
MNRAS 0, 1–8 (2019) doi:10.1093/mnras/stz2468
Advance Access publication 2019 September 5

Collision excitation of sodium cyanide molecule by helium at low
temperature

C. Gharbi,1 Y. Ajili,2 D. Ben Abdallah,1,2 M. Mogren Al Mogren3 and M. Hochlaf4‹
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ABSTRACT
Cyanides/isocyanides are the most common metal-containing molecules in interstellar
medium. In this work, quantum scattering calculations were carried out to determine the
rotational (de-)excitation of the most stable form of the sodium cyanide molecule, t-NaCN, in
collision with the helium atom. Rate coefficients for the first 43 rotational levels (up to jKaKc

=
63,3) of NaCN were determined for kinetic temperatures ranging from 1 to 30 K. Prior to that,
we constructed a new three-dimensional potential energy surface (3D-PES) for the t-NaCN–He
interacting system. These electronic structure computations are done at the CCSD(T)-F12/aug-
cc-pVTZ level of theory. Computations show the dominance of �j = �Kc = −1 transitions,
which is related to the dissymmetric shape of the t-NaCN–He 3D-PES. The NaCN–He rate
coefficients are of the same order of magnitude (∼10−11 cm3 s−1) as those of other metal
CN-containing molecules such as MgCN and AlCN in collision with He. This work is a
contribution for understanding and modelling the abundances and chemistry of nitriles in
astrophysical media.
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1 IN T RO D U C T I O N

The number of metal-bearing molecules detected in space has
never stopped growing (Ziurys et al. 2002; McGuire 2018). Their
stabilities, abundances, as well as their synthesis are still of concern
to many communities working on experimental and theoretical
astrochemistry. Structural, spectroscopic, and collisional data are
useful for modelling their abundances in astrophysical media (He
et al. 2008; Halfen & Ziurys 2011; Müller, Halfen & Ziurys 2012;
Senent, Dumouchel & Lique 2012). Since the identification of the
first metal halide in the envelope of the C-rich star IRC+10216 (Cer-
nicharo & Guelin 1987), a large series of metal cyanide/isocyanide
compounds containing Na, Mg, Al, Si, K, Fe have been discovered
(Kawaguchi et al. 1993; Turner, Steimle & Meerts 1994; Guélin
et al. 2000; Ziurys et al. 2002; Guélin et al. 2004; Pulliam et al.
2010; Zack, Halfen & Ziurys 2011). The main part of cyanides
observations has been performed in IRC+10216 envelope and
other circumstellar sources such as CRL 2688 (Highberger et al.
2001) and VRL618 (Ziurys et al. 1995; Highberger & Ziurys 2003;
Pulliam et al. 2010).

The theoretical calculations showed that the most stable form
of NaCN has a T-shaped structure, namely t-NaCN (Senent et al.
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2012). t-NaCN was first discovered confined in the IRC+10216
inner shell (Turner et al. 1994) via its 2 and 3 mm rotational
transitions in the Ka = 0 asymmetry component. It is a remarkably
abundant circumstellar molecule (Halfen & Ziurys 2011). More re-
cent sensitive spectral survey (∼1 mm) of IRC+10216 (Tenenbaum
et al. 2010) showed that this molecule exhibited the fourth highest
number of spectral lines, with asymmetry components present as
high as Ka = 7. On the experimental side, Ziurys and co-workers
(Halfen & Ziurys 2011; Müller et al. 2012) have conducted new
measurements on the millimeter/submillimeter spectrum of this
molecule up to 570 GHz. Multiple Ka asymmetry components
were recorded in each rotational transition up to Ka = 5 or 6.
In light of their laboratory results and the latest spectral survey,
Halfen & Ziurys (Halfen & Ziurys 2011) revised the fractional
abundance of this floppy molecule in IRC+10216 to be f (NaCN/H2)
∼ 1 × 10−8, comparable to that of c-C3H2. Note that in addition to
t-NaCN, two linear isomers (l-NaNC and l-NaCN) are predicted
by computations. Both l-NaNC and l-NaCN are not detected
yet. They are located at higher energies with respect to t-NaCN.
Relatively large potential barriers prohibit interconversion between
these isomers at low temperatures. Anyway, in interstellar medium
(ISM) and stellar envelopes where temperatures are relatively low,
isomers are supposed to behave as different species.

The molecular abundances in the ISM depend on molecular
stabilities, reaction probabilities, and radiative and collisional ex-
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Figure 1. Definition of the Jacobi coordinates (R, θ , �) of NaCN–He
complex used in this work. G corresponds to the centre of mass of NaCN.

citations. Since collisions and radiative processes participate into
altering the populations of the molecular rotation-vibration states,
astrophysicists need collision rate coefficients of molecules with
the most abundant gases in the universe i.e. H, H2, and He. In
this work, we mainly focus on the calculations of rate coefficients
of rotational (de-)excitation of t-NaCN colliding with He at low
temperatures. Helium atom is often assumed to be a model for
para-H2 (j = 0) (Lique et al. 2008). Using He as a substitute of H2

is an approximation to estimate the collision rate coefficients with
reduced computational cost. Such approximation most of the time
does not work. The He rate coefficients can differ by a factor of 3
from those of H2 depending on the transition and the temperature
(Lique et al. 2009; Najar et al. 2009).

First, we generated a three-dimensional potential energy surface
(3D-PES) for the t-NaCN–He weakly bound interacting system.
This 3D-PES is mapped in intermonomer Jacobi coordinates (Fig. 1)
using the explicitly correlated coupled cluster (CCSD(T)-F12)
approach. Secondly, we derived an analytical expansion of this 3D-
PES. Thirdly, we carried out quantum dynamical computations on
this newly developed 3D-PES. Thus, we deduced the cross-sections
and collision rates for the rotational (de-)excitation of t-NaCN
colliding with He at temperatures between 1 and 30 K. The present
collisional rate coefficients may be used for determining the abun-
dance of t-NaCN in cold astrophysical media. Indeed, Quintana-
Lacaci et al. (2017) recently pointed out the need of such data for
modelling and understanding sodium cyanide chemistry there.

2 G E N E R AT I O N O F TH E 3 D - P E S O F NA C N – H E
INTER AC TING SYSTEM

2.1 Electronic structure computations

All ab initio electronic computations were done using the MOLPRO
2015 package (Werner et al. 2015). Here, we focused on the study of
the T-shaped form of sodium cyanide, t-NaCN, in collision with the
spherical structureless target He atom at low temperatures. t-NaCN
(denoted hereafter as NaCN) is an asymmetric-top molecule. For

energies below its first vibrational state [i.e. < 173 cm−1 (Müller
et al. 2012; Senent et al. 2012)], NaCN can be considered as a
rigid bent rotor. We made multiconfigurational calculations using
the complete active space self-consistent field (CASSCF) method
(Knowles & Werner 1985; Werner & Knowles 1985) in order to
inspect the electronic wavefunction of the NaCN–He van der Waals
complex. These test computations showed that the weight of the
dominant configuration in this wavefunction is greater than 0.93
for all investigated geometries. This validated hence the use of
monoconfigurational approaches for mapping the potential energy
surface of this colliding system.

The ground electronic state of the weakly bound NaCN (X1A′)–
He (1S) system is a singlet with C1 space symmetry. The NaCN–He
3D-PES is mapped using the explicitly correlated coupled cluster
method with single, double, and triple perturbative excitations
CCSD(T)-F12 (Adler, Knizia & Werner 2007; Knizia, Adler &
Werner 2009) in conjunction with the augmented correlation
consistent-polarized valence triple zeta (aug-cc-pVTZ) basis set
(Dunning 1989; Kendall, Dunning & Harrison 1992). We also used
the MOLPRO default choices for the density fitting and resolution
of identity basis sets (Yousaf & Peterson 2008). The validity of
the present methodology for the generation of multidimensional
potential energy surfaces of weakly bound molecular systems was
discussed in many previous works either in the regions of the
potential wells and at long-range separations. For illustration, we
give in Fig. S1 of the Supplementary Material, the one-dimensional
cuts of the NaCN–He 3D-PES along the R coordinate as obtained
at the CCSD(T)-F12/aug-cc-pVTZ level and their comparison to
analytical potential using multipolar expansions. This figure shows
good agreement between both sets of data (see Supplementary
Material for more details). It turns out that the CCSD(T)-F12/aug-
cc-pVTZ PESs are as accurate as those obtained using the standard
coupled cluster approach extrapolated to complete basis set limit
(CCSD(T)/CBS), while a strong reduction of the computational
costs (both CPU and disc occupancy) is achieved (Lique, Kłos &
Hochlaf 2010; Ajili et al. 2013; Al Mogren et al. 2014; Hochlaf
2017).

The 3D-PES of NaCN–He is mapped in the Jacobi coordinates (R,
θ , �) as shown in Fig. 1. The (GX), (GY), and (GZ) axes are placed
along the three principal axes of inertia of the NaCN molecule. R is
the distance from the centre of mass G of NaCN molecule to the He
atom. θ corresponds to the angle between R and the (GZ) axis. � is
the angle between the molecular plane and R. The intermolecular
coordinates of the NaCN asymmetric molecule were frozen at their
equilibrium values: rNaN = 4.264 bohr, rCN = 2.230 bohr and the
in-plane bending NaCN angle was set at 67.82◦ (Senent et al. 2012).

The electronic ab initio calculations of the NaCN–He 3D-PES
system were carried out for θ and � angles ranging from 0◦ to
180◦ with an uniform step of 10◦ and 15◦, respectively. For each
set of θ and �, 40 values of the intermolecular distance R were
chosen, i.e. R = [3.5, 3.75, 4.0, 4.25, 4.5, 4.75, 5.0, 5.25, 5.5,
5.75, 6.0, 6.25, 6.5, 6.75, 7.0, 7.25, 7.5, 7.75, 8.0, 8.25, 8.5, 8.75,
9.0, 9.25, 9.5, 9.75, 10.0, 10.5, 11.0, 12.0, 13.0, 14.0, 16.0, 18.0,
20.0, 25.0, 30.0, 40.0, 50.0, 100.0] bohr. This grid resulted into 760
non-equivalent geometries treated in the C1 point group symmetry.
It’s worth mentioning that in the interaction potential V(R, θ , �)
calculations, the basis set superposition error (BSSE) was corrected
at all geometries using the Boys and Bernardi (Boys & Bernardi
1970) counterpoise procedure:

V (R, θ,�) = ENaCN−He (R, θ, �) − ENaCN (R, θ, �)

−EHe (R, θ,�) , (1)
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Figure 2. 2D contour plots of the 3D-PES of the NaCN–He interacting system along the R and θ coordinates for fixed � values. In (a), � = 0◦. In (b),
� = 90◦. In (c), � = 180◦. In (d), we give the cuts along the angular coordinates θ and � for R = 7.2 bohr. Energies are in cm−1. Black contour lines represent
repulsive interaction energies. The reference energy is the energy of the separated NaCN and He species.

where ENaCN–He (R, θ , �) is the total electronic energy of the NaCN–
He complex. ENaCN(R, θ , �) and EHe(R, θ , �) are the total energies
of NaCN and of He, respectively. All these energies are evaluated
in the full basis set of the complex. Moreover, we corrected for
the non-size consistency of the CCSD(T)-F12 method. Thus the
3D-PES was shifted up by subtracting the value of the interaction
energy at R = 100 bohr (of ∼−1.9 cm−1).

Fig. 2 displays the 2D cuts of the 3D-PES of the NaCN–He
system along the two Jacobi coordinates R and θ for � = 0◦, 90◦,
and 180◦. One can see that the potential has the same shape for
� = 0◦ and � = 180◦, whereas a different behaviour along R and θ

is observed for �= 0◦ and for �= 90◦ (see below). Fig. 2(d) depicts
the 2D cut of the NaCN–He PES along the angular coordinates θ

and � for R = 7.2 bohr. Practically, there is no dependence on � for
θ ≤ 60◦. This figure shows that the interaction potential between
NaCN and He is strongly anisotropic, particularly along the R and θ

coordinates. This anisotropy will play a great role in the rotational
energy transfer to the cyanide sodium molecule during the collision.

Table 1 lists the geometries of the stationary points of the NaCN–
He PES and their corresponding potential energies for � = 0◦,
� = 90◦, and � = 180◦. The global minimum of this 3D-PES
is located at R = 7.20 bohr, θ = 0◦, and � = 0◦ coordinates. At

this geometry, the well depth is 88.49 cm−1 (Table 1). In addition,
we can see a second minimum for R = 9.10 bohr and θ = 180◦

with a well depth of 22.81 cm−1. Both structures are separated by a
transition state with R = 9.30 bohr, θ = 105◦, and V = −14.00 cm−1.
For � = 90◦, the PES presents two minima located at R = 7.20
bohr and θ = 0◦ and R = 9.10 bohr and θ = 180◦ separated by a
transition state at R = 7.60 bohr and θ = 107◦ and V = −21.01
cm−1. The potential well at this geometry is V = 88.49 cm−1. For
� = 180◦, we compute two minima separated by a transition state.
The first minimum can be found at R = 7.2 bohr and θ = 0◦ with
a well depth of 88.49 cm−1. The second minimum is located at
R = 8.80 bohr and θ = 155◦ with V = 25.16 cm−1. The transition
state is for R = 7.90 bohr, θ = 103◦, and V = −21.00 cm−1. In
sum, all identified minima and transition states are located below
the dissociation energy of the NaCN–He complex. For other weakly
bound molecular systems, we established that this special PES shape
is associated with complex quantum effects, including quantum
tunnelling, vibrational memory, and quantum localization effects
(Ajili et al. 2016; Lara-Moreno et al. 2019). Therefore, our work
suggests that both the theoretical and experimental rovibrational
spectroscopy of the NaCN–He van der Waals system cannot be
understood without considering these effects.
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Table 1. Characteristics of some stationary points of the 3D-PES of NaCN–He complex. Distances (R) are in bohr and
angles in degrees. V (in cm−1) is the dissociation energy.

φ = 0◦
θ = 0◦ θ = 105◦ θ = 180◦

R V R V R V
7.20 −88.49 9.30 −14.00 9.10 −22.81

φ = 90◦
θ = 0◦ θ = 107◦ θ = 180◦

R V R V R V
7.20 −88.49 7.60 −21.01 9.10 −22.81

φ = 180◦
θ = 0◦ θ = 103◦ θ = 155◦

R V R V R V
7.20 −88.49 7.90 −21.00 8.80 −25.16

2.2 Analytic form of the 3D-PES

To perform the dynamical calculations, the 3D-PES was fitted to an
analytical representation in terms of spherical harmonic expansion:

V (R, θ,�)

=
∑lmax

l=0

∑mmax

m=0
vlm (R)

Yl,m (θ, �) + (−1)mYl,−m (θ, �)

1 + δm0
, (2)

where Yl, m(θ, �) are the normalized spherical harmonics. vlm(R)
are the radial functions to be optimized, and δm,0 is the Kronecker
delta.

From the PES grid including (19 × 13) values of (θ , �), we
calculated vlm(R) coefficients for each R value of the radial grid by
the least-square procedure. We took a full set of m values (0 ≤ m ≤ l)
for l ranging from 0 to 11, whereas we considered mmax = 6 for
lmax = 12. In total, we obtained 85 angular coefficients of vlm(R).
The error percentage of these coefficients is less than 0.5 per cent
for the long range (R > 6 bohr i.e. attractive part) and smaller than
5 per cent for the short range (R < 6 bohr i.e. repulsive part). The
3D-PES can be sent upon request.

3 DY NA M I C A L C A L C U L AT I O N S

3.1 Rotational structure of NaCN

The rotational Hamiltonian of the NaCN asymmetric top molecule
is given by the following expression:

Hrot = Aj 2
x + Bj 2

y + Cj 2
z − DJj

4 − DJKj 2j 2
z − DKj 4

z , (3)

where, A, B, and C are the rotational constants of NaCN. DJ, DJK,
and DK are the first-order centrifugal distortion corrections. j2

x,
jy

2, and jz
2 are the square of the projections of the total angular

momentum along the different principal molecular axes such that,
j2 = j2

x + jy
2 + jz

2.
For an asymmetric top molecule like NaCN, the rotational levels

are conventionally labelled by jKa, Kc
, where Ka and Kc are the

projections of the total rotational angular momentum along the axis
of symmetry for the prolate and oblate symmetric top limits. The
energy diagram of NaCN rotational levels shown in Fig. 3 is con-
structed using the rotational and distortional constants as determined
by Halfen & Ziurys (Halfen & Ziurys 2011) i.e. A = 0.270 33 cm−1,
B = 0.2375 cm−1, C = 1.905 94 cm−1, DJ = 5.003 × 10−7 cm−1,
DK = 2.59 × 10−5 cm−1, and DJK = 1.1 × 10−6 cm−1. Since NaCN
is composed by three heavy atoms, the rotational structure is very
complex with a high density of rotational levels with relatively small
energy spacing between them (Fig. 3).

Figure 3. NaCN rotational energy levels for jKa Kc up to = 63,3. These levels
are labelled by the values of the rotational quantum number j (given along
the abscissa) and the projection quantum numbers Ka and Kc.

Table 2 lists the frequencies of some dipole-allowed transitions
detected in IRC+10216 (Turner et al. 1994) and CRL2688 regions
(Highberger et al. 2001). They are also compared with those
deduced using the spectroscopic parameters of Halfen & Ziurys
(Halfen & Ziurys 2011). A close agreement between the two sets
of data is observed.

3.2 Cross-sections

For scattering calculations, the fitted 3D-PES of the colliding system
NaCN–He was incorporated in the MOLSCAT program (Hutson &
Green 1994). The exact close-coupling (CC) method described in
Refs. Garrison & Lester Jr. (1976), Green (1976), and Green (1979)
was selected to determine the inelastic rotational cross-sections of
the cyanide sodium molecule in collision with helium. We are only
interested in transitions between the first 43 rotational levels. This
corresponds to a maximum of rotational energy, Erot = 25.515 cm−1,
i.e. up to jKa, Kc

= 63,3 level. This computation is done for total
energies (rotational + kinetic) smaller than 170 cm−1, i.e. below
the threshold for the excitation of the bending vibrational mode
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Table 2. Frequencies (in MHz) for selected dipole-allowed transitions of
NaCN molecule as observed in IRC+10216 and in CRL2688. We give also
those derived using rotational and distortional constants of Halfen & Ziurys
(Halfen & Ziurys 2011). See text for more details.

jKa,Kc –j ′
Ka

′,Kc
′ transitions Calculateda Observed

50,5–40,4 75 749.3 77 836.7b

60,6–50,5 90 728.7 93 206.1b

70,7–60,6 105 618.3 108 472.0b

90,9–80,8 135 088.8 138 652.1b

90,9–80,8 135 088.8 138 651.9c

100,10–90,9 149 659.3 153 557.7c

103,8–93,7 152 216.1 156 541.2c

103,7–93,6 152 331.5 156 684.0c

102,8–92,7 154 020.1 158 616.4c

61,6–51,5 88 112.2 90 394.38d

60,6–50,5 90 728.7 93 206.09d

62,4–52,3 91 690.0 94 334.80d

61,5–51,4 94 148.4 96 959.81d

91,8–81,7 136 537.1 145 075.57d

102,8–92,7 152 216.1 158 616.77d

aThis work.
bTurner et al. (1994).
cHighberger et al. (2001).
dQuintana-Lacaci et al. (2017).

of NaCN. The hybrid log-derivative propagator of Manolopoulos
(Manolopoulos 1986) was used to determinate the solution of the
coupled equations.

First, we tested the parameters of the integrator, which were
adjusted to ensure convergence of the cross-sections over the whole
energy range. For the total energy range (1 ≤ E ≤ 170 cm−1),
benchmarks showed that the rotational basis set associated with
jmax = 12 is sufficient to ensure the convergence of NaCN–He
inelastic cross-sections for all transitions up to jKaKc

= 63,3. Since
the size of the coupled equations and the necessary computer time
for their resolution increase rapidly with the size of the basis set,
the cut-off parameter Emax = 55 cm−1 was used to remove some
highly excited states that formally become open but in practice
remain very weakly populated by transitions from the lowest levels.
The integral cross-sections are obtained by summing the partial
cross-sections over a sufficiently large number of values of the total
angular momentum Jtot until convergence is reached. For example,
for the total energy, E = 170 cm−1, Jtot = 35 ensures a convergence
to within 2 per cent for all considered inelastic transitions.

For the proper description of the resonances during the calcula-
tions and of the small energy spacing between the rotational levels,
a fine energy grid was carefully chosen. We used a step of 0.1 cm−1

for 1 cm−1 < E < 50 cm−1, of 0.2 cm−1 for 50 cm−1 < E < 100
cm−1, and of 1 cm−1 for 100 cm−1 < E < 170 cm−1.

Figs 4(a) and (b) present respectively the downward cross-
sections for the transitions from the 50,5 state to the jKa

′, Kc
′ levels

where �Ka = 0 and �Kc = �j (= −1, −2, −3, −4, −5) and those
for some transitions where �Ka = 0 and �Kc = �j = −1. The
transitions associated with �j = −1 are dominant. The rotational
de-excitation cross-sections as well as the number and the height of
the resonances decrease with increasing |�j |. Resonances do not
exist for cross-sections involving levels with large �j due to the
large threshold energy value. For fixed �j (= −1), cross-sections
increase with increasing j. We can clearly notice that the detected
transitions 50,5–40,4 and 60,6–50,5 are the dominant ones.

Figure 4. Evolution of the collision cross-sections as a function of kinetic
energy Ek for some selected de-excitation transitions from the 50,5 level (in
a) and for some transitions where �Ka = 0 and �Kc = �j = −1 (in b).

3.3 Rate coefficients

In order to obtain the thermal rate coefficients as a function of
the kinetic temperature T, we need to integrate the calculated
cross-sections over the Maxwell–Boltzmann distribution of kinetic
energies as follows:

kjKa,Kc→j ′K ′
a ,K ′

c
(T) = β2

∫ ∞

0
EkσjKa,Kc→j ′K ′

a ,K ′
c
(Ek)e−βEk dEk,

(4)

where β = 1/kBT, with T, kB, Ek , μ, and σjKa, Kc→j ′K ′
a , K ′

c
are

the kinetic temperature, the Boltzmann constant, the kinetic energy
which is related to the total collisional energy according to E = Ek

+ EjKa, Kc
, the reduced mass of the colliding system (μ = 3.7004

au), and the cross-section from the initial rotational level jKa, Kc
to

the final rotational level j ′
K ′

a , K ′
c
.

The numerical integration in equation (4) was performed using
the trapezoidal rule. The cross-sections computed for energies
ranging from 1 to 170 cm−1, lead to the calculation of rate
coefficients for kinetic temperatures from T = 1–30 K and rotational
levels up to jKaKc

= 63,3.

MNRAS 0, 1–8 (2019)



6 C. Gharbi et al.

Figure 5. Variation of the rate coefficients versus kinetic temperature (T
in K) for selected transitions corresponding to j0, j–00,0 (a) and those with
�j = −1, �Ka = 0, �j = �Kc (b).

Fig. 5 displays the rotational de-excitation rate coefficients of
NaCN by collision with He atom as a function of kinetic temperature
for different transitions. We give those from jKaKc

state to the ground
state 00,0 (�j = −1, −2, −3, −4 and �Ka = 0, �Kc = �j) and those
corresponding to �j = −1, �Ka = 0, and �Kc = �j for j = 1–5.
This figure shows that the rates exhibit smooth variations with the
temperature for transitions associated with �j = −2, −3, −4, and
a decreasing shape when �j = −1. As said above, the detected
transitions 50,5→ 40,4, 60,6–50,5, and 40,4→ 30,3 are dominant.

Fig. 6 displays the rate coefficients for some selected j0, j →
j ′

0, j ′ transitions as a function of the rotational level j for �j = −1,
−2, −3, and for T = 10 K. As mentioned above �j = −1 transitions
are more favourable due to the dissymmetric shape of the NaCN–
He potential. Fig. 7 shows the variation of the downward rate
coefficients for transitions with �j =−1 and �Kc =�j as a function
of j for selected temperatures (T = 5, 10, and 25, in K). These rate
coefficients present the same behaviour. Indeed, they are a growing
function of j values in the beginning for all selected temperatures
and remain almost constant when j increases.

Figure 6. Variation of the downward rate coefficients for some j0, j →
j ′

0, j ′ transitions with �j = −1, −2, −3, �Ka = 0, �Kc = �j at T = 10 K.

Figure 7. Variation of the downward rate coefficients versus j for transitions
with �j = −1 and �Kc = �j for T = 5, 10, and 25, in K.

Mainly the NaCN–He rate coefficients decrease with increasing
temperature following the behaviour observed for other colliding
systems such as MgCN–He and AlCN–He (Hernandez et al. 2013).
We also notice that the rate coefficients computed here for NaCN–
He have the same order of magnitude (∼10−11 cm3 s−1) as those
deduced for MgCN–He and AlCN–He. This is because these metal
cyanides possess close reduced masses and similar interaction
potentials with He.

4 C O N C L U S I O N

Quantum scattering calculations are done to determine the rotational
de-excitation cross-sections and rate coefficients of sodium cyanide
in collision with the He atom. Prior to that, we generated a 3D-PES

MNRAS 0, 1–8 (2019)



Collision of NaCN by He 7

for the NaCN–He van der Waals complex at the CCSD(T)-F12/aug-
cc-pVTZ level of theory. The analytical expansion of this 3D-
PES was incorporated into dynamical calculations using the close
coupling method (CC). The dynamical calculations were carried
out for total energies ranging from 1 up to 170 cm−1. Afterwards,
the rate coefficients for the rotational (de-)excitation of the first 43
rotational levels of NaCN were determined for kinetic temperatures
ranging from 1 to 30 K. Computations show the dominance of
�j = �Kc = −1 transitions. This is related to the dissymmetric
shape of the NaCN–He potential.

So far, NaCN is the most abundant detected metal cyanide in
circumstellar gases (Pulliam et al. 2010), with abundances at least
twice as high as those of other metal cyanides. Nevertheless, we
compute rate coefficients of the NaCN–He colliding system of the
same order of magnitude as those of other metal CN-containing
molecules, such as MgCN–He and AlCN–He. This may be related
to the different physical and chemical conditions under which these
species are formed. For instance, NaCN is supposed to be an
inner shell species (Guélin, Lucas & Cernicharo 1993; Highberger
et al. 2001). AlNC is most likely present in the outer shell of
IRC+10216 with a distribution extending deeper in the shell.
Whereas the free radicals MgNC, its metastable isomer MgCN, and
FeCN occupy shell-like distributions in the outer envelope (Guélin
et al. 1993; Ziurys et al. 1995; Ziurys 2006; Zack et al. 2011),
where photodissociation may largely contribute to their formation.
These media are characterized by different temperatures ranging
from 15 K to more than 100 K. Moreover, our data can be used
for understanding and modelling the abundances and chemistry of
NaCN in the astrophysical media as suggested recently by Quintana-
Lacaci et al.(2017). Particularly, they should allow to go beyond the
local thermodynamical equilibrium (LTE) conditions assumed by
these authors for the modelling of the emission of NaCN. A more
realistic derivation of the azimuthal averaged intensity profiles and
thus of the abundance distribution of NaCN in these media should
be obtained.
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M., 2010, ApJ, 725, L181
Quintana-Lacaci G., Cernicharo J., Velilla Prieto L., Agúndez M., Castro-

Carrizo A., Fonfrı́a J. P., Massalkhi S., Pardo J. R., 2017, A&A, 607,
L5

Senent M. L., Dumouchel F., Lique F., 2012, MNRAS, 420, 1188
Tenenbaum E. D., Dodd J. L., Milam S. N., Woolf N. J., Ziurys L. M., 2010,

ApJS, 190, 348
Turner B. E., Steimle T. C., Meerts L., 1994, ApJ, 426, L97
Werner H.-J., Knowles P. J., 1985, J. Chem. Phys. 82, 5053
Werner H.-J. et al., MOLPRO Version 2015 is a Package of ab initio

Programs, http://www.molpro.net
Yousaf K. E., Peterson K. A., 2008, J. Chem. Phys., 129, 184108
Zack L. N., Halfen D. T., Ziurys L. M., 2011, ApJ, 733, L36
Ziurys L. M. 2006, PNAS, 103, 12274
Ziurys L. M., Apponi A. J., Guelin M., Cernicharo J., 1995, ApJ, 445, L47
Ziurys L. M., Savage C., Highberger J. L., Apponi A., Guélin J. M.,
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