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ABSTRACT

Nitriles have been identified in space. Accurately modelling their abundance requires calcula-
tions of collisional rate coefficients. These data are obtained by first computing potential energy
surfaces (PES) and cross-sections using high accurate quantum methods. In this paper, we re-
port the first interaction potential of the HNCCN*—He collisional system along with downward
rate coefficients among the 11 lowest rotational levels of HNCCN*. The PES was calculated
using the explicitly correlated coupled cluster approach with simple, second, and non-iterative
triple excitation (CCSD(T)-F12) in conjunction with the augmented-correlation consistent-
polarized valence triple zeta Gaussian basis set. It presents two local minima of ~283 and
~136cm™!, the deeper one is located at R = 9 a, towards the H end (He- - - HNCCN*). Using
the so-computed PES, we calculated rotational cross-sections of HNCCN™ induced by colli-
sion with He for energies ranging up to 500 cm™! with the exact quantum mechanical close
coupling method. Downward rate coefficients were then worked out by thermally averaging
the cross-sections at low temperature (7' < 100 K). The discussion on propensity rules showed
that the odd Aj transitions were favoured. The results obtained in this work may be crucially

needed to accurately model the abundance of cyanogen and its protonated form in space.

Key words: molecular data—molecular processes —ISM: abundances —ISM: molecules.

1 INTRODUCTION

The chemistry of nitriles (R-C=N) is astronomically crucial due to
their abundance in the interstellar medium. In fact, cyanopolyynes
(HC,, + 1N) are ubiquitous in interstellar and circumstellar clouds
as TMC-1 and IRC+10216 (Bell et al. 1997; Balucani et al. 2000;
Chin et al. 2006). Petrie, Millar & Markwick (2003) and Kotos
& Grabowski (2000) have proposed that dicyanopolyynes (N=C—
(C=C),—C=N) would also be present in these regions. This hy-
pothesis may have a great impact on the abundance of the interstel-
lar CN radical (Rodriguez-Franco, Martin-Pintado & Fuente 1998;
Fray et al. 2005; Riechers et al. 2007). Indeed, the CN radical ob-
served in the cometary comae is expected to be the main product
of cyanogen (NCCN) dissociation (Wu & Hall 1994; North & Hall
1997).

NCCN was detected towards the atmosphere of Titan (Kunde
et al. 1981; Coustenis et al. 1991) with Voyager 1 through infrared
observations. Due to their lack of permanent electric dipole mo-
ment, the dicyanopolyynes are not observable in radio astronomy.
Therefore, to prove the NCCN abundance:
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(i) one of the suggested possibilities is to rely on the analogue
P-bearing molecule, namely NCCP, which has a permanent electric
dipole moment of 6.347 (Puzzarini & Cazzoli 2009). It is worth
mentioning that Agindez, Cernicharo & Guélin (2014) reported a
column density of 7 x 10'' cm™2 as well as a tentative of identifi-
cation towards the IRC+10216 with the IRAM 30 m telescope for
NCCP;

(i) an alternative pathway is to probe the polar isomer NCNC that
is metastable or the protonated form, namely protonated cyanogen
(HNCCN™) (Petrie et al. 2003). This was later detected towards the
TMC-1 and L483 cold dark clouds showing the 5—4 and 10—9
rotational emission lines at 44 GHz using the Yebes 40 m tele-
scope and at 88.8 GHz with the IRAM 30 m telescope, respectively
(Agtindez et al. 2015).

Furthermore, protonation processes are very current in space and
planetary atmosphere mainly for nitriles. In the atmosphere of Ti-
tan where cyanogen was already detected, Coustenis et al. (1991),
Kunde et al. (1981), and Anicich & McEwan (1997) have suggested
the following mechanisms of formation (equations 1 and 2) for the
protonated cyanogen.

Hi + NCCN — HNCCN™' + H, (1)

© 2018 The Author(s)
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C,Hf + NCCN — HNCCN* + CH, )

HCO"™ + NCCN — HNCCNT 4+ CO 3)

The presence of the Hj reactant in the TMC-1 and L483 cold
dark clouds with relatively large abundances, supplemented by
the relatively large proton affinity (PA) of NCCN [PA(NCCN)
~651.2kJ mol~! (Milligan & Fairley 1998) which is greater than
PA(H,) A~ 422.3kJ mol~! (Hunter & Lias 1998)], makes equation
(1) the most promising channel for the production of the interstellar
HNCCN". In addition, the reaction of proton transfer (equation 3)
has been proposed by Agiindez et al. (2015). Along with HNCCN*
(Agtindez et al. 2015), some protonated nitriles HCNH*, HC3NH*
(Ziurys, Apponi & Yoder 1992; Kawaguchi et al. 1994) and numer-
ous other protonated molecules have been detected towards cold
media. This suggests that protonated molecules play a crucial role
in the chemistry of cold astronomical sources.

Cationic nitriles have been the target of numerous theoretical as
well as experimental investigations (Cazzoli, Degli Esposti & Scap-
pini 1992; Botschwina, Fluegge & Seeger 1993; Gottlieb et al. 2000;
Ding et al. 2001; Semaniak et al. 2001; Amano, Hashimoto & Hirao
2006; McLain & Adams 2009; Puzzarini & Cazzoli 2009). Most of
them were focused on the study of the protonated nitriles destruction
through dissociative recombination. However, radiative transitions
as well as collisional rate coefficients are crucially needed to ac-
curately model their abundance in the interstellar molecular clouds
(Roueff & Lique 2013). Without these data, one would assume the
physical conditions of local thermodynamic equilibrium, which are
rarely reached in space. As far as we know, the only relevant as-
trophysical investigation focused on the collisional processes for a
protonated nitrile (HCNH™) is that of Nkem et al. (2014).

In this paper, we focused on the investigation of dynamical pro-
cesses of protonated cyanogen induced by collision with helium
(He) at low temperature. Using He as collision partner is a rele-
vant choice as one can derive the rate coefficients that would be
obtained with para-H, (j = 0) as projectile. In fact, He may be a
suitable template for para-H; as itis a closed shell atom that contains
two electrons. However, the accuracy of such an approximation is
discussed in the literature for protonated species. Nevertheless, it
roughly yields to the scattering data that would be recorded from
protonated molecule-para-H, in terms of magnitude rank. In the
case of long-chain molecules, Wernli et al. (2007) showed that the
use of the 1.4 scaling mass factor is a good approximation. It is
worth noting that the interactions between protonated molecules
and H, generally lead to deep potential wells towards the H end.
Such strong attractions along with low rotational constants (in the
case of nitriles with long chain) make the dynamical processes
computationally expensive. Such a difficulty may be an additional
reason to the use of He instead of H, as collision partner (Daniel
et al. 2005; Dubernet, Quintas-Sdnchez & Tuckey 2015; Bop et al.
2017b; Werfelli et al. 2017). According to the physical conditions
of the media where HNCCN* was observed (TMC-1 and 1483 cold
clouds), the rate coefficients calculations were carried out at low
temperature. High accurate quantum mechanical calculations based
on a reliable ab initio potential were used to satisfy the required
astrophysical precision.

This paper is structured as follows: Section 2 presents the in-
teraction potential. The scattering calculations are described and
discussed in Section 3. In Section 4, are given concluding remarks.
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Figure 1. Description of the body-fixed Jacobi coordinate system.

2 POTENTIAL ENERGY SURFACE AND
ANALYTICAL FIT

The potential energy surface (PES) constructed in this work results
from the interactions between a linear molecule and a structure-
less atom. To keep the number of degrees of freedom reasonably
small, the rigid rotor approximation can be safely used in the cal-
culations. Previous investigations (Jeziorska et al. 2000; Jankowski
& Szalewicz 2005) have suggested that averaged geometries (rg
geometries) lead to a better description of PES than equilibrium
molecular geometries (r, geometries). The ry geometries can be
computed using ground state vibrational wave functions. To the
best of our knowledge, such eigenstates are not available in the lit-
erature for protonated cyanogen. Therefore, we relied on the exper-
imental equilibrium geometries of Cazzoli et al. (1992) which were
derived from the rotational constants of HNCCN*(X'=+) and its
isotopes. Typlcally, the resulting bond lengths are ryn, = 1.0057 A,
e = L. 140 A, re,c, = 1. 376 A, andrc,N, = 1. 158 A. These val-
ues should be in good agreement with the vibrationally averaged
ones.

The HNCCN*-He collisional complex was described with the
body-fixed Jacobi coordinates system 6 and R, where R represents
the vector between the centre of masses of the two collision partners
and 6 stands for the angle between the vector R and the HNCCN*
rod. From Fig. 1, one can see that & = 0° corresponds to the He
approach towards the H end. Hereafter, the potential was constructed
with 1064 ab initio points that were treated in the Cs symmetry
group. The radial coordinate (R = |R|) was varied from 4 to 30 ag
using an irregular grid. For 4 < R < 15 the grid was set to 0.25 ay,
for 15 <R <20to 1 ay and for 20 < R < 30 to 2 ay. In addition,
R = 100 a( was included for reasons we will explicit in the next
paragraph. The scattering angle 6 was uniformly spanned from O to
180° with a step of 10°.

To compute the HNCCN*(X! £*)-He('S) van der Waals interac-
tion potential, preliminary calculations were performed with the
complete active space self-consistent field method (Knowles &
Werner 1985; Werner & Knowles 1985) to weigh out the mono-
configurational character of the collisional system over the 1064 ab
initio points mentioned above. The static weight of the predominant
configuration of the HNCCN*-He ground electronic state is greater
than 93 percent. Then, we used the explicitly correlated coupled

MNRAS 478, 4410-4415 (2018)
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Figure 2. Contour plots of the HNCCN*-He potential energy surface (in
unit of cm™!) as a function of x and y x = R cos(6) and y = Rsin(0)). The
HNCCN* molecule is shown to scale.

cluster approach with single, double, and non-iterative triple exci-
tation CCSD(T)-F12 (Knizia, Adler & Werner 2009) to calculate
the PES adopting the same methodology we followed in our pre-
vious papers (Bop et al. 2017a,b). The atoms of the collisional
system were described using the augmented-correlation consistent-
polarized valence triple zeta (aug-cc-pVTZ) basis set. Both of the
method and the basis set (i.e. the level of theory, hereafter denoted
as CCSD(T)-F12/aug-cc-pVTZ) were used as implemented in the
MoLPRO molecular package (version 2010) (Werner et al. 2010).
The counterpoise procedure of Boys & Bernardi (1970) was used
to correct the errors generated by the basis set superposition (see
equation 4). In addition, the size consistency error was corrected by
subtracting to the global potential the energy value (which is close
to 5.7 cm™~! for all He orientations) calculated at R = 100 ay. Hence,
the interaction potential is constrained to asymptotically decay to
zero.

V(R, 0) = Euncent—te(R, 0) — Euncen+ (R, 0) — Eye(R, 0). (4)

Although the accuracy of the CCSD(T)-F12/aug-cc-pVTZ level of
theory has been approved in the literature, it was checked in our
previous works (Bop et al. 2017b; Bop, Hammami & Faye 2017c).

We present in Fig. 2 equipotential of the HNCCN*-He van der
Waals system. The contours show a prolate ellipsoid symmetry
due to the dominance of the rod-like shape of HNCCN™. The red
contours represent the negative potentials (attractive part) while the
blue contours stand for the positive potentials (the repulsive part).
This interaction potential presents two local minima. The shallower
one, 136.24cm™!, is observed at {R = 5.754a9,60 = 80.0°} i.e. {x
= 1.00ag,y = 5.66 o} . The deeper potential well (283.11 cm™!)
is located at {R =9.00 49,0 = 0.0°} i.e. {x=9.00a9,y = 0.00ao }
towards the H end of the HNCCN™ rod. As illustrated in Fig. 3,
the interaction potential presents a strong anisotropy. The potential
well varies steadily from one orientation to another. Typically the
well depth is 283.11 cm~! for =0°, 123.48 cm ™' for & = 90°, and
27.28 cm™! for 6 = 180°.
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Figure 3. Potential energy surface (in unit of cm~") of the HNCCN*—He
for selected geometries (6 = 0, 90, and 180°).

In order to solve the coupled equations for the scattering study,
expanding the PES over a basis of suitable angular functions for each
R-distance is needed. In general, the Legendre polynomial functions
are used (see equation 5) for the atom-rigid linear rotor collisional
systems (V, and P, represent the radial coefficients and the angu-
lar functions, respectively). However, when using equation (5) to
expand the HC;N-He potential, Green & Chapman (1978) noticed
convergence problems.

Jmax

V(R,0) = Z V,(R) P, (cosh). (5)

A=0

Then, they performed quasi-classical trajectory calculations instead
of quantum computations. This convergence failure is due to the fact
that the spherical symmetry of molecules decreases with the length
of their chain. To overcome such a problem, it is necessary to include
in the expansion (equation 5) a large number of radial coefficients.
Indeed, Wernli et al. (2007) used An.x = 35 to fit the HC3N-He
regularized potential within an error of a few cm™'. In this work,
the same number of radial coefficients was used to expand the PES
over the basis of Legendre polynomial functions. Although we did
not regularize the PES, the 35 anisotropic terms have generated an
analytical PES similar to the ab initio one. Deviations are observed
only for the T-shape geometry at R = 5 ay (see the supplementary
file to appreciate the accuracy of the PES expansion). We expect
that this slight discrepancy will not affect significantly the dynamic
results.

According to Fig. 4, which depicts the expansion of the V; — ¢_3
radial coefficients as a function of R, V; is the largest in magnitude
among the anisotropic terms (terms for which A > 0). The domi-
nance of such a term may have a consequence on the behaviour of
the dynamic results.
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Figure 4. Comparison of the anisotropic radial coefficients Vj — |3 with
respect to the isotropic term Vj — .

3 DYNAMIC STUDY

As we focused on low-temperature rotational rate coefficients,
the total energy (E) range was spanned up to 500 cm~!. For the
HNCCN* molecule, this maximum energy is low enough to con-
sider the transitions purely rotational.

3.1 Cross-sections

The rotational inelastic cross-sections presented in this paper were
computed using the close coupling (CC) approach, developed by
Arthurs & Dalgarno (1960), as it is implemented in the MOLSCAT
code (Hutson & Green 1994). During the scattering computations,
the log derivative propagator of Manolopoulos (1986) was used to
solve the coupled equations. For this purpose, preliminary calcu-
lations were carried out as convergence tests to fix the propagator
parameters. The integration boundaries were set to Rpyin = 3 a9
and Ry, = 90 ag. The STEPS parameter was set large enough at
low energy, to generate a fine integration grid, as it is inversely
proportional to the integration step. Typically, STEPS = 30 for £
< 50cm™" and 10 for the other energy values. Due to the large
value of Ay, used in the expansion, equation (5), the rotational
basis was set large enough to include all coupling coefficients (V;)
in the dynamic calculations. Therefore, all opened channels along
with a large number of closed channels were taken into account.
This led to high accurate scattering data that were computation-
ally expensive. For instance, jy. was set to 20 for E < 25cm™!,
and progressively increased up to jm.x = 30 for a total energy of
500 cm™". These jna, values were determined by optimizing the ro-
tational basis. All parameters of the propagator are listed in Table 1
along with the spectroscopic constants, namely B, and D, as well
as the reduced mass u of the collisional system. The total energy
range 0.3-300 cm™~! was spanned as follows: for £ < 30cm™' the
step was set to 0.1 em™!, for 30 < E < 50cm™! to 0.5cm™', for
50 <E<100cm~!to1cm™!, for 100 < E <200cm~! to 5cm™!,

on 06 July 2018

PES and collisional rates of HNCCN*—He

4413

Table 1. Parameters of the propagator used in this work.

B, =0.148cm™ ¢
D, =0.177 x 107¢cm~1-¢
n=23.71au

¢ Stands for Cazzoli et al. (1992).

jmax =20,22,25,27,30
STEPS = 30, 10
Ruins Rmax = 3,90 ag
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Figure 5. Inelastic cross-sections (0j.+1— j, upper panel and 0o, lower
panel) of HNCCN™* due to He impact: as a function of the kinetic energy
(Ex) (upper panel) and as a function of the initial rotational level (j) for
selected energies (lower panel).

for 200 < E < 300cm~! to 10cm™!, and for 300 < E < 500 cm™!
to 20cm™!.

We depict in Fig. 5 rotational de-excitation cross-sections of pro-
tonated cyanogen due to collision with helium. The upper panel
shows several resonances for kinetic energies below 30cm™!. It
is noteworthy that the small energy step used in the calcula-
tions of cross-sections has yielded the correct description of these

MNRAS 478, 4410-4415 (2018)
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resonances (shape and Feshbach). The Feshbach resonances
occur when the projectile (helium) is trapped in the po-
tential well leading to temporary quasi-bound states of
the HNCCN*-He collisional system. The shape resonances
may be explained as quasi-bound states due tunnelling
through the centrifugal energy barrier. Concerning propen-
sity rules, we rely on the lower panel of Fig. 5 since the
3 — 2,4 — 3, and 5 — 4 transitions overlap (for Ex >
2cm™!). This panel shows that, for all selected energies, the odd
J values (1, 3, 5, and 7) outweigh the even ones (2, 4, 6, and 8§,
respectively). As expected from the behaviour of radial coefficients
(see Fig. 4), the odd Aj transitions are favoured.

3.2 Rate coefficients

By thermally averaging the so-computed cross-sections with the
Maxwell-Boltzmann velocity distribution, we worked out the rota-
tional collision rates for kinetic temperatures (7) ranging from 1 to
100K.

g \ 2 e B
Ky (T) = (—) § | Boe i, ©)
B 0

B = 1/kgT while kg stands for the constant of Boltzmann. The
kinetic energy E is derived from the total energy, Ex = E — Ej,
where the rotational energy E; = B,j(j + 1) — D,j*(j + 1)*. The
downward collision rates were carried out for rotational transitions
involving the 11 first levels.

The upper panel of Fig. 6 shows the variation of rate coefficients
as a function of the kinetic temperature. All transitions present the
same shape. The magnitude of rate coefficients increases when j
increases. This pattern is observed in the entire temperature range
for the three lowest transitions while it appears only at 7> 40 K for
the higher transitions. Although the 5 — 4 rotational transition
predominates the 4 — 3 one, their magnitudes are quite com-
parable. These similarities persist for the (j = 6-10) — (j — 1)
transitions (see supplementary materials). Therefore, both items
(the pattern and the similar magnitudes discussed above) together
show that the (j =4-10) — (j — 1) rotational transitions are
dominant and they almost overlap.

In order to discuss propensity rules, we depict in the lower panel
of Fig. 6 downward rate coefficients (k; o) as a function of the
initial rotation level j. As expected from the behaviour of cross-
sections, the odd Aj transitions are favoured.

4 CONCLUSION

Rotational inelastic cross-sections of protonated cyanogen due to
helium impact have been determined using the exact CC quantum
mechanical method for energies ranging up to 500 cm~'. These data
were then thermally averaged using the Maxwell-Boltzmann veloc-
ity distribution to calculate downward rate coefficients among the
11 lowest rotational levels for kinetic temperatures ranging from 1
to 100 K. These dynamic calculations were based on a high accurate
ab initio PES. This latter was computed using the explicitly corre-
lated coupled cluster approach with single, double, and non-iterative
triple excitation in conjunction with the aug-cc-pVTZ Gaussian ba-
sis set.

Concerning propensity rules, the transitions involving odd Aj
values are favoured for cross-sections as well as for rate coefficients.
These later showed that the (j = 4-10) — (j — 1) transitions
predominate from 40 to 100 K.
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Figure 6. Downward rate coefficients (k) of HNCCN* due to He impact
as a function of the kinetic temperature for j + 1 — j (j = 0—4, upper
panel) and j —> 0 (j = 1—10, lower panel) transitions.

The data presented in this paper may be of great astrophysi-
cal interest in the accurate modelling of cyanogen and protonated
cyanogen abundances in space.
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