changing processes, even in
comparison with those associated with similar systems which
had been treated before: CNCN? and NCCN,**> and which have
been already observed. Our present calculations therefore
indicate that the rotationally inelastic rate coefficients from
collisions with He atoms, in the same environments where the
latter molecules had been detected, can provide significant
effects on the question of possible LTE rotational state dis-
tributions of both radical species and therefore could make
more likely their observational detections from internal radia-
tive emissions off the populated excited states, at least in the
case of the polar CNN radical.
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