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Abstract

Cyanide and isocyanide species are ubiquitous in the interstellar medium (ISM).
We have studied the collisional excitation of three kind of species: the metal
cyanides/isocyanides which are the most common metal-bearing molecules in the
ISM; the silicon cyanide/isocyanide, and the simplest hydrogen cyanide molecule
which is one of the best tracers of the dense interstellar gas. Modelling of molecular
emission spectra of these species from interstellar clouds requires the calculation of
rate coefficients for excitation by collisions with Hy, the most abundant molecule
in the cold ISM. Thus, we have used the coupled states approximation to study
the rotational (de-)excitation of AICN('X), AINC('X), MgCN(*%), MgNC(3%),
SiCN(?II) and SiNC(2II) molecules by collisions with He, as a model of H,. We
have also considered the rotational (de-)excitation of HCN(*X) molecules by ortho-
H, and para-Hy, molecules using the close coupling approach. In all cases, new
highly correlated potential energy surfaces have been employed. Significant differ-
ences between the rate coefficients of the isomers were observed. These differences
confirm that specific calculations have to be performed for each isomer in order
to obtain the necessary level of details in astrophysical applications. We have also
assessed the impact of our collisional rates coefficients in the molecular emission

simulations using radiative transfer calculations.
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Chapter 1

General Introduction

1.1 Molecular astrophysics

Observers of the night-time sky of XIX century ignored the significant amount of
cold matter hidden in the large spaces amongst the stars. Presently, we know that
this tenuous medium, the so-called “interstellar-medium” (ISM), is formed of gas
(atoms, molecules, ions, and electrons) and dust (tiny solid particles). Despite its
large spatial dimensions, it accounts for only 10-15 % of the total mass of our
galaxy [1]. Most of the interstellar matter comes from the ejections of the stars,
continuously via stellar winds, or instantaneously via supernova explosions. Stars
also affect the interstellar matter through their radiation and gravitational field.
At the same time, the chemical and physical conditions of the interstellar matter
define the birthplace of stars and impact their future characteristics. Therefore,
the dynamics and the chemistry of ISM are of fundamental interest in modern

astrophysics.



The interstellar matter manifests itself by different optical phenomena. Through
their absorption and scattering, small dust grains give rise to extinction of light
from distant stars. Besides, observed starlight polarization is believed to be caused
by selective absorption of magnetically aligned interstellar dust grains [2]. On the
other hand, molecular and atomic gases manifest themselves through the formation

of absorption lines in stellar spectra and through emissions of light.

The first interstellar molecules (CH, CH* , and CN) were discovered in the
late 1930s [3-5], through optical absorption lines they produce in stellar spectra.
The important atomic hydrogen was observed by the detection of its hyperfine
21 cm line [0] in 1951. Twenty years later, the observations of the Aerobee-150
rocket, above the Earths atmosphere, allow detecting the most abundant interstel-
lar molecule, Hy, in the far-UV spectrum of the stars ¢ Persei [7]. One year later,
the second most abundant molecule, the carbon monoxyde (CO), was identified in

a UV stellar spectrum [3].

Optical and UV absorption lines are very useful tools for the survey of space,
but they do not allow astronomers to probe the interior of dense molecular clouds.
Indeed, the interstellar dust obscures the bright sources necessary to make ab-
sorption measurements. The structure of dense interstellar clouds can be explored
using “radio astronomy” since radio waves are not subject to interstellar extinction.
One of the main advantages is that radio telescopes can operate from the ground
and look through the atmosphere of the Earth at millimeter wavelengths or at sub-
millimeter wavelength through windows of transparency in the atmosphere. As two
examples of these telescopes, we can mention the Atacama Large Millimeter /sub-
millimeter Array (ALMA) interferometer and the Green Bank Telescope (GBT).

Additionally to these telescopes, there have been a number of satellite observatories



like Herschel or Hubble. At present, these sophisticated devices allow observations

with very high spatial and spectral resolution.

Most molecules have been detected at radio and millimeter wavelengths. The
multitude of rotational lines of the molecular species, each with their own char-
acteristic critical density! and frequency, provide a powerful tool to study the
physical and chemical properties of molecular clouds. CO has become the primary
tracer of molecular interstellar gases [9—11] through its j = 1 — 0 rotational transi-
tion at a radio wavelength of 2.6 mm. Weakly polar molecules such as CO radiate
slowly, especially from low-lying excited rotational states, and so their emission
lines are easily observed in lower density portions of dense clouds. Otherwise,
because of the larger dipole moment of their emitting species, rotational lines of
molecules like CH or HCO™ have higher critical densities than CO and can also
probe dense gas in molecular clouds. Molecules are also considered as the signature
of important astrophysical processes. For example, line profiles of HCO* and CS
transitions could be good tracers of infall motion caused by gravitational collapse
and possibly leading to stars formation [12]. SiO is an important tracer of outflow

in young stars [13].

The estimations of the molecular abundances is an essential step to understand
the ISM. Presently, there are two possibilities to estimate the molecular abun-
dances in the ISM: (1) considering predictions of astrochemical models, (2) model-
ing the molecular lines from astrophysical observations. The first option considers
large networks of elemental reactions and grain-gas interactions to describe the

chemical state evolution of the clouds [I1]. Method (2) is based on the spectro-

IThe critical density is defined as the ratio between the Einstein’s spontaneous decay coeffi-

cient (in s71) and the collisional de-excitation rate coefficient (in cm?® s71).



scopic observations and it is important to test the success of chemical models.
In principle, there must be a good agreement among both methods, but the dis-
crepencies are often large [11]. The interpretation of the molecular lines requires
accurate molecular data, such as the collisional rate coefficients that are essential

to understand molecular excitation and emissions from the ISM.

1.2 Inelastic molecular collisions

Accurate collisional rate coefficients are obtained using different quantum ap-
proaches. Quantum effects, like tunneling, resonances and propensity rules which
govern many collision-induced transitions, have been predicted by theory and con-
firmed experimentally [15,16]. These effects reveal the real quantum nature of the
microscopic process that cannot be correctly described by pure classical consider-

ations.

In the frame of the Born-Oppenheimer approximation, we can study the molec-
ular collision process in two fundamental steps. First, we solve the electronic
Schrodinger equation for a fixed configuration of the nuclei. Hence, we compute
the electronic energies for a set of nuclei configurations, in order to derive the
potential energy surface (PES). In the second step, we use the PES to solve the
Schrodinger equation for the nuclei. This allow us characterizing the nuclei dy-

namics during a molecular collision.

In 1960 Arthurs and Dalgarno [17] developed the quantum time-independent
Closed-Coupling Approach (CC). They used the advances in the nuclear dispersion

theory and the tensorial algebra introduced by Fano and Racah [13] to simplify
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the numerical calculations of the potential matrix. Their theory, later generalized
to the ro-vibrational excitations, showed advantages over the previous approaches
of Curtis [19] and Takayanagi [20]. However, these calculations are frequently
expensive and time consuming because of the large number of channels to consider.
This problem has been tackled in some cases through the coupled states and sudden
approaches that were the subject of many important theoretical works [21,22] some
decades ago. Many of these formulations take CC as the starting point in their
physical considerations. In particular, small molecules have been suitable models
for testing different formalisms because it is easy to identify the energy transfer

mechanisms in these cases.

The study of molecular collisions was also pushed forward by the progressive
development of computing technology. Theoreticians are not longer satisfied with
qualitative models of the phenomena. The current trend emphasizes detailed dy-
namical information, including rigorous computation of cross sections at a state-
to-state level (including the fine and hyperfine structure of the molecules). At
present, potential interaction energy surfaces can be computed with high accuracy
using ab initio methods of quantum chemistry. Some codes, both open source
and commercial software, like MOLPRO [23] and GAUSSIAN [21], are available
to compute highly correlated PES and to study the molecular structure. In turn,
PES can be implemented in codes designed for modeling collisional processes, such
as MOLSCAT [25] and Hibridon packages [20], which have been tested in many
molecular systems. Thereby, full quantum calculations are possible for small col-
lisional systems like CoH + He [27], C4 4+ He [28] SiS + Hj [29] or more complex
organic molecules such as ortho-HyCO+H, [30] or CH;OH+He [31].

Moreover, sophisticated experimental methods are also available to study molec-



ular collisions. In the past decades, the development of molecular beam methods
has revolutionized the field of reactive and inelastic collisions [32]. In particular,
merged neutral beams technique show possibility to explore collisions at temper-
atures as low as 10 mK [33]. The motion of neutral molecules in a beam can be
manipulated with inhomogeneous electric and magnetic fields [31]. These methods
may be used in conjunction with a variety of other techniques to prepare atoms or
molecules in excited initial states. Spectroscopic detection methods usually involve
either laser-induced fluorescence (LIF) or resonant photo-ionization (REMPI). At
present, it is possible to analyze the collisional products for each dispersion angle

and for specific quantum state [35].

1.3 The interstellar cyanide/isocyanide compounds

The CN radical was among the first molecules detected toward the star { Ophi-
uchi [36,37] in the 1940s. Later on, observations have demonstrated that CN
compounds are widely distributed in the ISM. They have been detected in dif-
ferent physical conditions in multiple regions like diffuse clouds [38], prestellar

cores [39] and protoplanetary disks [10].

Millimeter-wavelength emission of CN molecule is widely used as probe of dense
molecular gas and of photon-dominated regions in the Galactic ISM [41]. Moreover,
CN has a non-zero Zeeman splitting factor that is large enough to measure the
weak magnetic fields one can find in the ISM. Then, as a tracer of high density gas,
the CN thermal lines are a unique tool that allow measurement of the magnetic
field strengths in star forming regions [12,13]. Cyanide compounds can also be

used for estimating the electron density in the gas [14] which is a crucial parameter
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for modeling both the physics and chemistry of molecular clouds.

In the ISM, CN could be synthesized by different chemical processes like the

following neutral reactions [15,410],

N+CH — CN+H (1.1)

N+C, — CN+C (1.2)

The CN radical which can also react at temperatures as low as 10-15 K with other
molecules seems to be essential in the formation of cyanopolynes or other important
hydrocarbons in cold environments [17,48]. Furthermore, some reactions that
involve the CN radical are considered as “key” processes due to their impact on
the abundances of other observed species. For example, chemical models predict
that the reaction CN + C;Hs — HCsN + H could affect the abundance of five

interstellar species in the circumstellar gas of the carbon star IRC410216 [1].

Thus, CN contributes to the formation of many important species in astro-
physics. Among them, HCN stands out for its utility. After the first detection of
hydrogen cyanide in the space by Snyder & Buhl (1971) [19], this molecule was
observed in different regions like diffuse clouds [50], dark interstellar clouds [51]

and protoplanetary disks [52].

This molecule can be formed in different chemical processes such as ion/molecule

reactions [53],

CN+Hs* — HCN* (1.3)
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dissociative recombination [54],

HCNH" +e~ — H+ HCN
— H -+ HNC

—~ H+H+CN (1.4)
or neutral reactions [55] like

N+CH — CCN+H
— HCN +C

— HNC+C (1.5)

Hydrogen cyanide is considered as a good tracer of high-density regions due its high
dipole moment and critical density [12]. Moreover, the HCN:CN ratio appears to
be a good probe of gas layers affected by photochemistry [56] and could indicate the
effects of dust settling and grain growth. Additionally, determining the physical
structure of galaxies via the use of HCN molecular emission may be a powerful
tool at high redshift. For example, observations towards high redshift galaxies
reveal ratios of molecular column densities such as HCN/HCO™ and HCN/CO to
be very different from those found in the Milky Way or in nearby galaxies. These
differences have been interpreted as an indication of either high ionization rates or

high star-formation rates [12,57]

Others interesting CN-bearing molecules observed in the ISM are the metal
cyanides/isocyanides. These species are the most common metal-containing molecules
in circumstellar gas. They seem to find the best conditions for their formation in
the envelope of asymptotic giant branch (AGB) stars. For example, AINC [58],
MgCN [59], MgNC [60], FeCN [61] and KCN [62] have been observed in the cir-

8



cumstellar envelope of the carbon star IRC+10216. MgNC was also detected in the
circumstellar gas of the proto-planetary nebulae CRL 2688 [63] and CRL 618 [6].

The synthesis of this molecule could be driven by the radiative association of

metals M and cyanopolyynes [65, (0]
M + HCy 1N — MN(Copy)HT 4 ho (1.6)
followed by the dissociative recombination

MN(Cop)H™ +e= — M(CopiN) +H

— M+ HC2n+1N (17)

Despite the dominant role as metals carriers, the abundance and chemical evolution
of metal cyanides and isocyanides in the interstellar medium (ISM) are still not
completely understood. As a matter of fact, the extent to which metals contribute

to dust formation and their diffusion in the stellar outflows remains poorly known.

In addition, the abundance of silicon is one of the most important diagnostics for
studying dust in the ISM. Only oxygen and carbon form a higher fraction of grain
mass, but the large abundances and volatility of these elements make it difficult
to determine their precise dust-phase abundances. Accurate abundance determi-
nation of silicon bearing molecules in the ISM will enable a better understanding
of the interstellar silicon chemistry and the extend to which it is incorporated in
dust. In this thesis we will study the collisional excitation of the SiCN and SiNC
radicals. These species were originally detected by observations toward the carbon
star IRC+10216 [67,68]. The synthesis of SICN/SiNC is not clear and some au-

thors have suggested [09] that the similarity of the spatial distributions of species
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as different as C4H, SiCy, MgNC, SiCN and SiNC, could be better explained by

grain chemistry rather than by gas phase reactions.

All cyanide molecules discussed so far have an isomeric stable counterpart (HCN/HNC,
AICN/AINC, MgCN/MgNC, SiCN/SiNC) [70,71]. Isomer pairs are often observed
in the same environments, indicating connected formation pathways and that ener-
getic differences and selective formation/destruction pathways control the relative
abundances. However, favoring the lower energy isomer does not hold for all ra-
tios; the isomer pair HNC and HCN seems to exhibit a ratio of unity at low
temperatures [72-71] despite these isomers have a ground state energy difference

of approximately 7000 K [70].

Then, suitable estimation of relative abundances from the interpretation of the
molecular lines is essential in order to have realistic insight in the selective cyanide
and isocyanide chemistry. Radiative transfer calculations are carried out to ob-
tain more realistic interpretation of molecular lines. Within the interstellar gas,
radiative and collisional processes compete in the population of the ro-vibrational
energy levels. When local thermodynamic equilibrium LTE is reached, molecules
are thermalized and the populations can be obtained by the Boltzmann distribu-
tion. However, LTE is not generally a good approach, and the collisional excitation
affects substantially the population of the energy levels and the emission processes.
Therefore, the computation of inelastic thermal collisional rate coefficients becomes

an important objective in order to improve the observation analysis.
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1.4 Objective and structure of the thesis

In this context, this thesis deals with the study of the rotational excitation of
cyanide/isocyanide molecules (AICN, AINC, MgCN, MgNC, SiCN, SiNC, HCN)
due to collisions with He or Hy. The main goal is to obtain collisional inelastic rate
coefficients for these collisional systems for different temperatures one can find in

the cold ISM.

This work provides, for the first time, data for studying the molecular lines of
metal cyanides and isocyanides species. Our results also improve the collisional
data available for the HCN-Hy collisional system. It is worth mentioning that a
large number of channels have to be taken into account in the scattering calcu-
lations because these molecules have small collisional constants. For this reason,
the close coupling calculations are very time consuming. In order to obtain a large
amount of useful molecular data rather than a too expensive exact study we have

generally used approximate quantum formulations: the Coupled States approach.

In the case of SICN/SINC and the interstellar metal cyanides/isocyanides (XCN/XNC
with X = Al, Mg) we have obtained collisional rate coefficients with the He colli-
sional partner as a first approach to model collisions with Hy. This approximation
appears to be unsuccessful for light molecules [75, 76] but is reasonably accurate
for heavier collisional systems such as SiS—H, [77], HC3N [78] or CS [79,80]. There-
fore, using such an approximation, we expect that the estimation of XCN-H, and
XNC-H, rate coefficients will be reasonably accurate for astrophysical applica-

tions.

The structure of this manuscript is as follows: In Chapter 2, we present the

general theory. We briefly explain the electronic calculations and present the time
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independent method for studying inelastic molecular collisions. In particular, we
will present two important approximate approaches: the Coupled States (CS) and

the Infinite Order Sudden methods (1I0S).

In Chapter 3, we study the rotational excitation of the metal cyanides and metal
isocyanides (AICN, AINC, MgCN, MgNC) by He using the CS approach. In this
chapter, the 10S approach will be used to consider the fine structure of MgCN
and MgNC.

In Chapter 4, we present the study of the rotational excitation of the SiCN(II)

and SiNC(2IT) molecules by He also using the CS approximation.

In Chapter 5, we study the rotational excitation of HCN due to collisions with
para-H, and ortho-H,. The calculations were performed using the exact Close
coupling (CC) approach. In the case of the HCN excitation, our calculations
significantly improve the rate coefficients upon previous calculations, especially at

low temperatures.

In Chapter 6, we present the results of the radiative transfer calculations of
AICN, AINC, MgCN and MgNC species for the typical physical conditions of
the circumstellar gases. Here we will see that even assuming LTE conditions the

isomers present differences that can affect their relative abundance estimations.
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In this chapter, we will introduce the main theoretical methods used in this
thesis in order to compute the collisional rate coefficients. The computation of
these rates is generally performed in two stages: first, we compute the potential
energy surface (PES). The PES concept derives from the Born-Oppenheimer ap-
proximation that will be presented in section 2.1. In section 2.2.1, we will present
the Hartree-Fock method for obtaining the electronic energy. The coupled clusters
theory, the formalism used to generate the PESs of the collisional systems studied
in this thesis, will be presented in section 2.2.2 as an example of post-Hartree-Fock
treatment. The second stage of the collisional rate coefficients calculations is the
study of the dynamics of the nuclei. Hence, the second part of this chapter will be
devoted to the scattering theory. In order to introduce the main time-independent
approaches, the most simple model will be employed: the collision of a rigid ro-
tor with a structureless particle. Three important approaches will be developed:
the close coupling and the approximate coupled states and infinite order sudden

approaches.

2.1 Born—Oppenheimer Approximation

A full quantum mechanical description of the molecule is in practice too com-
plex due the large number of particles to consider. Fortunately, using the Born-
Oppenheimer (BO) approximation [$1], we can study separately the electronic and
nuclear motions. The physical basis of this separation rests in the differences of
nuclear and electronic masses. Both electrons and nuclei experience similar elec-

trostatic forces in a molecular system. However, the mass of the electron is about

14



three orders of magnitude smaller (m,/m, = 1836 ) than the mass of the nuclei.
Consequently, the electrons are accelerated at much greater rate and move much

more rapidly than the nuclei.

Thus, in the first step of the BO approximation, we solve the electronic Schrodinger
equation assuming that the nuclei are stationary. In the second step, the solutions
of this electronic equation serves as a potential in a Schrodinger equation for the

nuclei motion.

We will introduce the formalism of the BO approximation from the total time-
independent Schrédinger equation for electronic and nuclear motion. This equa-

tion, in atomic units, can be expressed as follow:
H(r,R)¥(r,R) = E¥(r,R) (2.1)

where the total Hamiltonian of an isolated system is defined as,

HrR)=> — 2M 24 H,(r;R) (2.2)

a=1

Here, R = (R4, Rao,...,Ry) and r = (ry,r9,...,r)s) denotes the 3N nuclear coor-
dinates and the 3M electronic coordinates, respectively. H.(r;R) is the total non

relativistic electronic Hamiltonian,

H,( ___sz Z|RK_rk’

(2.3)
k;él |I‘k —I‘l’ K#L |RK—RL’

Then, the total wave function ¥(r,R) is expanded in a basis of the electronic

states, ¥¢(r; R) as follow,

U(r,R) = > Wi(r )V (R) (24)
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which separate the dependences on the electronic coordinates, r, and the nucleus
coordinates, R. The adiabatic electronic eigenfunctions, ¥¢(r;R), in the last

expansion, satisfy,

H.(r; R)¥i(r; R) = Ef(R)¥{(r; R) (2.5)

where the parametric dependence of ¥¢(r; R) on R, reflects the fact that R is not

considered as a dynamical variables in Eq. 2.3.

If we introduce 2.4 into the time-independent Schrodinger Eq. 2.1 we obtain the

following system of equations for the nuclear functions ¥ (R):

N

1
> 2Mavi +ES(R) - E| UM (R)
a=1 (2.6)

1
B Z m [2<\Ij§‘va|\pf§>rva + <\I/§|Vi‘lljf>r] \Iji\T(R)

where the subscript r on the matrix elements denotes the integration over all

electronic coordinates.

Neglecting the interstate electronic couplings in the terms of Eq. 2.6 is known as
the adiabatic approximation. Obviously, the effective Schrodinger equation that
arises is more suitable than Eq. 2.6 for numerical purposes and can be written as,

S v vm)| R = Ee(R) @)

a=1

where F is the total energy of the system.

Using this approach the nuclear motion is governed by the effective potential
given by V;(R) = Ef(R) where each index i represents different electronic (ex-
cited) states. The ground electronic potential energy surface (PES) is obtained by

computing the lower eigenvalue in Eq. 2.5 for a large grid of R.
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The Born-Oppenheimer approximation is valid when there are no degeneracies of
two or more solutions of the electronic Schrodinger equation. It is also important
that the electronic states are enough separated and that the ro-vibrational states

remain moderately excited.

2.2 Ab initio quantum chemistry approaches

Ab initio calculations deal with quantum chemistry methods for solving the elec-
tronic Schrodinger Eq. 2.5. These calculations do not rely on calibration with
experimental parameters and therefore are called “from first principles”. The
electronic Schrodinger equation cannot be solved analytically, except for very sim-
ple systems like the hydrogen atom. Then, the theory generally transforms the
Schrodinger equation into algebraic equations which can be solved using numerical
methods. Ab initio calculations are generally used to determine molecular prop-
erties such as geometries, energies, or vibrational frequencies. In this thesis, these
methods are used in order to obtain the PESs necessary to study the collisional

excitation process.

The simplest method to obtain the electronic energies is based on the use of a
single Slater determinant for which we optimize the orbitals variationaly. This is
the Hartree-Fock (HF) self consistent field (SCF) method, and it is usually the

first step of any ab initio calculation.
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2.2.1 Hartree Fock Approximation

The Hartree-Fock approach [32,583] allows solving the electronic Schrodinger Eq. 2.5
considering a single determinant solution. The total molecular wavefunction W€ is
approximated by a single Slater determinant (®y) which meets the requirement of

the antisymmetry principle,

By = (M)~2 |V ' (2.8)

Xi(xn) xi(xXNn) o Xk(XN)

The factor (M!)~'/? is a normalization factor and x refers to spatial and spin coor-
dinates. In this wave function no more than one electron can occupy a spin orbital
(Pauli exclusion principle). This Slater determinant has M electrons occupying

M spin orbitals that can be represented like,

Xi(x1) =Yy v =(a,f) (2.9)

where 1); and v represent the spatial orbital and the spin function, respectively.
Then, the wave function of Eq. 2.8 is the simplest antisymmetric wave function,
which can be used to describe the ground state of an M-electron system. The
variational principle states that the most accurate wave function of this functional

form is the one which gives the lowest possible energy
& = (Po| He | Do) (2.10)

where H, is the full electronic Hamiltonian. The evaluation of the last expression

leads to the following expression,

8zZ<i\h!i)+ZZ<z’jHij>+VN (2.11)
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where V¥ represents the nuclear electrostatic energy for a specific R. The other

terms are the one-electron integral

(1) = [ ;i) ) 212

where h(1) is the core Hamiltonian, and the two-electronic integral,

(illid) = [ dxx oo - Poutxoutx) (213

where Pis is an operator which interchanges the coordinates of electron (1) and

electron (2).

By a variational procedure we can modify the spin-orbitals constraining them to
remain orthonormal. In doing so one obtains an equation that defines the “best”

spin-orbitals, the ones that minimize &,

[h(l) YT - 1@(1)};@ =Y ea(l) i=12. (2.14)

where the two operators

(1) = / a5y i(2) i

W0 = [ [ dxairi@] o (215)

are the Coulomb operator that represents the average local potential at x; arising
from an electron in y; and the exchange operator that modify the energy due the

effects of spin correlation.

Then after considering unitary transformations of the spin-orbitals we can diag-

onalize the matrix of the Lagrange multipliers ¢;;.

filXi) = € 1xq) (2.16)
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The unique set of spin-orbitals y} obtained from a solution of this eigenvalue
equation is called the set of canonical spin-orbitals. The Fock operator f; depends
on the spin-orbitals of all the other M — 1 electrons. This problem is commonly
solved adopting an iterative procedure and stopping when convergence is reached.

For this reason the Hartree-Fock method is also known as self-consistent field

(SCF).

In closed-shell calculations, the molecular states have only even numbers M,
with electrons paired such M /2 spatial orbitals are doubly occupied. The com-
puted wavefuntion is called restricted Hartree-Fock wavefuntion (RHF). In the
unrestricted open-shell Hartree-Fock (UHF) the electron pairs are no constrained

to the same spatial wavefuntion.

2.2.2 Electronic correlation

The Hartree-Fock method allows to compute the best electronic wave function
that can be obtained from one electronic configuration. But even if the HF energy
represents 99% of the total electronic energy, the remaining inexactitude could be
important for spectroscopic and chemical calculations. The HF formalism simpli-
fies the complicated many-electrons problem by assuming electronic interactions

in an averaged way.

The accuracy depends on the size of the atomic basis set. The limit is called
the Hartree-Fock limit. However, the exact wave functions, cannot generally
be expressed as single determinants. Therefore, the Hartree-Fock limit is al-
ways above this exact energy. The difference is called the correlation energy.

To account for electronic correlation there are many post-Hartree Fock methods
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such as Configuration Interaction methods [31] Multireference Perturbation The-
ory (CASPT2/CASPT3) [85], Mgller-Plesset Perturbation theory [36], Symmetry-
Adapted Perturbation Theory (SAPT) [37] or coupled clusters methods [38, 89)].
There is an extensive bibliography detailing these and other methods [35,90]. In
the next section we present briefly one of the most reliable post-Hartree-Fock

methods.

Coupled Clusters Method

Coupled clusters theory [$8,39] is one of the most prominent methods for con-
structing correlated many-particles wave functions. One of the main advantages
of the coupled clusters method is its size-consistency'. In quantum chemistry,
size-consistency is a highly desirable property due to the necessity of simulating
inelastic collisions where collisional partners (at the beginning and at the end) do
not interact. The employed method must not introduce any unphysical correla-

tions in order to obtain an accurate potential energy surface (PES).

The exponential form of the correlated wave operator, called the exponential

ansatz, is the distinguishing feature of the coupled cluster theory
Pl = T, (2.17)

In the last expression W is the M-electron CC wave function, ®, is the M-
electron reference Slater determinant, and 7T is an excitation operator which gen-

erates a manifold of excited determinants by promoting electrons from occupied

1Size-consistency is a property of a calculation of a system composed of a finite amount of
noninteracting subsystems, such that the computed energy of the entire system equals the sum

of the energies of the subsystems calculated separately with the same method.
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orbitals of the reference determinant to the excited ones. The exponential operator

e’ is developed by the series expansion

1 1_. 1

T _ 2 3 _ k

e —1—|—T+2!T +3!T +.= E k!T (2.18)
k

T is the cluster operator that can be written as,

The effects of the excitation operators T; are
Ty =Y tha!
7p

Tydo = »  thdh (2.20)

ab,p,q
and likewise for T to Ty. The t? are called single-excitation amplitudes, t7} double-
excitation amplitudes, and so on. These excitation amplitudes are determined by
solving the coupled-clusters equations which are derived by substituting e’ ® into
the electronic Schrodinger equation and using the series expansion of e?. Then, a

finite set is used in the determination of W,

The expression for the cluster operator T' is truncated to include only specific
electronic excitation operators. For example, in the approach referred as “ coupled
cluster singles, doubles and triplets (CCSDT)”, T is approximated by 77 + 75+ T5.
We finally note that the coupled-cluster method is based on a single-reference
Hartree-Fock wavefunction, and it works only for systems that are well described

by a single configuration.

The PESs computed in this thesis were calculated in the supermolecular ap-
proach based on the single and double excitation coupled-cluster method (CCSD)

[91] with perturbative contributions of connected triple excitations computed as
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defined by Watts, Gauss & Bartlett [CCSDT(T)] [92]. The ab initio surfaces were
calculated using MOLPRO package [23].

2.2.3 Basis functions

The inclusion of electronic correlation requires a large one-electron basis set to
yield converged results. For meaningful calculations one should at least use a
triple-zeta basis (TZ). In this case three basis functions are used for each valence
orbital. Currently, some of the most widely used basis sets are those developed by
Dunning et. al [93] (cc-pVDZ, cc-pVTZ, ...) since they are designed to converge
systematically to the complete basis set limit using empirical extrapolation tech-
niques. We can also consider the diffuse functions (aug—) that have been designed

to improve the basis set for large internuclear separations.

Next, we can employ bond functions. Contrary to the basis functions, the bond
functions are placed between atoms in the van deer Waals complexes. The idea
is, instead of using a large basis, to select a smaller basis and to place bond
functions in the middle of the bond length between the centers of mass of the
monomers. Several works have confirmed the usefulness of these functions [94,95]

These functions make the calculations less time consuming.

Theoretical predictions of molecular energies are often achieved using large or-
bital basis sets. However, at present, through recent advances in F12 explicitly
correlated methods [90] it is possible to obtain the same high accuracy using much
smaller orbitals basis sets. In particular, the CCSD(T)-(F12) [97,98] methods with
augmented triple-zeta basis sets yield results as accurate as standard calculations

with augmented quintuple-zeta basis sets.
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2.3 Scattering theory

This section is devoted to the theory of inelastic collisions between a structureless
atom A (1S electronic state) and a diatomic molecule BC ('Y electronic state)
treated as a rigid rotor. The quantum theory was first developed by Arthurs
and Dalgarno [17] in 1960. Following these authors we will present, first, the
formulation of the scattering problem in the space-fixed frame. Then, we will give
the formulation of the scattering problem in the body-fixed frame which is more

appropriate to introduce the coupled states and sudden approximations.

2.3.1 Space-fixed frame

Fig 2.1 shows the coordinate system used in the space-fixed frame. We denote
the internuclear vector of molecule BC by p = BC and the vector that connects
the center of mass H of BC to the A atom by R = A In Fig 2.1 (XY Z) is a
reference frame whose axes are fixed in space. The origin O is the center of mass
of the A — BC. In polar coordinates the A atom is described by the variables
(R, O, ®) while for the orientation of BC' we use the angles p = (6, ¢).

The time independent Schrédinger equation can be written (in atomic units) as,

2
< — sz + Hpe(p) + V(R0 — E) U(R,0,8,0,6) =0 (2.21)

where E is the total energy of the system. Hpc = j*/21 is the Hamiltonian of
the BC molecule; I its moment of inertia and j the angular momentum operator
of BC; p = mpema/(mpe + ma), is the reduced mass of A — BC' system where
m4 is the mass of A and mpe the mass of BC. The function, V(R,#'), is the

Born-Oppenheimer intermolecular potential which depends on the variable ¢’.
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X

Figure 2.1: Space-fixed (XY Z) reference frame.

It is advantageous, when solving the dynamical problem, to make use of the
conservation rules. In this case, the total wave function can be expressed as a sum
of different components of definite total angular momentum J = j+1 (where 1 is the
relative angular momentum) and definite total parity € (¢ denotes the eigenvalues
of TI, the inversion operator in the origin O). The Hamiltonian commutes with J?,
Jz and II and therefore J, M and € are conserved during the collision. For this

reason, the complete solution ® of the problem can be expanded as follow:

O(R,p) = Y Cou VM (R, p) (2.22)

JMe
where C. are the expansion coefficients that ensures the suitable boundary con-
ditions of the scattering state; U/M¢ are eigenfunctions of the total Hamiltonian
with a definite total angular momentum and parity. Additionally, the wave func-

\I,JMe

tions can also be developed over complete set of eigenfunctions of J?, J,, j2,
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12 and II formed of spherical harmonics:

M(0,0:0,0) = > (jmlmu| T M) Y (0, 6)Yim, (O, ) (2.23)

mmy

where M = m + m; and (....|..) is a Clebsch-Gordan coefficient.

We thus obtain the expansion employed by Arthurs and Dalgarno [17]
WIMIG, 6, R, 0,0) = > R Fiin (R) Vi (6, 6;0, ) (2.24)
j//l/l
where the F(R) are the radial wavefunctions, the superscripts label the initial

values and the sum is over (j”,1”) values such that (—)/"+" = .

By substituting Eq. 2.24 into Eq. 2.21 we obtain a set of coupled equations for

the radial wavefunctions

{ Ul +1)

+ k:j%} Fil(R)

drR* R?
' (2.25)
=21 (JUIM|V(R,0)|j"1" IM)F;},(R)
j/ll//
where the k:?,
k3 = 2u(E — Ej) (2.26)
specify the channel wavenumbers.
Solutions of Eq. 2.25 are subject to the boundary conditions
Fll(R) ~ 0 (2.27)

R—0

and

, A o\ 2 . ,
R g Bt 040 = () 2 oo

R—o0 l{]/

defines the scattering matrices S”.
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The collisions cannot induce transitions among total angular momentum states.
Then, the potential matrix is diagonal in J and the coupled equations may be

solved for each value of J independently.

The main advantage of the SF' representation is that the centrifugal term takes
a simple form in Eq. 2.25 because the SF' bases are eigenfunctions of the operator
12. However, the evaluation of the matrix elements of the potential are more
complicated because the basis functions depend on the SF coordinates, 6, whereas

the potential V' depends on the BF coordinate 6'.

2.3.2 Close-Coupling Approach

In order to evaluate the matrix elements of Eq. 2.25, the potential is expanded
over a complete set of functions of the angular variable, 6,

V(R,0') = u\(R)P\(cost) (2.29)

where Py (cosf’) is the Legendre polynomial.

Now we can consider the matrix elements of the potential as,

(FUIM|V(R,0))"" TM) = / I (E R)V(R,0) VI (5, R)didR
X (230
=> u(R) / VI (®, R) Py (cost) Y (8, R)dEdR
A

where = (6, ) and R = (0, ®) denote polar coordinates. The last integral may
be evaluated by means of the spherical harmonic addition theorem, which states

that

A
! 4 ~ * /P
Py(cos®') = 2)\11 S Y (B)Yy(R) (2.31)

v=—
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This theorem converts the dependence of the potential on ¢, which is the angle
between the intramolecular vector r and the intermolecular vector R, into its

dependence on the SF angles & and R and enables the integrals to be carried out.

Then we obtain,
GUIM|V(R,0))"" TM) = Zw (', 5"1"; J) (2.32)

where fy(j'l'; 7"1"; J) are the algebraic coefficients of Percival & Seaton [99] which

are defined by the following expression,

JAGTL 3 T) =(=1) (0 + 1)@+ 12" + 1)(2 + 1)

j// j/ A l// l/ )\ j/ l/ J (233)
0 0 0 0 00 " 3" A
where | = | denotes the 3j symbol and { ~  } denotes a 65 symbol.

Then, the coupled Eq 2.25 may be written

d? I'il'+1) 2 | Jjl
|:dR2 _— R2 + k]/ -F}/lj/ (R)
=20 ) (R AT, 515 ) Fiin (R)

l/l//)\

(2.34)

where the index M has been dropped.

2.3.3 Inelastic cross section

We are interested in solutions that describe the diffusion of the molecule between
two rotational states |[jm) and [j'm’). The scattering state presents a defined

structure: a plane wave representing the incoming particle from infinity without
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interaction plus a divergent wave which arises after the interaction. Choosing the
initial relative motion to be in the Z axis, we can write the asymptotic behavior
of the total wavefunction as,

(I)jm ~ @mp(ik}jz>ifjm(07 ¢)
(2.35)

+> f(G'm’  jm|©, )Y (0, )R exp(iky R)
Jrmy
where the function f(j'm’ <= jm|©, ®) is called the scattering amplitude. This is
the only term that depends on the potential V(R,#'). To compute this term we
can expand the wave function using the basis 2.24.
QI =" Cany UM (2.36)
JMI
By matching the known incident wave amplitudes from Eqs. 2.35 and 2.36 one can
find the coefficients of the W/ in the expansion of ®™, and by matching the
outgoing waves, one obtains the scattering amplitudes,
FGm = jml©,®) = > (2 + 1)z (kg ky)?
TMIUm, (2.37)
x (mjOM; §1.J)(m/m)M; U )T (5'U; 1) Yy (0, )

where the sums are over all allowed values and T is the transition matrix,

T (5'U; §1) = 650w — S7(5'; 51) (2.38)

Then, the integral cross section can be reduced after some algebraical work [17]
by the following expression:

oo J+j J+5

o(j —j) = T k;?Z > @I+ T (2.39)

93 J=0 1=[J—j| V=] T3
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Figure 2.2: (Oxyz) is the BF reference frame. (OXY Z) is the SF reference frame.
A rotation of Euler angles (®,0,0) brings the (OXY Z) frame into the (Oxyz)

frame.

2.3.4 The body-fixed representation

Collisional systems that present strong anisotropic intermolecular potential are
often studied in the body-fixed (or molecule-fixed) frame, in which the intermolec-
ular potential is block-diagonal, and most of the couplings between channels come

from the 1? operator.

The orientation of the body-fixed axes (zyz) relative to the space-fixed axes
(XY Z) is described by the Euler angles («, 3,0) where («, 5) = (O, ®) are the
polar coordinates of the R vector in the space-fixed axis system (Fig 2.2). The
polar and azimuthal angles of the p vector in the body-fixed axis system are

denoted by (¢, ¢').

In this new frame, it is convenient [100] to expand the U/M¢ over a complete set
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of eigenfunctions of J?, Jz, j%, |j.| and II. First, let’s consider the eigenfunctions

of J27 JZ7 j2a ‘jz|7

2J+1
4

Z(6,6,0,) - ( ) Dlia(0.9,0V0(05¢)  (2.40)

where D77,(0, ®,0) are the coefficients of the irreducible representation that con-
nect both frames. Then in order to take into account the parity conservation we
must take a linear combination of the +€2 and —{) components:

ZIM@ O, ) +eZ/M (9 ¢, 0,
Zfé\/le(elj (b,,@7q)> _ ]Q ( ¢ ) _7_1Q< ¢ )
[2(1 + 6g0)]

(2.41)

where 2 = |Q|, e = F1. These functions will no longer be eigenfunctions of ;. but
of |7.]. Then, the total wave function of the BF frame can be expanded in the
following way:

Vi (R)

- o (R
\IIJMJQG(R’ 0/7 §b,, @7 q)) _ Z Y

7 ZIN(0, ¢, 0,0) (2.42)
j/Q/

where G;I,Jg(R) is the radial function.
If one introduces the last expansion in the BF representation of Eq. 2.21 we

obtain a set of coupled equations:

[d—RQ + k;f-,} Gy (R)

) 2 ~ (2.43)
=21 ) (UIM|V(R,0) + i §"YIMYGTS (R)

j//QN
j//Q//

with k2 = 2u[E — j'(j' +1)/21).

In the last equation, 1> couples channels jQ and ;'O with 7/ = j, O = Q —

1,Q,Q + 1. The matrix elements are obtained from the following expressions:

(ZRUPIZA) = T+ 1)+ +1) - 202 (2.44)
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(Z 125615 = — (L+60)2[7(T + 1) - Q% 1) .
x [J(J+1) = QUQ +1)]2
If we expand the potential V (R, ') as we did in Egs. 2.29 we can obtain an

appropriate expression to compute the potential matrix elements:

)\maz
O . . 1

(ngelV(R, 9’)|Z;-]/9§€> =00y Z (—)°[(25 + 1) (25" + 1))z

A=0

/ } (2.46)
JJj oA JoJ
X B B ua(T)
00 0 Q -Q 0

The matrix elements of the interaction potential are easier to evaluate in the BF
frame than in the SF frame. The conservation property Q = ¥ is incorporated
in the BF representation. This latter property arises from the invariance of the

potential under rotations about the BF' Z-axis.

Relations between the BF and SF solutions can be obtained

Fil(R) =Y PO 9GI(R) (2.47)

Q/
where
g J 1

Q -Q 0

N[

This allows going from the BF radial solutions to the SF ones. This transformation

is very useful because the SF frame is more suitable for evaluating the S matrix.

2.3.5 Coupled-States Approach

The BF could help us to introduce an important approximation. Rotationally

inelastic collisions involving neutral particles tend to be induced by the interaction
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potential at short range. In this case the correct evaluation of the matrix elements
is crucial. Then, when we deal with short-range collisions and small values of [
the problem could be solved by means of the BF' equations with an approximate

form of the centrifugal potential.

This is the idea of the coupled states (CS), or centrifugal decoupling approxi-
mation [21]. In the BF representation the centrifugal potential matrix could be
simplified in the following way:

12

<j’Q’JM\§\ F"YIM) = J(J + 1)daq (2.49)

Hence, the Q coupling disappears and Eqs. 2.43 reduces to

&I+ 1)
dR? R

+ k’?/} GIS(R) =21 ua(R)gr (5 5" QNGIS(R)  (2.50)

j//)\
where
77 A j g
0 0O Q -0 0

N

(G, 5" Q) = (1) (25 + 125 +1)] (2.51)
A

We can see that no coupling arises between states of different j,. In this represen-

tation [, = 0, so that, the z components of J and j are the same. On the other

hand, the usual selection rules for transitions in j will hold in this formulation

due to the presence of the 3 — j symbols which vanish unless j7,7" and \ satisfy a

triangle inequality.

The BF equations are now coupled only through the rotational quantum num-
ber, j. Then, the problem reduces to solving, for each value of €2, a set of differential

equations coupled in j. Therefore, the computing time is significantly reduced.
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2.3.6 Infinite Order Sudden Approximation

The infinite order sudden approximation (IOS) was introduced by Pack [101]. The
essence of this approximation is to neglect rotations of the frame BF and rotations
of the molecule itself. Then it considers 6 as a constant. This approximation can
be used for molecules with small rotational constants when collisional energies are

much higher that rotational energies. In this case we can write

k? = 2ulE — Bj(j +1)] ~ 2uE (2.52)

J

After introducing this approach the set of coupled equations in the BF frame

becomes a set of uncoupled equations for each value of # and [ :

U+ 1) )
T g VRO +E Fi(R,0) =0 (2.53)

The equation does not depend on j and the solutions Fj(R, #) are obtained for the

parameters ¢ and .
In this case the appropriate boundary conditions to this form are
Gi(R,8') =0 (2.54)
as R — 0, and
Gi(R,0') ~ k%R[jl(k:R)Al(H’) —ny(kR)B(0")] (2.55)

as R — oo. In that expression, n; are spherical Bessel functions of the first and
second kind, respectively. The coefficients A;(0") and A;(¢’) are determined by

solving numerically the differential Eq. 2.53 and fitting to the form of Eq. 2.55.

The relevant informations of the scattering process are contained in the scatter-

ing matrix, the elements of which can be obtained by the quantity
Si(0) =1+ 2iBl(6’)Af1(9’)[1 — iBl(G’)Afl(G’)]*l (2.56)
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The last equation does not yield informations on rotational inelastic scattering.

However, these informations can be obtained using the expression:

Si(32, 5'Y) = (GQSi(8) 7€)

Then partial cross sections can be derived from

. N ™ . Py
=)= G 29:(21 +D[Si(7€2, 7Y

and total cross section is obtained by summing over /.

T 20+ 1
. -/ - Q ,/Q 2
o(j — ') kjle:2j’+1%:‘sl<3 ')

(2.57)

(2.58)

(2.59)

Obviously, the IOS approximation is less accurate than CS approximation. How-

ever, it could be useful in the cases when the conditions for its application are

reached.
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Chapter 3

Rotational (de-)excitation of

XCN/XNC (X=Al, Mg) by He

Contents
3.1 Rotational spectroscopy of XCN/XNC ......... 38
3.2 Collisions of %Y molecules with 1S atoms . ... .. .. 43
3.3 Results . . . . . . i i i i i i it e e e e e e e e e e e e 46

Metal cyanides and isocyanides are the most common metal-containing molecules

in the ISM. In particular, they are more abundant than their halide counterparts

in the circumustellar gas. In this chapter, we study the rotational excitation of the

linear molecules XCN/XNC (X = Al, Mg) due to collisions with He. First, we will

present the rotational structure and spectroscopy of these molecules. Then, we

will present the theory for the collisional excitation of molecules in 2X7 electronic

state. Finally, we report our results in the last section.
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3.1 Rotational spectroscopy of XCN/XNC

Recently, Senent et. al. (2012) [71] computed structural and spectroscopic prop-
erties of XCN/XNC (X = Al, Mg) using highly correlated ab initio calculations.

The results are in good agreement with previous experimental works [102-105].

Fig. 3.1 presents some structural and spectroscopic parameters corresponding
to the AICN and AINC isomers in their electronic ground state. AINC isomer is
more stable than the AICN. AINC and its metastable isomer AICN present linear
geometric configurations. They isomerization barrier of 4216 cm ™! [71] restrict the

intertransformation at low temperatures. We can also see that the dipole moment

of AINC is slightly larger than that of AICN.

The fundamental frequencies of these isomers, namely, C-N stretching, the
XCN(or CNX) bending and the X-C (or N-X) stretching modes are 2038 cm™!,
96 cm™! and 557 cm™! for AINC and 2141 cm™!, 141 ecm™! and 475 cm™! for
AICN [71], respectively. All these frequencies are above 100 K. We can then con-
sider these molecules like rigid rotors when studying collisional excitation. Conse-
quently, the intermolecular bond distances of the AlI-CN and Al-NC were frozen

at their experimental equilibrium values.

The linear AICN('X*) and AINC('X*) molecules are closed shell molecules. For
this reason, these molecules have a simple rotational structure that is described

by the Hamiltonian operator BN? — DN*, as was described in chapter 2.

In Fig. 3.3, we show the first rotational energy levels of AICN and AINC. The
rotational constant of AINC is slightly larger than the one of AICN. For this reason

the AICN rotational structure is more compact.
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Figure 3.1: Intermolecular bond distances, rotational constant (B), dipole moment

(1) and relative energy (E,) of AICN-AINC isomers.

Similarly, we present in Fig. 3.2 some structural and spectroscopic parameters
for the MgCN and MgNC isomers in their ground electronic state. We can see
that MgNC isomer is more stable than the MgCN one. In this case, a barrier of
2203 cm ™! [71] also constrains the intertransformation at low temperatures. The
fundamental frequencies of these isomers, namely, C-N stretching, the MgCN (or
MgNC) bending and the Mg—C (or N-C) stretching modes are 2061 cm ™!, 91 cm™!
and 530 cm™! for MgNC and 2143 cm™!, 153cm™! and 468 cm™! for MgCN [71],

respectively.

The MgCN (22 1) and MgNC(?2™) molecules are open shell molecules. Molecules
having electronic spin, but no orbital momentum and no strong nuclear coupling,
can be described in the Hund’s case (b). The spin is coupled to the rotational

momentum through interaction of the spin magnetic moment with the weak mag-
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Figure 3.2: Intermolecular bond distances, rotational constant (B), dipole moment

(1) and relative energy (E,) of MgCN-MgNC isomers.

netic field generated by the molecular rotation. The Hamiltonian operator for
these molecules, including the spin-rotation interaction and the first term in the

centrifugal distortion perturbation energy, may be expressed as [100]

H = BN? — DN* + 4SN (3.1)

Here N is the rotational operator, S is the electronic spin operator and B is the
rotational constant, D is the centrifugal distortion, and v is the spin-rotation

coupling constant.

In this coupling scheme the Hamiltonian is diagonal in 7, N and S and the
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energies,

Ejns = BN(N+1)—DN*N +1)

+%m@+1y4wN+4y—ﬁS+n] (3.2)

with the following quantum numbers

N=0,1,234..
1
1
= N+ -
J 2

In Fig 3.3, the blue energy levels are schematic representations of the rotational
energy levels of MgCN(?21) and MgNC(*£T). In the absence of spin-rotation
interaction, the rotational levels are index in N, the rotational angular momentum
of the nuclei. The resulting spectrum, shown on the left-hand side of the energy
axes, is equivalent to the spectrum of a 'X molecule. We can see that MgNC
rotational levels are more separated than the MgCN ones because of the larger
rotational constant of this isomer. The levels of the right side displays the fine
structure which occurs when the spin-rotation interaction is included. For purposes

of illustration the separation of fine levels have been exaggerated.

Collisional excitation among the fine structure of 2-+ molecules can be consid-
ered explicitly [107]. However, often, the exact treatment is very time consuming.
For this reason, different approximations are used. In the next section we discuss

one of them.
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3.2 Collisions of ?Y molecules by 'S atoms

The problem of the collision-induced transitions among fine-structure levels does
not differ significantly from the problem of collisional excitation of !X+ molecules.
However, for 22" molecules a new phenomenon arises: collisions which are elastic
in N but are inelastic in the parity of the molecular wave function. Then, the for-
mulation has to consider the coupling between the rotational angular momentum

and the electronic spin.

In this case, the collision does not affect the magnitude or orientation of the
electronic spin [108, 109] because of the spin independence of the intermolecular
potential. Then the potential matrix can be represented using a new total-J basis

that takes into account the following coupling scheme,
N+1=J , J+S=1J (3.4)

where N and S designate, respectively, the nuclear rotational angular momentum

and the electronic spin.

Following the paper of Corey and McCourt [108] the last coupling leads to a
formalism that reduces the collisional excitation of 2% molecules to the usual
close-coupling equations for scattering of '3 molecules. In particular, one can

obtain the nuclear-spin-free reduced T-matrix elements.

N N/ K 17/
N, (N'U|| T |INT) (3.5)
i J S

In the last expression, the values of N and N’ in the right hand side are governed

by the relations N = j —1/2 and N =5+ 1/2.
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Then, after some development one obtains the following expression for the degeneracy-
averaged cross sections [110]:
N N K
7T .
x \J 7 S
where the spin-independent tensor opacities Pf\{ v are defined in terms of the spin-

independent reduced T-matrix elements (NL|T* |NL).

Within the IOS approximation the nuclear-spin-free tensor opacities take a sim-
pler form. It is proportional to cross sections out of the lowest accessible rotational

level. For collisions involving molecules in 'XF electronic states we have,
2
K , N K N k2
0 0 O

with the constraint [N — N'| < K < N 4+ N'.

Therefore, we can use IOS approximation and the cross sections out of the lowest

rotational level, N = 0, to obtain collisional excitation among the fine structure.

The calculations can be improved using a scaling technique introduced by Neufeld

& Green [111]:

O_IOS .

o JN—j'N
OiN=i'N' =~ Tos  Ti=i' (3.8)
=i’

Within this approximation we ensure that,

> o(jN = N =a(j = j) (3.9)

v

j
Fig. 3.4 shows a comparison between the recoupling technique employed by us
(RC-IOS) and a more sophisticated approach (RC-CC) [112] that considers the

exact spinless close-coupling 7" matrix. We can observe that there is a global
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Figure 3.4: Comparison between the recoupling formulation RC-IOS (this work)
and the recoupling formulation RC-CC. Figures a) and b) represent the results for

MgNC molecule. Figures ¢) and d) represent the results for MgCN molecule.

agreement between both approximations. In particular, the RC-IOS formalism
describes correctly the propensity rule in favour of the Aj = AN transitions. This
propensity rule is predicted by the exact formulation [107]. For closely spaced en-
ergy levels and high collisional energies RC-10S is a good approximation. However,
as we can see in Fig. 3.3, high-lying excited rotational states become progressively

significantly spaced. This effect can induce stronger deviations.
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1 INTRODUCTION

ABSTRACT

Modelling molecular abundances in the interstellar medium (ISM) requires accurate molec-
ular data. Then, accurate determination of collisional rate coefficients is an essential step
in order to estimate the cyanide/isocyanide abundances in interstellar clouds. In addition,
cyanides/isocyanides are the most common metal-containing molecules in circumstellar gas.
In this work, we have carried out calculations of rate coefficients for the rotational excitation
of aluminium cyanide (AICN), aluminium isocyanide (AINC), magnesium cyanide (MgCN)
and magnesium isocyanide (MgNC) molecules in collision with He. The calculations are
based on new two-dimensional potential energy surfaces obtained from highly correlated ab
initio calculations. Coupled states quantum approximation was used to obtain pure rotational
(de-)excitation cross-sections of AICN, AINC, MgCN and MgNC by He. The fine structure
splitting of MgCN and MgNC was taken into account through a technique based on infinite-
order sudden scaling relationship. Rate coefficients for transitions among the first 26 rotational
levels of AICN and AINC and among the first 41 fine structure levels of MgCN and MgNC were
calculated for the temperature range between 5 and 100 K. Significant differences between
the rate coefficients of both isomers were observed. These differences confirm that specific
calculations have to be performed for each isomer in order to obtain the necessary level of
detail. The new rate coefficients should induce important consequences on the determination
of metal abundance in the ISM. In particular, our work confirms that the AICN molecule is
significantly less abundant than AINC in the ISM.

Key words: molecular data—molecular processes — scattering.

in the ISM. Heavy metals in the gas phase are important in control-
ling the ionization of a cold dark cloud and then the chemistry and

Molecules containing a cyanide group are of key importance in
the physical chemistry of the interstellar medium (ISM). Cyanide
species are the most common metal-containing molecules in cir-
cumstellar gas (Ziurys et al. 2002; Pulliam et al. 2010) despite that
the dominant role of cyanide species as metal carriers in circumstel-
lar gas was not predicted by any chemical models. Metal cyanide
compounds are present in C-rich circumstellar gas (Pulliam et al.
2010; Zack, Halfen & Ziurys 2011) and may provide a way to find
other heavy metals than the one presently known. In the past, NaCN
(Turner, Steimle & Meerts 1994), MgCN (Ziurys et al. 1995), SiCN
(Guélin et al. 2000) or FeCN (Zack et al. 2011) have been detected

* E-mail: mhvera28@instec.cu (MHV); francois.lique@univ-lehavre.fr (FL)

the cloud evolution (Turner et al. 2005).

Alternatively to metal cyanides, other cyanides have been ob-
served in the ISM. The simplest cyanide HCN is a well-known
interstellar molecule discovered by Snyder & Buhl (1971) and
probably one of the most observed molecules. In addition, many
complex organic molecules such as CH,CN (Irvine et al. 1988),
CH3;CN (Solomon et al. 1971) or CH;CCN (Solomon et al. 1971)
contain the cyanide group and play a crucial role in the chemical
evolution of molecular clouds.

Usually, (metal) cyanide compounds present isomerism. Hence,
for example, the AICN/AINC, MgCN/MgNC, SiCN/SiNC or
NaCN/NaNC isomers are all stable species (Senent, Du-
mouchel & Lique 2012, and references therein). Assessments
of cyanide/isocyanide abundances in circumstellar shells are

© 2013 The Authors
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readily available (Ziurys et al. 1995; Guélin et al. 2004). Com-
monly, large abundances correspond to the most stable isomers
as they occur for MgNC. Particularly, MgCN is less stable than
MgNC by about 600 cm™! and the MgNC/MgCN ratio has been
estimated to be ~20 by Ziurys et al. (1995). However, this is not
a systematic trend. The most abundant cyanide, HCN, presents
a metastable isomer HNC whose relative energy has been evalu-
ated to be about 5000 cm~'. Although HCN and HNC stabilities
are quite different, the HNC/HCN astrophysical abundance ratio
was estimated to be >1 (Hirota et al. 1998) in cold molecular
clouds. Lique and co-workers (Dumouchel, Faure & Lique 2010;
Sarrasin et al. 2010; Dumouchel, Klos & Lique 2011) have related
the unexpected large abundance of HNC to observation modelling
from erroneous collisional rate coefficients. However, the abun-
dance ratio is still high compared to the relative stability of the
isomers (~1) and the latter studies have shown the importance
of having accurate collisional rate coefficients for all interstellar
isomers.

Recently, Pulliam et al. (2010) suggested that the cyanide chem-
istry has to be reviewed. Molecular abundances in the ISM have to
be understood in terms of molecular stabilities, reaction probabili-
ties and radiative and collisional excitations. In order to understand
the cyanide/isocyanide abundance in the ISM, we have initiated
a series of papers in order to provide the molecular data needed
for cyanide/isocyanide abundance determination. In Senent et al.
(2012, hereafter Paper I), we have determined theoretical spectro-
scopic and structural properties of species containing third-period
metals Na, Mg, Al and Si that were in very good agreement with
available experimental data and that gathered complete information
on these species.

In astrophysical media, collisions compete with radiative pro-
cesses in altering populations in molecular ro-vibrational levels.
The estimation of molecular abundances from spectral line data
requires collisional rate coefficients with most abundant interstel-
lar species such as He or H,. He is often assumed to be a model
for H, (Lique et al. 2008). The use of He as a substitute for H,
could lead to significant incertitude in the case of collisions with
light hydrides but is expected to be reasonable for very heavy
molecules (Wernli et al. 2007) such as the metal cyanides that
are presently studied. Without these rates, only approximate es-
timates of the molecular abundance are possible assuming local
thermodynamic equilibrium, which is generally not a good ap-
proximation. Rate coefficients are also crucial to determine ac-
curately the AICN/AINC, MgCN/MgNC or SiCN/SiNC abundance
ratios.

In this paper, we extend the work of our previous publication
(Paper ]) to the calculation of inelastic rate coefficients of Al and Mg
compounds. Magnesium isocyanide (MgNC) identification in the
ISM was provided by Guélin, Lucas & Cernicharo (1993). MgNC
is a highly reactive radical but can be easily detected due to its large
dipole moment of ~5 debye (see Paper I). The magnesium cyanide
(MgCN) was identified in IRC+10216 (Ziurys et al. 1995) and the
aluminium isocyanide (AINC) was also observed in the circumstel-
lar envelope of IRC+410216 and reported by Ziurys et al. (2002).
The large dipole moment of these molecules [~5.3 and ~3.7 debye
(Paper I) for MgCN and AINC, respectively] help in the observation
of radiative transitions. To the best of our knowledge, the isomer of
AINC, the AICN molecule, has not been yet been detected in space
despite that the molecule is also stable and possesses a large dipole
moment of 3.7 debye (see Paper I).

Here, we present new rotational rate coefficients for AICN, AINC,
MgCN and MgNC based on highly accurate AICN-He, AINC-He,

MgCN-He and MgNC-He potential energy surface (PES). The
paper is organized as follows. Section 2 describes the PES used
in this work. Section 3 then contains a brief description of the
scattering calculations. In Section 4, we present and discuss our
results.

2 POTENTIAL ENERGY SURFACE

The computation of collisional inelastic rate coefficients takes place
within the Born—Oppenheimer approximation for the separation of
electronic and nuclear motions. Scattering cross-sections are thus
obtained by solving the equation for the motion of nuclei restricted
by an electronic PES, which is independent of the masses and spins
of the nuclei. Then, the first step consists in the determination of
the interaction energy of the colliding systems.

To the best of our knowledge, no PES exists for the AICN—
He, AINC-He, MgCN-He and MgNC-He van der Waals systems.
The ground electronic state of the weakly bound AICN-He and
AINC-He system is a singlet with A’ reflection symmetry, whereas
the ground electronic state of the weakly bound MgCN-He and
MgNC-He system is a doublet with A’ reflection symmetry. Within
their ground electronic state, AICN, AINC, MgCN and MgNC
molecules (denoted hereafter X-CN and X-NC) have linear geome-
tries. Therefore, X-CN and X-NC can be considered as a linear rigid
rotor.

The X-CN-He and X-NC-He ‘rigid rotor’ PESs are described
by the two Jacobi coordinates R, the distance from the centre of
mass of cyanide/isocyanide molecules to the He atom, and 0, the
angle between R and the cyanide/isocyanide bond axis r, with 6 =
0 corresponding to collinear He—CN/NC-X.

The intermolecular bond distances of the X-CN and X-NC
were frozen at their experimental equilibrium values [rac = 3.84
bohr and rcy = 2.21 bohr for AICN-He; rpny = 3.54 bohr and
rne = 2.24 bohr for AINC-He; ryc = 3.95 bohr and reny = 2.21
bohr for MgCN-He; ryen = 3.69 bohr and rne = 2.24 bohr for
MgNC-He] (Paper I and references therein). As demonstrated by
Lique & Spielfiedel (2007) for the CS—He system, for non-hydride
diatomic molecules two-dimensional PESs calculated for a frozen
bond distance or obtained from full three-dimensional PESs by aver-
aging over the intermolecular ground-state vibrational wavefunction
are very similar. Consequently, in the present case, we anticipate
that restricting intermolecular distances to their equilibrium value
will introduce little error into the calculated inelastic rate coeffi-
cients. The lowest vibrational bending frequency of AICN, AINC,
MgCN and MgNC are 2629, 661, 633 and 629 cm™' respectively
(Paper I and references therein). Hence, for low-temperature colli-
sions (7' < 100 K), the probability of vibrational excitation is very
low and can be neglected in the scattering calculations.

The AICN-He, AINC-He, MgCN-He and MgNC-He PESs were
calculated in the supermolecular approach by means of (partially
spin-restricted) coupled cluster calculations with single, double and
perturbative triple excitations [(R)CCSD(T)] (Hampel, Peterson
& Werner 1992; Knowles, Hampel & Werner 1993, 2000). The
calculations were done with the MoLpro 2010 package (Werner
et al. 2010). For all four atoms, we used the standard correlation-
consistent polarized valence quadruple-zeta basis sets of Dunning
(1989) augmented with the diffuse functions of s, p, d, f and g sym-
metries (Kendall, Dunning & Harrison 1992). This basis set was
further augmented by the [3s3p2d2f1g] bond functions optimized
by Cybulski & Toczylowski (1999) and placed at mid-distance be-
tween the He atom and the X-CN/NC centre of mass.
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Figure 1. Contour plots of the MgCN-He (a), MgNC-He (b), AICN-He (c) and AINC—He (d) PES. Contour lines in units of cm~ L.

At all geometries, the Boys & Bernardi (1970) counterpoise pro-
cedure is used to correct for the basis set superposition error. In this
procedure, the interaction energy is defined by

V(R,0) = Ex_cnyNe—He(R, 0)
—Ex_cnNe(R, 0) — Ene(R, 0), (1

where the energies of the X-CN/NC and He subsystems are deter-
mined with the full (four atoms plus bond functions) basis set.

The values of the radial scattering coordinate R ranged from 4 to
30 bohr. The angular grid was uniform with a 10° spacing from 0°
to 180°.

Contour plots of the four potentials are shown in Fig. 1. For
these weakly bound systems, the global minima in the interac-
tion energy were found to be —33.51 cm™! (R = 6.70 bohr, § =
8628) for AICN-He, —28.47 cm™! (R = 6.94 bohr, # = 81°9) for
AINC-He, —26.06 cm™! (R = 7.03 bohr, 6 = 83°6) for MgCN-He
and —23.97 cm™! (R = 7.15 bohr, § = 8121) for MgNC-He. We

note the strong anisotropy of the four PESs. The shape of the PES is
similar for all the systems, the minimal being localized for almost

T-shape geometries. The anisotropy of these PESs and the location
of the global minima can be qualitatively explained by inspecting
the shapes of the highest occupied molecular orbitals (HOMO) of
the X-CN/NC species shown in Fig. 2 using the MOLDEN orbital vi-
sualization program (Schaftenaar & Noordik 2000). One can notice
that a reduction of the repulsive exchange energy in the middle of
the X-CN/NC molecules approximately in the region of the centre
of mass is expected. This reduction of the exchange stems from
the fact that most of the electronic density is shifted towards the
metal atom and distributed along the CN/NC fragment. The Mg
complexes have larger orbital lobes located on the metal end which
causes greater electron repulsion when He atom approaches. The
repulsive wall of the PES starts at larger distances for Mg-CN/NC
molecules at the 6 = 180° end in comparison to Al molecules. As in
the middle of the Al-C bond the AICN molecule has slightly larger
electron density, one can assume a somewhat greater dispersion
component attracting He atom. Therefore, the well depth is deeper
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AINC

for the He—AICN complex in comparison to He—AINC. The same
holds for the He—-MgCN/NC complexes.

The ab initio energies were fitted using a two-dimensional re-
producing kernel Hilbert space method (Ho & Rabitz 1996), which
interpolates through the ab initio points and extrapolates outside
with R~® long-range asymptotics. In the scattering MOLSCAT pro-
gram (Hutson & Green 1994), the PES is expanded in Legendre
polynomials:

Jmax

V(R,0) = Vi(R)P;(cost). )
A=0

The dependence on R of the dominant coefficients for the AICN—
He, AINC-He, MgCN-He and MgNC—-He PESs is shown in Fig. 3.

We observe that, for all the collisional systems, the largest (in
magnitude) anisotropic terms (A > 0) correspond to A = 2. This
implies that, to a first approximation, the PES is symmetric with
respectto 8 — 7 — 6. For X-CN-He systems, the anisotropic terms
corresponding to A = 1, 3 are relatively large in the range of R
between 7 and 10 bohr. This reflects a large (odd) anisotropy for the
PES. In contrast, for X-NC—He systems, these terms are relatively
small in magnitude. Consequences for the rotational excitation will
be discussed in the next section.

3 SCATTERING CALCULATIONS

The main focus of this paper is the use of the fitted AICN-
He, AINC-He, MgCN-He and MgNC-He PESs to deter-
mine rotational excitation and de-excitation cross-sections of

MgNC

Figure 2. Representation of HOMO for MgCN/NC and AICN/NC molecules from Hartree—Fock calculations. Colour coded lobes differ in sign.

AICN, AINC, MgCN and MgNC molecules by He atoms. In
this work, we consider only the rotational/fine structure of
cyanide/isocyanide compounds. Rate coefficients between hyper-
fine levels of these heavy molecules can be accurately estimated
from rate coefficients between rotational/fine structure levels (see
Section 5)

The AICN('Z+) and AINC('X*) molecules have a simple
rotational structure, whereas the MgCN(>%*) and MgNC(>x*)
molecules present a fine structure due to the presence of a non-zero
electronic spin. Rate coefficients between fine structure levels have
to be computed if one wants to provide reliable data for astrophys-
ical modelling.

In the following, the rotational quantum number of AICN/AINC
will be denoted by N. For MgCN/MgNC in its ground electronic
2%+ state, the molecular energy levels can be described in Hund’s
case (b) limit. The fine structure levels are labelled N;, where N is
the rotational angular momentum and j the total molecular angular
momentum quantum number with j = N + S, where S is the elec-
tronic spin. For molecules in a 2yt state, S =1 /2. Hence, for N >
0, two kinds of levels exist, the levels with j = N + 1/2 and those
withj=N—1/2.

We used the quantum coupled states (CS) approximation
(McGuire & Kouri 1974) for the determination of cross-
sections between rotational levels (i.e. neglecting fine struc-
ture levels) of all the isomers. The more accurate method is
the fully quantum close-coupling (CC) approach of Arthurs &
Dalgarno (1960), but this method is very computationally de-
manding for scattering of molecules with very small rotational
constants.
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Figure 3. Plot of the first four radial Legendre expansion coefficients (A =
0,..., 3) as a function of R. (a) The solid lines denote AICN-He while the
dashed lines denote AINC—He. (b) The solid lines denote MgCN-He while
the dashed lines denote MgNC-He.

From the calculated cross-sections, one can obtain the corre-
sponding thermal rate coefficients at temperature 7 by averaging
over the collision energy (E.):

o=

8 o _ Ec
ku%ﬁ(T) = (W) /0 Ou—p Ece kT dECa (3)

where o, _,  is the cross-section from the initial level o (V) to the
final level 8 (N'), u is the reduced mass of the system and kg is
Boltzmann’s constant.

For the MgCN and MgNC molecules, as mentioned above, the
fine structure was not explicitly considered in the calculations, but
taken into account using a technique based on the infinite-order
sudden (I0S) approximation (Goldflam, Kouri & Green 1977) that
requires determination of only rate coefficients between rotational
levels. The fine structure splitting of MgCN and MgNC is at least
1/1000 of the rotational splitting and then validates the IOS approx-
imation.

Following this technique, if one has, for a given molecule, the rate
coefficients between rotational levels (ky_. x/(T), one can directly
obtain the rate coefficients between the fine levels using the I0S
approximation in which the rotational energy spacings are simply
ignored compared to the collision energy.

In this approximation, inelastic rotational rate coefficients

k}\?i n(T) can be calculated from the ‘fundamental’ rates (those

out of the lowest N = 0 level) as follows (e.g. Corey & McCourt
1983):

, 2
e =av 0y (5 K, @)
L

Similarly, I0S rate coefficients among fine structure levels can
be obtained from the k[, (T) rate coefficients using the following

—

formula (e.g. Corey & McCourt 1983):
k}@iN},(T) = (2N + DN + D©2j + 1)

2 2
3 N'NL NN L o
X - ( 0 0 O) {j/ ] S} k[)*}L(T)f (5)

where (:::) and {::: } are, respectively, the 3-j and ‘6-j” symbols.

The MgCN/MgNC fine structure splittings are negligible com-
pared with collision energies, and the above 10S prescriptions are
expected to correctly predict the relative rates among fine levels. A
possible improvement has been suggested (Neufeld & Green 1994).
The hyperfine rates can be computed as

KOS (T)
ky, v (T) = 71\/1]0_;[\/ !
7 k> o (T)
using the CS rate coefficients ky_, , for the 10S ‘fundamental’
rates in equations (4) and (5). This scaling procedure guarantees in

particular the following equality:

Z ki (T) = k52, 5 (T). )
I

kn—n(T), (6)

In addition, we note that the fundamental excitation rates ko _, ;.
were in practice replaced by the de-excitation fundamental rates
using the detailed balance relation

ko—r = 2L+ k.. ®

This procedure was found to significantly improve the results at low
temperature due to threshold effects.

Such an approach has been already used for open-shell molecules
like SO (Lique et al. 2006) and compared with the exact CC ap-
proach. As soon as the fine structure splitting is negligible compared
to rotational structure (that is presently the case), the IOS approxi-
mation leads to results in good agreement with CC results (less than
10-20 per cent of difference).

The standard time-independent coupled scattering equations
were solved using the MorLscar code Hutson & Green (1994).
The energy levels were computed with the following experimen-
tal molecular parameters (see Paper I and references therein): the
rotational (By) and centrifugal distortion constant (Dy) of AICN,
AINC, MgCN, MgNC were By = 0.168 cm™! and Dy = 9.17 x
108 em™', By = 0.200 cm™' and Dy = 1.30 x 1077 cm™!, By =
0.170cm~! and Dy = 9.25 x 108 cm™! and By = 0.199 cm™~! and
Dy = 1.41 x 1077 cm™!, respectively. Calculations were carried
out at values of the total energy ranging from 0.1 to 1000 cm™!
for the four collisional systems. The integration parameters were
chosen to ensure convergence of the cross-sections over this range.
The integral cross-sections are obtained by summing the partial
cross-sections over a sufficiently large number of values of the to-
tal angular momentum J until convergence is reached. To obtain
precise values for the rate constants, the energy grid was chosen to
be sufficiently fine to include the numerous scattering resonances
which will be described below. We extended the rotational basis
sufficiently to ensure convergence of the AICN-He and AINC-He
inelastic cross-sections for N, N' < 25. At the largest total energy
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Table 1. Comparison between CC and CS AINC-He cross-sections (in A2) at selected total
energies (E).

Transitions E=20cm™! E=50cm™! E=100cm~! E=300cm™!
N> N cc cs cc CS cc ¢ cc  Cs
1—-0 5.163 7.425 2.168 2.783 1.232 1524 0.616 0.739
2—0 5.503 6.491 3.720 4.333 2.820  3.201 1.990 2.097
5—0 2.220 2.374 0.954 0.972 0.564 0.590 0.267 0.278
10—-0 - - 0.003 0.002 0.003  0.003 0.001 0.001
2—1 10.454  14.127 4.639 5.648 2.675 3.183 1.353 1.561
31 9.820 10.096 6.650 7.133 5.011 5371 3.572  3.629
6— 1 6.638 6.641 2.851 2.782 1.600 1.582 0.755 0.755
10— 1 - - 1.897 1.868 1.389  1.210  0.588  0.540
6—5 24.827 28.570 10.228 11.149 6.368 6.528 3.027 3.149
7—5 21.248  19.347 9.186 8.847 6.617 6.590 4940 4.822
10—5 - - 6.155 6.164 4.064 3960 2.073 1944
11— 10 - - 13.367 13934 6.628 6.997 3.684 3.651
12— 10 - - 14.857 13.723 7.7745 7.069 5502 5.359
15— 10 - - 30.700  31.415 4.887 4.831 2417  2.289
considered (1000 cm™!), the rotational basis extends to N = 35 100 T " T

and 32, respectively, for the AICN-He and AINC-He calculations.
For MgCN-He and MgNC-He calculations, we extended the ro-
tational basis sufficiently to ensure convergence of the rotational
cross-sections for N, N' < 40 in order to correctly perform the sum-
mation over L in equations (4) and (5) leading to converged rate
coefficients between fine structure levels with N, N' < 20. At the
largest total energy considered (1000 cm™!), the rotational basis
extends to N = 53 and 51, respectively, for the MgCN-He and
MgNC-He calculations.

Cross section (A%)
o

1 il n n PR | PN
4 RESULTS 10 100 1000
The CS approach is expected to give accurate results at high ener- Kinetic energy (em™)
gies and for transitions between high rotational levels for a heavy
system like X-CN/NC molecules. However, errors can arise when- 100 + ' ' i

ever weak collisions at a large impact parameter make a significant
contribution, as will occur at low energies or for transitions between
closely spaced levels. These errors will affect, predominately, the
calculated rate coefficients only at low kinetic temperatures (T <
20-30 K).

In order to check the accuracy of the CS calculations compared
to the pure CC approach, we show in Table 1 the typical energy
dependence of the collisional de-excitation cross-sections obtained
from CS and CC calculations for the AINC-He calculations.

It is found that the CS approach can lead to inaccuracies of 10—
30 per cent for low total energy cross-sections (<20 cm™'), but
agreement improves between CC and CS cross-sections when the
energy is greater than 50 cm~'. Hence, the rate coefficients obtained
from CS results are expected to be accurate for the temperature
range considered in this work. The CS approach is also expected to
be accurate for AICN-He, MgCN-He and MgNC-He collisional
systems since both the PES and rotational structure of these systems
are similar to those of AINC-He collisional systems.

4.1 AICN/AINC

Fig. 4 illustrates the typical energy dependence of the collisional de-
excitation cross-sections obtained from the present CS calculations
for a few selected rotational levels.

Cross section (A%

1—0

10 100
Kinetic energy (cm_1)

1000

Figure 4. (a) Typical rotational de-excitation CS cross-sections for the
AICN molecules in collision with He as a function of the collision energy.
(b) The same for AINC molecules.

The de-excitation cross-sections are almost decreasing functions
of the energy. For collision energies below 50 cm™!, many res-
onances are found. These are a consequence of the quasi-bound
states arising from tunnelling through the centrifugal energy barrier
(shape resonances), or from the presence of an attractive potential

well that allows the He atom to be temporarily trapped into the well
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Figure 5. (a) Typical rate coefficients for the AICN molecules in collision
with He as a function of the temperature. (b) The same for AINC molecules.

and hence quasi-bound states to be formed (Feshbach resonances)
before the complex dissociates (Smith, Malik & Secrest 1979).

We obtained, by energy averaging, de-excitation rate coefficients
for the first 26 (N = 0—25) rotational levels of AICN and AINC,
from the CS cross-sections. The representative variation with tem-
perature is illustrated in Fig. 5.

This complete set of (de)excitation rate coefficients is available
online from the LAMDA ' and BASECOL? websites.

Fig. 6 shows the AICN-He and AINC-He de-excitation rate co-
efficients from the N = 10 level at 10 and 100 K.

On the whole, the AICN and AINC rate coefficients are of the
same order of magnitude. This is not really surprising since both
the rotational structure of the two molecules and their interaction
potential with He are about the same for the two colliding systems.

However, one can see that differences exist between the AICN—
He and AINC-He rate coefficients especially at low temperature.
The AICN-He collisional systems present a stronger propensity in
favour of transitions with odd AN than the AINC-He systems for
transitions with small AN.

The propensity rules seen in favour of transitions with odd AN are
due to the shape of the PESs. Indeed, PES with large odd anisotropy,
such as the AICN-He and AINC-He PES [see Fig. (1)], will favour
transitions with odd AN (McCurdy & Miller 1977). However, the

Uhttp://www.strw.leidenuniv.nl/moldata/
2 http://basecol.obspm.fr/
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Figure 6. AICN-He and AINC-He de-excitation rate coefficients from the
N =10 at 10 K (upper panel) and 100 K (lower panel).

odd anisotropy of the AICN—He PES is larger than that of the AINC—
He PES for a distance R between 7 and 10 bohr (where the collision
takes place). That explains the stronger propensity in favour of
transitions with odd AN in the case of AICN-He collisions than in
the case of AINC-He collisions at low temperature.

Athigher temperatures, both systems present the same propensity
rules except for the AN = 1 transitions that are significantly larger
in the case of AICN-He collisions than in the case of AINC-He
collisions.

4.2 MgCN/MgNC

Elastic and inelastic cross-sections rate coefficients between rota-
tional levels (i.e. without including fine structure) of MgCN/MgNC
were computed using the CS approach. The shape and the energy
variation of the cross-sections are similar to the one obtained for
the AICN-He and AINC—-He collisional systems. The fine structure
rate coefficients were obtained from the rotational rate coefficients
using the procedure described above.

The typical variation with temperature of these MgCN-He and
MgNC-He state-to-state rate coefficients for Aj = AN and Aj #
AN transitions is illustrated in Figs 7 and 8.

This complete set of (de)excitation rate coefficients is available
online from the LAMDA and BASECOL websites.

We observe a propensity for Aj = AN transitions. The same
propensity rule was previously obtained for CN-He (Lique et al.
2010). This behaviour, predicted theoretically (Alexander, Smedley
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Figure 7. (a) Typical rate coefficients for the MgCN molecules in collision
with He as a function of the temperature for Aj = AN transitions. (b) The
same for MgNC molecules.

& Corey 1986), is a general feature of collisions of molecules in
the 2+ 1% electronic state, as shown previously for the O,-He
collisions (Lique 2010) or SO-H, (Lique et al. 2007).

In order to compare MgCN-He and MgNC-He rate coefficients,
we summed the fine structure resolved rate coefficients over the final
state spin-projection quantum numbers. Fig. 9 shows the MgCN-
He and MgNC-He de-excitation rate coefficients from the N = 10
level at 10 and 100 K.

As found for AICN and AINC rate coefficients, on the overall,
the MgCN and MgNC rate coefficients seem to have the same order
of magnitude. The explanation is the same as for the AICN-He and
AINC-He collisional systems.

However, the propensity rules seen in the two sets of rate co-
efficients are different. The MgCN-He rate coefficients present
a propensity in favour of transitions with even AN, whereas the
MgNC-He rate coefficients present a propensity in favour of tran-
sitions with odd AN. The differences survive when the temperature
increases.

As for the AICN and AINC rate coefficients, the propensity rules
seen in favour of transitions with odd or even AN are due to the
shape of the PESs. Indeed, near-homonuclear symmetry of the PES,
such as the MgCN-He PES, will favour transitions with even AN.
In contrast, the MgNC-He PES for which odd anisotropy is large
will favour transitions with odd AN. Nevertheless, the discussion
of the propensity rules coming from the shape of the PES is not
as clear as for AICN/AINC isomers. Indeed, the V; and V; radial
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Figure 8. (a) Typical rate coefficients for the MgCN molecules in collision
with He as a function of the temperature for Aj # AN transitions. (b) The
same for MgNC molecules.

coefficients of the expansion of the PES are deeper in the case of
MgCN than in the case of MgNC, and we could expect the opposite
behaviour. However, for these complexes, the approach of the He
atom to the Mg atom is highly repulsive, and at low collisional
energies, the collision takes place at large distances R where the V;
radial coefficient of the expansion of the PES is larger in magnitude
than the V; radial coefficients for the MgNC-He complex contrary
to the MgCN-He complex that shows the opposite behaviour.

5 DISCUSSION AND CONCLUSION

We have used quantum scattering calculations to investigate rota-
tional energy transfer in collisions of AICN, AINC, MgCN and
MgNC molecules with He atoms. The calculations are based on
highly accurate 2D PESs obtained using state-of-the-art electronic
structure methods. Rate coefficients for transitions involving the
lowest 26 levels of the Al compounds and the lowest 41 fine struc-
ture levels of the Mg compounds were determined for temperatures
ranging from 5 to 100 K.

However, in the present study, the hyperfine structure of the
cyanide/isocyanide molecules has been neglected whereas it is
presently observed by the actual telescope. Collisional rate coef-
ficients when the hyperfine structure is considered can be easily
obtained from the present results using the standard assumption
that the rate coefficients will be proportional to the degeneracy
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Figure 9. MgCN-He and MgNC-He de-excitation rate coefficients from
the N = 10 at 10 K (upper panel) and 100 K (lower panel).

of the final hyperfine state, or employing the I0S scaling method
(Faure & Lique 2012).

In addition, the great abundance of H, in the ISM makes this
molecule the primary collision partner for any other species. It is
generally assumed (Lique et al. 2008) that rate coefficients with He
can provide a good estimate of rate coefficients for collision with
para-H,(j = 0). For very heavy molecules such as the presently
studied ones, the He rate coefficients scaled by a factor of 1.4 are
expected to provide the correct order of magnitude of the Hy(j =
0) rate coefficients. Therefore, the present results can be considered
as a reasonable first estimate of collisional rate coefficients for
collisions of AICN, AINC, MgCN and MgNC with para-H,(j = 0).

Propensity rules for odd AN were found for both AICN/AINC-
He systems. In contrast, propensity rules for even AN were found
in the case of MgCN-He system whereas propensity rules for odd
AN were found in the case of MgNC-He system.

These different propensity rules seen for the MgCN/MgNC iso-
mers let us predict that the excitation of these molecules in cold
molecular clouds will be different and that the abundance ratio of
these species cannot be simply obtained by looking at the brightness
temperature ratio of the emission lines. Hence, radiative transfer cal-
culations will have to be performed for both molecules using both
sets of rate coefficients in order to accurately obtain the relative
abundance of the two isomers.

For AICN/AINC, the present results suggest that a more intense
AN = 1 spectral line should be expected for AICN than for AINC
molecules (considering similar abundance for both AICN/AINC

isomers) since the magnitude of the AN = 1 rate coefficients is
larger for the AICN-He collisional system than for AINC-He ones
and since the dipole moment of AICN is slightly larger than the
one of AINC. Hence, the present data do not provide explanation to
the absence of AICN observations in molecular clouds and confirm
that the AICN molecule is significantly less abundant than AINC
in the ISM. However, the new rate coefficients could be introduced
in radiative transfer modelling and may help to discover the AICN
molecule in molecular clouds by performing accurate excitation
calculations of this molecule. Moreover, the new data could be
useful for later estimations of the AICN/AINC abundance ratio in
the ISM.

Finally, the present rate coefficients will enable more accurate es-
timation of the cyanide/isocyanide abundance in molecular clouds
and then clarify the dominant role of cyanide species as metal car-
riers in circumstellar gas. Accurate determination of MgNC abun-
dance will also be useful for the understanding of anion chemistry
since dissociative attachment of MgNC has been suggested as a
way to form the CN™ anion that has been recently observed in
IRC+10216 (Agtindez et al. 2010).
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Chapter 4

Rotational (de-)excitation of

SiCIN/SiNC in collisions with He
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The astrophysical observations suggest that the SICN and SiNC radicals have

similar abundances in the ISM. However, the abundance estimations have not been

determined through detailed radiative transfer calculations due to the absence of

molecular data. In this chapter, we compute the rate coefficients for the SiCN-

He and SiNC-He collisional systems. We present the coupled states approach for

collisions of 2II molecules and a structureless particle. Finaly, we will present and

discuss the results of the CS calculations in the last section.
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4.1 Rotational spectroscopy of SiCN and SiNC

In Fig. 4.1, we show structural and spectroscopic parameters corresponding to the
SiCN and SiNC isomers in their electronic ground state. The parameters have been
taken from the paper of Senent et. al. (2012) [71]. SiCN and its metastable isomer
SiNC have linear geometry configurations. We can see that the dipole moments of
both molecules are almost the same. Using highly correlated ab initio calculations
Richardson et al. [113] have computed an isomerization barrier of 7340 cm™! for

these isomers. This barrier restricts the intertransformation at low temperatures.

The fundamental frequencies, namely, the C—N stretching, the SICN(or SiNC)
bending and the Si-C (or N-Si) stretching modes are 2116 cm™!, 283 cm™! and
569 cm™! for SiCN and 1992 cm™, 234 ecm™! and 645 cm™ for SiNC [113]. All
these frequencies are above 100 K. We can then consider these molecules like rigid
rotors when studying the collisional excitation. Therefore, the intermolecular bond
distances of the Si-CN and Si-NC were frozen at their experimental equilibrium

values.

In a Hund’s case (a) representation, the wave functions for a diatomic molecule
in a 2II electronic state can be written as a product of a wave function describing
the electronic motion of the rotationaless diatomic multiplied by a wave function

describing the rotational motion,
|7mQASE) = |jmQ)|ASE) (4.1)

where j represents the total angular momentum; m and €2 denote the projection of
J along the space- and molecule-fixed axes, respectively; S denotes the spin angular
momentum with projection X along molecular axis and A is the projection of the

electronic orbital angular momentum along the molecular axis. For molecules in a

o8
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Figure 4.1: Intermolecular bond distances, rotational constant (B), dipole moment

(1) and relative energy (E,) of SICN-SiNC isomers.

21 electronic state, A = 1 and ¥ = £1/2. The molecule splits into two spin-orbit

manifolds, one with |Q2] = 1/2 and the other one with || = 3/2.

It will be convenient to use the definite parity states defined by

imQe) = |Ae) =272 (|jmQ)A = 1,8 = Q — 1)

) ) (4.2)
+ejm, —A = -1, =-Q + 1))
where Q = |Q|, and where € + 1 refers to the parity of the wave function with
respect to inversion of the space-fixed axis system, so that
iop |7mQe) = e(—1)715 | jmQe) (4.3)

where 4,y is the inversion operator. In the spectroscopic nomenclature, the € = +1

levels are designated as f and the e = —1 levels as e. The rotational wave function
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|7mS) can be written as rotational matrix elements,
gmQ) = [(2j +1)/87°)'2D; 0 (a37) (4.4)

where (a37y) are the Euler angles that describe the orientation of the molecule in

the fixed space.

The rotational energies can be written as

1 . 7
Ej,Q:3/2,e = §A + BU(] + 1) - _] +

4
Se(B/A) 20+ pB/AYG —1/2)G +1/2)(j +3/2) (15)
and
Fyacajae = 5 A+ BIG+ 1)+ 11+ zei + 3) (1.6

In the last equations A is the spin-orbital constant, and B the rotational constant.
The last terms on the right hand side of these equations describe the splitting
between the parity levels, which is designated as A doubling. This splitting is

characterized by the parameters p and gq.

The parameters A, p and g are 2121930 MHz, 2068 MHz and 0.869 MHz for SiNC
and 1760530 MHz, 7.03 MHz and 0.869 MHz for SiNC [104]. The first rotational

energy levels of these molecules can be found in the last section of this chapter.

4.2 Collisional excitation of 2II molecules

The orbital motion of the atom about the center of mass of the molecule is de-

scribed by the spherical harmonics |lm;). The complete wavefunction for the
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atom-molecule system can be expressed as a linear combination of products of

|lm;) functions and the |jmQe) functions.

limQelmy) =272 |lmg)(|im|A = 1,5 = Q — 1)
) ) (4.7)
As explained in Chapter 2, it will be convenient to expand the eigenfunctions of

the total Hamiltonian in terms of eigenfunctions of the total angular momentum

J and its projection M defined by

JIQeT M) = " (jmlmy|jlTM)|jmQelm) (4.8)
mmy
where (...]...) is a Clebsch-Gordan coefficient. In a total-J representation built

from the definite-{2 molecular basis, wave functions for the atom-molecule collision

system can be written as
FIQAS M) = |jiQeJ M) |AD) (4.9)

As in the initial formulation of Arthurs and Dalgarno [17], we can expand the wave
function for the atom-molecule in terms of the |jIQeASJM). The radial functions

are solutions of a set of coupled differential equations

d? 'l +1) ) 5 , , y
T~ Kac U (R) =20 ) (Y IMVIYIM)UL(R)  (4.10)

,y”
where v = (jIQeAY) and k?ﬁe = F — Ejge. In Eq. 4.10 the potential matrix

elements are given by
<’7,JM| ‘/el ”7JM> = <],l/Q/JM| VA/A(R, 0) |]ZQJM> (411)
In the last expression, the terms Vs 5 denote the diabatic matrix elements

Vira(R,0) = dsre (NY/|V[AS) = Ve a-a(R)d5_4(0) (4.12)
L
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where the electronic basis |[AX) are components of the IT state with the projection

of the electronic orbital angular momentum A = +1.

Now, it is convenient to introduce the definite symmetry molecular electronic
wavefunctions in order to show the connection between the adiabatic potentials of

A" and A” symmetry and the Vj/ 5 terms.
[An) = 272[JA) + 1 [—A)] (4.13)

where n = £1. Since the Euler angle ~ is chosen to be zero in Eq. 4.4, under

reflection in the molecular frame xz plane these wave functions behave as
o(x2) |An) = (=1)"n|An) (4.14)

For a II state the n = +1 wave function is antisymmetric with respect to reflection
in the triatomic plane (A” symmetry in the reducded Cy symmetry group) while
the n = —1 wave function is symmetric (A’ symmetric). Since the radial expansion

coefficients in Eq. 4.12 satisfy the symmetry relation
VE,A’—A(R) - VE,—A’—i—A(R) (415)

the electronic potential matrix elements are diagonal in the adiabatic |An) elec-
tronic basis. The connection between the adiabatic potentials of A" and A” sym-

metry and the diabatic potentials is

Var = (M| VI [An),_y = Via(R, 0) = Vi1 (R, 0)

VA” = <AT]| V |A7]>n:_1 == ‘/171(R7 0) + ‘/17—1<Ra 0) (416)

A general expression for the coupling potential have been derived by Alexan-
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der [114]. Expanding the Eq. 4.11 one can arrive to the following expression:

_ _ 1
(SUXETMIV |JIQeIM) = 37 (mbml il M) V|1 M)
MMM’ M},
X [daqy ((I'm)j'm’ Q| Vi1 [lmyimQ) + e’ (I'mjj'm’, —Q| Vo1 [lmygm, —Q))
+(1 = Saa ) (e ('myi'm’, Y| Vi 1 [lmyim, —Q) +
¢ (I'mjj'm/, =Y | V_1 1 [lmyim, Q)] (4.17)

Eq.4.17 can be further simplified after some angular momentum algebra. In prac-

tice, the potential matrix elements are computed using the following expression:

(JUQLETM|V | JIQeTM) = (—1)7H 225 + 1)(27 + 1)(20 + 1)(20 + 1)]2
2
L I Ll g
£ 3 21— e~y /
o2 000/ |t jc

Novaveo® [ 75 7 ) vt —soovear [ 15 7| aas)
- 0 Q -2 —-Q
where V; o(R) are equivalent to terms which would arise if the average of the A’
and A” atom-molecule potential surfaces were fit to an expansion in Legendre
polynomials. Similarly the V. 5(R) terms would arise if one-half the difference
between the the A’ and A” surfaces were fit to an expansion in associated Legendre
polynomials. Therefore, in the scattering calculations it is more appropriate to use
the average
Veum = %(VA” + Var) (4.19)
and half-difference
Viiss = %(VA,, V) (4.20)
of the two potential energy surfaces. It is the Vi, which is responsible for inducing
inelastic collisions within a given spin-orbital manifold, and Vg which induce

inelastic collisions between the two spin-orbital manifold.
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The solutions of Eq. 4.10 are subject to the boundary conditions,

lim UJMY(R) = 6y peapl—i(kjo.R — I /2)]

R—0
—(hyare byt X S (7 YeapliChyqre — /)] (4.21)
The scattering amplitude can be constructed as in the Arthurs-Dalgarno [17] for-

mulation for collisions involving 'Y diatomics. Then, the integral cross section for
the jQe — 'Y€ transition, is given by the expression:
A A m A 1A
o(jQe — j'Qe) = ) S QI+ T (iQe ; JUYE)P (4.22)

(2j+1) JjQe g w

The main difficuly of solving CC calculations is related to the large number of
coupled equations which must be considered. The problem is further complicated

owing to the presence of the spin-orbit components.

In order to simplify the computations of the cross sections, we will use in this
chapter the coupled states approximation. This approximation replaces the cen-
trifugal terms in Eq. 4.10 by an average value L(L + 1)/R?. The potential matrix

can be block diagonalized by a transformation to a new basis defined by
QeI M) = By’ [jLQeT M) (4.23)
L
The potential matrix in this new basis becomes,

(QETM|V [jQe M) =Y By BY (jLQe M|V [jLQeJ M) (4.24)
Lr

After some angular momentum algebra, the last expression takes the following
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form [107],

('QETM|V [JQe M) = (—1)'2[(25 + 1)(25" + 1)]V/% x

1 o, Lo
Sy (5
c 0 0
jJ L jJ L
daa: Veo(R) - N €(1 — dga/) Ve 2(R) - - (4.25)
- 0 Q - 2 Q

where the indices, J and M have been dropped. Using this approximation, Eq. 4.10
takes the form,

> L(L+1)
dR> R2

+ kaﬁe Uf,ujﬁe(R) =2 Z <j/VQ/€/|V|j//VQ//6//>UD/er (R)

j/Q/E/ j”Q”e”
j”e“Q”
(4.26)

In the last expression, the radial functions are subject to boundary conditions:

Lim USA9 = 6,800 0coeap|—i(ka.R — L /2)]

Rosoo '€

—(kj/Q/E//kjﬁﬁ)l/QSZ (]QE, j,Q/EI)el'p[i<kj/Q/€/R — E’/T/Q)] (427)
that defines the S and T matrices. Finally, the expression of the integral cross

section is given in terms of the T matrix elements by the expression,

(0

O'(jQG — j/Q,€/> = W Z(QIJ + ].) Z |TEV(]Q€, j,QE/)|2 (428)
7 L v
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ABSTRACT

Modeling molecular abundances in the interstellar medium requires accurate molec-
ular data. Then, accurate determination of collisional rate coefficients is an essential
step in order to estimate the cyanides/isocyanides abundances in interstellar clouds.
In this work, we have carried out calculations of rate coefficients for the rotational ex-
citation of SiICN and SiNC molecules in collision with He. The calculations are based
on new two-dimensional potential energy surfaces obtained from highly-correlated ab
initio calculations. Coupled-States quantum approximation was used to obtain pure
rotational (de-)excitation cross-sections of SICN and SiNC by He. The fine structure
and lambda doublet splitting of SICN and SiNC levels was taken into account explic-
itly. Rate coefficients for transitions among the first 92 rotational levels of SiICN and
SiNC were calculated for the temperature range between 5 and 100 K. Moderate dif-
ferences between the rate coefficients of both isomers were observed. These differences
confirm that specific calculations have to be performed for each isomer in order to
obtain the necessary level of detail. The new rate coefficients should induce important
consequences on the determination of SICN and SiNC abundance in the interstellar
medium. In particular, we anticipate the abundance of SiCN and SiNC will no longer
be the same.

Key words: Molecular data, Molecular processes, scattering.

1 INTRODUCTION dance ratio has been estimated to be ~ 20 by Ziurys et al.
(1995). Nevertheless, the ratio is not systematically governed
by the relative stabilities of the two isomers. Thus, in con-
trast to purely thermochemical considerations (HNC is less
stable than HCN by about 0.6 eV Bowman et al. (1993)),
the abundance of HNC in space is large: the HNC/HCN
abundance ratio is estimated to be around unity in dark
cold clouds Sarrasin et al. (2010). Another pair of isomers
that escape to this trend are the SiCN and SiNC molecules
that seems to be in similar abundance (Guélin et al. 2004)
whereas SiNC is less stable than SiCN by about 550 cm™*
((Senent et al. 2012), hereafter Paper I).

Cyanides molecules are ubiquitous in the interstellar
medium (ISM) (Snyder & Buhl 1971; Guelin et al. 1986; Zi-
urys et al. 1995, 2002; Guélin et al. 2000, 2004; Pulliam et al.
2010; Zack et al. 2011). Cyanide species are the most com-
mon metal-containing molecules in circumstellar gas Dunbar
& Petrie (2002) and the hydrogen cyanide (HCN) is one of
the most abundant interstellar molecules that is frequently
used as tracer of interstellar regions such as dark cold clouds
(e.g. Irvine & Schloerb 1984), circumstellar envelopes, (e.g.
Cernicharo et al. 1996), cool carbon stars (Harris et al. 2003)
or comets (e.g. Lis et al. 1997).

Usually, cyanide compounds present isomerism. Fre-
quently, large abundances correspond to the most stable
isomers as it occurs for MgNC. MgCN is less stable than
MgNC by about 650 cm™' and the MgNC/MgCN abun-

Molecular abundances in the ISM have to be understood
in terms of molecular stabilities, reaction probabilities and
radiative and collisional excitations. In order to have a new
insight in the cyanides/isocyanides abundance in the ISM,
we have initiated a series of papers in order to provide the
molecular data needed for cyanides/isocyanides abundance
* E-mail: francois.lique@univ-lehavre.fr determination. In Paper I, we have determined theoretical
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spectroscopic and structural properties of species containing
third-period metals Na, Mg, Al and Si that were in very
good agreement with available experimental data and that
gathered complete information on these species.

In Hernéndez Vera et al. (2013) (hereafter Paper II), we
have presented the calculation of collisional excitation rate
coefficients of AICN, AINC, MgCN and MgNC molecules
by He (as a model of Hs) for temperatures ranging from
5 to 100 K. In Herndndez Vera & Lique (2014) (hereafter
Paper III), we have used these new data to simulate the
excitation of these species by performing radiative trans-
fer calculations for typical physical conditions encountered
in the circumstellar gas. The calculations have shown that
the estimation of the cyanides/isocyanides abundance ratio
deduced from lines intensity ratio leads to large differences
compared to exact radiative transfer calculations. We have
also confirmed that AICN and MgCN are significantly less
abundant than AINC and MgNC, respectively. It confirms
the evidence of selective cyanides chemistry.

In this fourth paper, we focus on the excitation of the
SiCN and SiNC isomers. SiCN and SiNC were observed for
the first time in the ISM more than 10 years ago. SiCN
was detected in the expanding shell of the evolved carbon
star IRC+10216 by (Guélin et al. 2000). SINC was discov-
ered 4 years later in the same source Guélin et al. (2004).
SiNC and SiCN have been found to have similar abundance
in TRC+10216 (~4 x 107? with respect to Ha, (Guélin
et al. 2004)). Such findings could be surprising because of
the different stabilities of the two isomers but SiCN and
SiNC molecule have been latter observed in spectral sur-
vey of IRC+10216 (Cernicharo et al. 2011) and of Orion-KL
(Tercero et al. 2011). The new observations confirms that
SiCN and SiNC may be in similar abundances. Note that
the observations interpretations were performed assuming
local thermodynamic equilibrium (LTE) conditions that are
not necessary fulfilled in these media.

In circumstellar gas, in addition of these two species, a
surprisingly rich silicon chemistry has been discovered, even
in regions where the temperature is fairly low Takano et al.
(1992). Silicon is known to be depleted from the gas phase
due to its incorporation into silicate grains. However, it is
unclear what fraction of silicon remains in the gas phase. Ac-
curate abundance determination of silicon bearing molecules
(including SiCN and SiNC) in the ISM will enable a better
understanding of the interstellar Silicon chemistry.

In astrophysical media, collisions compete with ra-
diative processes in altering populations in molecular ro-
vibrational levels. The estimation of molecular abundances
from spectral line data requires collisional rate coefficients
with most abundant interstellar species such as He or Hs.
He is often assumed to be a model for Hy (Lique et al. 2008;
Roueff & Lique 2013). The use of He as a substitute for Hy
could lead to significant incertitude in case of collisions with
light hydrides but is expected to be reasonable for heavy
molecules (Roueff & Lique 2013) such as SiCN and SiNC
that are presently studied. Without these rates, only ap-
proximate estimates of the molecular abundance are possi-
ble assuming LTE, which is generally not a good approxima-
tion even for these cyanide/isocyanide species (Paper III).
Rate coefficients are also crucial to determine accurately the
SiCN/SiNC abundance ratios.

In the present paper, we extend the work of our pre-

vious publications (paper I, IT and III) to the excitation of
the SiCN and SiNC molecules. Here, we present new rota-
tional rate coefficients for SiICN and SiNC based on highly
accurate SiICN-He and SiNC-He potentiel energy surfaces
(PES). The paper is organized as follows. Section 2 describes
the PES used in this work. Section 3 then contains a brief
description of the scattering calculations. In Section 4, we
present and discuss our results.

2 POTENTIAL ENERGY SURFACES
2.1 ab initio calculations

When the SiCN(X?M) and SiNC(X?M) radicals interact
with a spherical structureless target, the doubly-degenerate
11 electronic state is split into two states, one of A" symme-
try and one of A” symmetry. These two states correspond
to the singly occupied 7 orbital lying in, or perpendicular
to, the triatomic plane, respectively.

Within their ground electronic state, SICN and SiNC
molecules have linear geometries. Therefore, SiCN and SiNC
can be considered as a linear rigid rotor. The SiCN-He and
SiNC-He “rigid rotor” PES are described by the two Ja-
cobi coordinates R, the distance from the centre of mass
of cyanide/isocyanide molecules to the He atom, and 0, the
angle between R and the cyanides/isocyanides bond axis T,
with 0 = 0 degree corresponding to colinear He-CN/NC-Si.

The intermolecular bond distances of the SiCN and
SINC were frozen at their experimental equilibrium val-
ues [rsic = 3.50 bohr and rexy = 2.21 bohr for SiCN-
He; rsin = 3.28 bohr and ryc = 2.25 bohr for SINC-
He] (Paper I and references therein). As demonstrated by
Lique & Spielfiedel (2007) for the CS-He system and by
Denis-Alpizar et al. (2013) for the HCN-He system, for
non-hydride molecules two-dimensional PESs calculated for
a frozen bond distance or obtained from full dimensional
PESs by averaging over the intermolecular ground state vi-
brational wavefunction are very similar. Consequently, in
the present case, we anticipate that restricting intermolecu-
lar distances to their equilibrium value will introduce little
error into the calculated inelastic rate coefficients.

Ab  initio  calculations of the PESs  of
SiCN(X?2T)/SiNC(X>II)-He van der Waals complexes
being in A" and A" electronic states were carried out at
the partially spin-restricted coupled cluster with single,
double and perturbative triple excitations [RCCSD(T)]
(Hampel et al. 1992; Watts et al. 1993) level of theory
using MOLPRO package (Werner et al. 2012). In order to
determine the interaction potential, V(R,0), the basis set
superposition error (BSSE) was corrected at all geometries
using the Boys and Bernardi counterpoise scheme Boys &
Bernardi (1970):

V(R,0,r) = Esicn/sinc—ne(R,0,7)
—FEsionsinc(R, 0,7) — Eue(R, 0,7) (1)

where the energies of the SiCN/SiNC and He monomers are
computed in a full basis set of the complex.

For all four atoms, we used the standard correlation-
consistent polarized valence-quadruple-zeta basis sets of
Dunning (Dunning 1989) (cc-pVTZ) augmented with the
diffuse functions of s, p, d, f and g symmetries (aug-cc-
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pVTZ) (Kendall et al. 1992). This basis set was further aug-
mented by the [3s3p2d2f1g] bond functions optimized by
Cybulski & Toczylowski (1999) and placed at mid-distance
between the He atom and the SiCN/SiNC centre of mass.
The calculations were carried out for 6 angle values from
0° to 180° in steps of 10°. R-distances were varied from 4.0
to 20.0 ao, yielding 31 points for each angular orientation.

2.2 analytical representations

To perform the scattering calculations we need to represent
the He-SiCN and He-SiNC potentials in form of analytical
expressions. For this purpose we expand the so-called half-
sum (Vsum) and half-difference (Vyifs) diabatic potentials,
as previously defined by Alexander (1985), in a series of
reduced Wigner functions:

Veum(R,0) = %[VA,,(R,a)JrvA,(R,a)]: (2)
= ZVIO(R)dzo (cos 6)
Vasrs(R0) = 5 [Var(R0) — Var (R 0)] = 3)

lmaz

> Via(R)diz (cos ) -

For all the potentials in this work we set lmqz = 16. This
ensures that the relatively high anisotropy of these poten-
tials is well represented. We determine the Vi, (R) (1 = 0, 2)
radial coefficients by linear list square fitting of the angular
expansion at each discrete radial point to a set of angular ab
initio points. The highly repulsive energies were weighted in
the fit with a weight of 1/E® to influence better description
of the potential in the energies that will be sampled during
the scattering process. The worst relative errors of the ana-
lytical representations are around 9 to 30% for the distance
R=4 ap for the collinear geometries where the energies are
already very repulsive, on the order of 10° cm™!. For the
remaining angles the relative error is around 1% for this
distance. The relative errors of the fits for larger distances
are very small for both complexes, from 0.1 to 10™3 %. The
absolute error in the region of the attractive long range in-
teraction is usually on the order of 107! to 1072 cm™! or
better. The radial expansion coefficients V;,,(R) obtained in
this way are then represented by the one-dimensional Repro-
ducing Kernel Hilbert Space (RKHS) interpolation fits Ho
& Rabitz (1996) with the smoothness parameter m = 2 and
with the fixed long range R~ radial kernel for the extrap-
olation beyond the last ab initio radial point at 20 ag. The
Fortran routines for the PES are available from the authors.
We will describe now features of the He-SiCN and
He-SiNC PES’s. Both systems reveal qualitatively similar
shape, with the T-shape minima located around 3-4 ag closer
than minima for the collinear approaches, due to the length
of the SiICN or SiNC molecule. Also for both complexes, the
global minimum is located on the A’ adiabatic potential.
The global minimum for the He-SiCN interaction is lo-
cated on the A” adiabatic potential, shown in the bottom
panel of Figure 1, for the T-shape geometry. The global
minimum of -52.85 cm™! is located at R. = 6.1 ap and
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6. = 98°. The He-SiCN A’ adiabatic potential shown in the
upper panel of Figure 1 is characterized by a skewed min-
imum of -30.8 cm™ ! located at R = 7.1 ap and § = 68°.
There is another local minimum of -14.06 cm ™" located at
R = 10.0 ap and 6 = 180°, which corresponds to the He—
Si-C-N arrangement. The He-N-C-Si collinear arrangement
(6 = 0°) has a saddle of -20.14 cm™! at R = 10.0 ag. The
Vsum diabatic potential shown in top panel of Figure 3 has
a minimum of -29.61 cm ™! for § = 72° at R=7.1 ao.

Similarly, the He-SiNC interaction has a global mini-
mum of -41.83 cm ™! on the A” adiabatic potential shown
in bottom panel of Figure 2 at R. = 6.5 ag at 6. = 96°.
The He-SiNC A’ potential has a skewed minimum of -33.80
em™tat R=7.0 ap and § = 71°. The Vsyum diabatic poten-
tial shown in top panel of Figure 4 has a minimum of -31.65
cm ™! for @ = 74° at R=6.9 ag. The local collinear minimum
at 6 = 180° corresponding to the He—Si-N-C arrangement is
-15.76 cm™! at R = 9.7 ag. The other collinear minimum,
for the He-C-N-Si arrangement, is -14.41 cm™* at R = 10.7
ap. One can notice in this case, that the collinear minima
are much similar in energy than for the He-SiCN case, which
are around 6 cm™! apart. Also the difference in minima be-
tween the A” and A’ potentials in the T-shape geometry is
much smaller than for He-SiCN complex.

3 SCATTERING CALCULATIONS

The open-shell SiCN and SiNC molecules have ?II electronic
ground states. For both molecules, the electronic orbital an-
gular momentum and the electron spin have well-defined
projections of A = +1 and ¥ = £1/2, onto the internuclear
axis. Because of this, there are two spin-orbit manifolds; the
lower-energy *Il; /> with |Q = |[A + X| = 1/2 (labelled F1),
and the higher-energy 2H3/2 with |Q] = 3/2 (labelled F3).
Each rotational level j is split into two close lying A-doublet
levels labelled e (total parity +(—1)""1/2) and f (total par-
ity —(—1)"7'/2) Brown et al. (1975).

The energies of the rotational levels, including the spin-
orbit and A-doubling fine structure is given by

Bjomse = 3Aw+BoliG+1) —7/4] ()
+5(Bo/Aso) (24 + pBo/Ase)
X =1/2)0+1/2 +3/2)

Biocipe = —5Aw+Bolii+1)+1/4)+ Sp(i+1/2)

where e=+1 for the e-labelled and —1 for the f-labelled lev-
els. Here By is the rotational constant in the lowest vibra-
tional manifold of SiCN/SiNC, A, is the spin-orbit con-
stant of SICN/SiNC and the two A doubling parameters of
SiCN/SINC are p and ¢. In the scattering calculations re-
ported here we assume that the value of the spin orbit con-
stant is not altered by approach of He atom. This is certainly
a valid approximation at the moderate-to-large SiCN/SiNC—
He distances of importance in low energy collisions.

Table 1 gives the energy of the first rotational levels of
both SiCN and SiNC molecules computed from molecular
constant taken from Paper I and references therein.

The rotational constant of SiCN is slightly lower than
the one of SINC. This leads to a more compact structure for
the SiCN isomer. Nevertheless, we did not expect significant
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Figure 1. Contour plots of the SICN-He A’ (upper panel) and A"
(lower panel) PES. Energy is in cm 1. Red contour lines represent
repulsive interaction energies.

differences in the collisional excitation cross sections arising
from the different energetic structures.

In the pure Hund’s case (a) limit, it is Vium potential
which is responsible for inducing inelastic collisions within a
given spin-orbit manifold, and Vy; 5 which inducing inelastic
collisions between the two (2 = 1/2) and (© = 3/2) spin-
orbit manifold Alexander (1985).

For both the SiCN/SiNC-He systems, as the A’ and
A" PES’s are quite similar so that we do not anticipate any
sizeable cross sections / rate coefficients for spin orbit chang-
ing transitions. We then expect that most of the transitions
occur within a spin orbit manifold.

We used the quantum Coupled-States approximation
(CS) (McGuire & Kouri 1974) determine inelastic cross sec-
tions for the scattering of SiCN/SiNC by collision with He.
The hyperfine structure of both SiCN and SiNC molecules

/0

120 150 180

60 90

© [degrees]

Figure 2. Contour plots of the SINC—He A’ (upper panel) and A”
(lower panel) PES. Energy is in cm 1. Red contour lines represent
repulsive interaction energies.

was ignored in the calculations. However, cross sections be-
tween hyperfine levels can be estimated from cross sec-
tion between rotational levels using simple treatments Lique
et al. (2009); Faure & Lique (2012). Cross sections were cal-
culated by means of the HIBRIDON package'. Calculations
for collision of SICN/SiNC with He were carried out for a
total energy grid ranging from 0.2 to 1000 cm™*. The inte-
gration parameters were chosen to meet convergence criteria

1 The HIBRIDON package was written by M. H. Alexan-
der, D. E. Manolopoulos, H.-J. Werner, and B. Follmeg, with
contributions by P. F. Vohralik, D. Lemoine, G. Corey, R.
Gordon, B. Johnson, T. Orlikowski, A. Berning, A. Degli-
Esposti, C. Rist, P. Dagdigian, B. Pouilly, G. van der Sanden,
M. Yang, F. de Weerd, S. Gregurick, J. Klos and F. Lique,
http://www2.chem.umd.edu/groups/alexander/
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Table 1. Energy levels of SiCN and SiNC molecules in their 21T
electronic state.

J € Q  Egsinc Esicn
0.5 e 05 0.000 0.000
0.5 f 0.5 0.000 0.001
1.5 e 0.5 0.638 0.553
1.5 f 05 0638 0555
2.5 e 0.5 1.700 1.475
2.5 f 0.5 1.702 1.477
3.5 e 0.5 3.189 2.765
3.5 f 0.5 3.190 2.769
4.5 e 0.5 5.102 4.425
4.5 f 0.5 5.104 4.429
5.5 e 0.5 7.440 6.453
5.5 f 05 7.443 6.458
6.5 e 0.5 10.204 8.850
6.5 f 05 10.207 8.857
7.5 e 0.5 13.393 11.616
7.5 f 05 13.396 11.624
8.5 e 0.5 17.008 14.751
8.5 f 05 17.011 14.760
1.5 e 1.5 59.023 71.036
1.5 f 1.5 59.023 71.036
2.5 e 1.5 60.094 71.963
2.5 f 1.5 60.094 71.963
3.5 e 1.5 61.593 73.261
3.5 f 1.5 61.593 73.261
4.5 e 1.5 63.521 74.929
4.5 f 1.5 63.521 74.929
5.5 e 1.5 65.877 76.969
5.5 f 1.5 65.877 76.969
6.5 e 1.5 68.661 79.379
6.5 f 1.5 68.661 79.379
7.5 e 1.5 71.873 82.160
7.5 f 1.5 71.874 82.160
8.5 e 1.5 75.514 85.312
8.5 f 1.5 75.515 85.312

of 0.2 % for the cross sections. The integration range was
set from 4.5 ag to 80 ag. At the largest total energy (1000
cm ™) the SiCN and SiNC rotational basis was extended to
j = 40.5 to ensure convergence of the rotational levels of
SiCN and SiNC up to j = 25.5 for the F; manifold and up
to 7 = 20.5 for the F> manifold . Inelastic cross sections were
determined over a large grid of collision energies. Subsequent
averaging over a Boltzmann distribution of collision energies
yielded room temperature rate constants, as follows:

8 2
kipiemjirre (T) = (W)
> _ _Bc_
></ OjF;e—j'Fle Ece *5T dE. (5)
0

where the SiCN/SiNC rotational levels are labeled by the
rotational quantum number j, the spin-orbit manifold label
F;, and the parity index €. Here kp is Boltzmann’s constant,
1 is the collision reduced mass and F. is the collision energy.

The accuracy of the CS approximation compared to the
full close coupling (CC) approach has been evaluated for a
small number of energies. Tables 2 and 3 present the com-
parison.

© 2015 RAS, MNRAS 000, 1-10
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Figure 3. Contour plots of SiCN-He Vg (upper panel), and
Vaigs (lower panel) potentials from this work. Energy is in cm~L.

Red contour lines represent repulsive interaction energies.

It is found that the CS approach can lead to inaccuracies
of 20-50% for very low total energy cross sections (< 50
cm™!) but agreement improves between CC and CS cross
sections when the total energy is greater than 50 cm ™! and
we expect that the corresponding rate coefficients will be
accurate since they are not as sensitive to the accuracy of
description of the resonances. The relative accuracy of the
CS approximation compared to full CC approach can be
explained by the relatively small energy spacing between
SiCN and SiNC rotational levels.

4 RESULTS

Using the new ab initio PESs and the computational scheme
described above, we have obtained the energy dependance
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Table 2. Comparison between CC and CS SiCN-He cross sections (in A2) at selected total energies (E). Transitions were chosen among

levels in the F1 spin-orbit manifold.

E=20cm™! E=50cm™! E=100cm~! E=300cm~!
Transitions CcC CS CcC CS CcC CS cC CS

j=15f—j=05,f 6.607 9.068 2.762 3.523 1.482 1.854 0.617  0.765
j=25f—3j=05,f 6.262 7.517 4.490 5.421 3.021 3.663  1.440  2.082
j=25f—>j=15f 10.70  13.33  4.279 5.259 2.321  2.807 0.959  1.158
j=35f—j=15f 1.051 1.123 6.527 7.618 4.463 5.246 2.170 3.015
j=55f—3j=05,f 1.731 1.812 0.843 0.837 0.409 0.410 0.166  0.167
j=65f—>j=15f 3.318 3.542 1.559 1.522 0.753 0.741  0.290 0.279
j=65f—j=55f 20.87 30.01 7.744 8990 4.033  4.629 1.498  1.806
j=175f—j=55f 19.00 16.30 10.56 10.56 6.819  7.373  3.345  4.305
j=105, f - j =05, f 0.126 0.125 0.204 0.146  0.141  0.115
j=105,f > j=15,f 0.126 0.125 0.406 0.403 0.138  0.129
j=105, f - j=55,f 3.385 3.665 1.747 1.785 0.602  0.619
j=115, f - j =105, f 13.13  14.29 5.391  6.067 1.722  2.227
j=125, f — j =105, f 15.15 11.23 8.351 8.167 3.608  4.883
j=155, f - j =105, f 2.721 2928 0.843  0.925

Table 3. Comparison between CC and CS SiNC-He cross sections (in A2) at selected total energies (E). Transitions were chosen among

levels in the F1 spin-orbit manifold.

E=20cm™! E=50cm~! E=100cm~! E=300cm™!
Transitions CcC CS CcC CS CcC CS CcC CS

j=15f—j=05,f 3.080 4.342 1.753 2.282 1.041 1.400 0.427 0.544
j=25f—4j=05,f 6.704 7.533 4.207 4777 2.785  3.241  1.415  1.961
j=25f—>j=15,f 4992 7.569 2.837 3.670 1.718 2.205 0.715 0.875
j=35f—>j=15f 1.051 1.123 6.272 6.768 4.166 4.658 2.106  2.829
j=55f—3j=05,f 1.533 2.001 5.673 7.210 3.213 4.115 0.135 0.141
j=65f—j=15,f 3.226 4.026 1.005 1.297 0.577 0.727  0.239  0.239
j=6.5f—3j=55f 16.44 17.29 5.209 6.490 2977 3.870 1.175  1.439
j=75f—j=55f 28.66 28.32 10.68 9.901 6.727 6.783  3.242  4.071
j=105,f - j=05, f 0.537 0.608 0.185 0.237 0.112  0.105
j=105, f > j=15,f 0.336 0.273 0.311 0.238  0.165 0.139
j=105,f - j =55, f 2.594 3.326 1.214 1.554 0.475  0.521
j=11.5f - j =105, f 10.58 10.92 4.054 5.107 1.365  1.807
j=125, f - j =105, f 19.54 17.97 8.820 7.834  3.609 4.646
j=15.5 f — j =105, f 1.967 2.569  0.659  0.767

of the SiCN-He and SiNC-He cross sections and the cor-
responding temperature dependance of the rate coefficients.
The complete set of (de-)excitation rate coefficients will be
made available through the LAMDA (Schoier et al. 2005)
and BASECOL (Dubernet et al. 2013) databases.

Figure 5 shows the temperature dependence of the
SiCN-He collisional de-excitation rate coefficients for tran-
sitions out of the j = 8.5, e/ f levels in both the ground (F1)
and excited (F2) spin-orbit manifolds.

First of all, for spin-orbit conserving transitions, one can
see a strong propensity in favor of A-doublet labels convers-
ing transitions (e — e or f — f). The propensity is slightly
more pronounced for high rotational states than for low ones
and for transitions within the F3 spin orbit manifold.

As expected, the spin orbit changing transitions are
lower than the spin orbit conserving transitions. For spin or-
bit changing transitions, the rate coefficients show a propen-
sity to populate e final levels when starting from initial f
levels or to populate f final levels when starting from initial
e levels. Such behavior has been already observed for NO-He
collisions Klos et al. (2008). The magnitude of the spin or-
bit changing transition increase with increasing temperature

and one could anticipate that at higher temperatures, there
may be a clear competition between spin orbit changing and
spin orbit conserving transitions.

Figure 6 shows the temperature dependence of the
SiCN-He collisional de-excitation rate coefficients for tran-
sitions out of the j = 8.5, e/ f levels in both the ground (F1)
and excited (F2) spin-orbit manifolds.

The propensity rules are exactly the same than for the
SiCN-He collisional system. Such similarity could have been
anticipated when looking at the PES and at the rotational
structure.

Then, it is interesting to compare SiCN-He and SiNC—
He rate coefficients. Fig. 7 shows the SICN-He and SiNC-
He de-excitation rate coefficients from the j = 8.5, f, Fi/F»
level at 25 K.

We first note that a global agreement between both sets
of data exist. However, interesting differences that could
have a significant impact on the radiative transfer calcu-
lations exist. Indeed, for some transitions, the propensity
rules seen in the two sets of rate coefficients are different.
For both spin-orbit-conserving F1 — Fy and F» — F3, t the
SiCN-He rate coefficients present a propensity in favour of

© 2015 RAS, MNRAS 000, 1-10
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Figure 5. Temperature dependence of temperature dependence of the SICN—He collisional de-excitation rate coefficients for transitions
out of the j = 8.5, ¢/f, F1/F>. The upper panels correspond to transitions within the F} spin orbit manifold. The middle panels
correspond to transitions within the F> spin orbit manifold. The lower panels correspond to spin orbit changing (F» — F1) transitions.

transitions with Aj = 1 whereas the SiNC-He rate coeffi-
cients present a strong propensity in favour of transitions
with Aj = 2. The differences are more pronounced for tran-
sitions within the F> spin orbit manifold than for transitions
within the F} spin orbit manifold. These propensity are due
to the shape of the different PESs. Even if they seems to be
similar, the anisotropy of the SICN PES is larger than the
one of the SINC so that the propensity rules with respect
to odd or even Aj transitions are not the same (McCurdy

© 2015 RAS, MNRAS 000, 1-10

& Miller 1977). Such effect has been already observed by
Sarrasin et al. (2010) and Dumouchel et al. (2010) for the
HCN/HNC isomers and in paper II for the MgCN/MgNC
isomers.

From this comparison, one can anticipate that the exci-
tation of SiICN and SiNC will be different and that specific
radiative transfer calculations will have to be performed in
order to accurately determine SiCN and SiNC abundances
in the ISM.
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Figure 6. Temperature dependence of temperature dependence of the SICN—He collisional de-excitation rate coefficients for transitions
out of the j = 8.5, ¢/f, F1/F>. The upper panels correspond to transitions within the F} spin orbit manifold. The middle panels
correspond to transitions within the F> spin orbit manifold. The lower panels correspond to spin orbit manifold changing (F» — Fi)

transitions.

5 DISCUSSION AND CONCLUSION

We have used quantum scattering calculations to investigate
rotational energy transfer in collisions of SICN and SiNC
molecules with He atoms. The calculations are based on
highly accurate 2-D potential energy surfaces obtained us-
ing state-of-the-art electronic structure methods. Rate coef-
ficients for transitions involving the lowest 92 levels of both

SiCN and SiNC were determined for temperatures ranging
from 5 to 100 K.

The rate coefficients for spin orbit conserving transi-
tions were found to be significantly larger than the one corre-
sponding to spin orbit changing transitions. For these transi-
tions, a clear propensity was found for A-doubling conserving
transitions.

In addition, for these dominant transitions, a propensity
for Aj = 1 transitions was found for the SiCN-He system

© 2015 RAS, MNRAS 000, 1-10
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Red contour lines represent repulsive interaction energies.

whereas a propensity for Aj = 2 transitions was found for
SiNC-He system. These different propensity rules seen for
the SiCN/SiNC isomers let us predict that the excitation of
these molecules in molecular clouds will be different and that
the abundance ratio of these species cannot be simply ob-
tained by looking at the brightness temperature ratio of the
emission lines (even correcting from the different dipole mo-
ment). Hence, radiative transfer calculations will have to be
performed for both molecules using both sets of rate coeffi-
cients in order to accurately obtained the relative abundance
of the two isomers.

We anticipate that the present results suggest that more
intense Aj = 1 spectral lines will be expected for SiCN than
for SINC molecules (considering similar abundance for both
SiCN/SINC isomers) since the magnitude of the Aj = 1
rate coefficients is larger for SICN—He collisional system than

© 2015 RAS, MNRAS 000, 1-10
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Figure 7. Comparison between the SiCN-He and SiNC-He rate
coefficients at 25 K for spin-orbit-conserving Fi; — Fi (upper
panel), F» — F> (middle panel) and spin-orbit-changing F» — F}
transitions out of the j = 8.5, f, F/F» level.

for SINC—He ones and since the dipole moment of SiCN is
slightly larger than the one of SINC (2.8 D vs. 2.7 D; Paper
I) Previous observations have effectively shown that SiICN
emission lines were larger the SINC ones. However, as LTE
conditions were assumed, it is not yet possible to confirm
that SiCN/SiNC molecules are about the same abundance in
the ISM. Further investigations have to be lead to accurately
estimate SICN and SiNC abundances.
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Chapter 5

Rotational (de-)excitation of

HCN with H,

Contents
5.1 Spectroscopyof HCNand Hy, . ... ... ........ 78
5.2 Rotor (!X) - rotor('X) collision . . ............ 81
53 Results. . . ... ... . i o i e e 84

HCN is one of the most abundant interstellar molecules. This molecule is consid-
ered as an excellent tracer of dense interstellar gases. For key interstellar molecules
like HCN, the most accurate calculations should be performed. In this chapter, we
have used new highly correlated 4-dimensional PES to perform CC calculations
of the rotational excitation of HCN by para-Hs and ortho-Hs. The PES was ob-
tained from a collaborative work (Appendix B). In this chapter, we will present
the rotational spectroscopy of the colliding partners (HCN and Hs), the formalism

for collisions between two diatomic molecules and the results.
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5.1 Spectroscopy of HCN and H,

Many theoretical and experimental works have been devoted to the spectroscopy
of hydrogen [115-117] and hydrogen cyanide [1158-120] molecules. In Fig. 5.1, we
present some structural and spectroscopic parameters of HCN and H, molecules
in their electronic ground states. The large dipole moment of HCN is one of the
reasons of its traceability in the ISM. In contrast, Hy is a homonuclear diatomic
and therefore does not have a permanent electric dipole moment so that there is

no emission coming from pure rotational transitions.

The experimental fundamental frequencies of HCN, namely, H-C stretching, the

HCN bending and the C-N stretching modes are 3315 ecm™!, 716 cm™* and 2080

CIIli1

respectively [70]. In the case of molecular hydrogen, the lowest vibrational
frequency is 4162 cm™! [121]. Thus, the vibrational excitation of both molecules
requires temperatures above 1000 K. In addition, a recent study dedicated to the
ro-vibrational excitation of HCN by He [122] showed that neglecting the bending of
HCN is a very reasonable approximation for treating the pure rotational excitation

at low and moderate temperatures. For this reason, we will assume both molecules

as rigid rotors in our dynamical calculations.

Owing to its identical hydrogen nuclei (with nuclear spin 1/2), Hy exists in ortho
(0-Hs) and para (p-Hs) forms, also called nuclear-spin isomers. In the electronic
ground state, the rotational levels of o-H, have odd values of the rotational mo-
mentum 7, while the levels of p-Hs have even j values. Ortho-to-para conversion is
forbidden in non-reactive inelastic collisions. Then, we have to consider separately
the collisional process for both species. On the other hand, both nuclear spin

isomers are considered important collisional partners even at moderated temper-
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Figure 5.1: Intermolecular bond distances, rotational constant (B) and dipole

moment (u) of HCN and Hy molecules.

atures because ortho-to-para ratio of Hy is not necessarily at thermal equilibrium

in the ISM [123, 124].

Fig. 5.1 gives also the rotational constants of both molecules. The rotational
constant of HCN is 50 times lower than the one of the hydrogen molecule. Hence,
the HCN rotational levels will be considerably more compact than the rotational
levels of p-Hy or o-H,. This effect is shown in Fig. 5.2. We can see that the first
excited rotational levels of p-Hy and o-Hy are above 100 ecm™!. Consequently, for
temperatures lower than 100 K, the excitation of higher rotational levels (5 > 2)

of Hs is unlikely to proceed.

Finally, we note that HCN has an hyperfine structure due to the nuclear quadrupole
moment of N. The hyperfine structure of HCN has shown dramatic non-LTE be-
haviour [125]. Then, the collisional excitation of these lines should be considered.
In this thesis we do not consider this hyperfine structure. However, using a proce-

dure similar to the one discussed by Lanza et al. [120], our collisional rate coeffi-
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J1 J2 J2
15 —1 354.60 2 —1 355.93
10 —1 162.56
1 —118.643
H =—¥ 44.34
0=———0 0=—0

Figure 5.2: First rotational energy (cm™!) levels of the HCN molecules and the

p-Hs and o-H, nuclear spin isomers.
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cients could be employed to model the collisional excitation among the hyperfine

structure of HCN.

5.2 Rotor (1) - rotor('Y) collision

The time-independent Schrodinger equation for the scattering of two rigid rotors
is given by,

H\Ij(pl’ﬁ%R) :qu<ﬁ)17f)27R) (51>

where p, and p, are the angles which describe the orientations of rotors 1 and 2,
respectively, and R is the collision coordinate, defined with respect to space fixed

axes.

The total Hamiltonian defined in the center-of-mass coordinate system may be

written as,

1 . .
H= 3 V% A+Hi(p)) + Ha(py) + V(R py, ps) (5.2)

The first term represents the relative kinetic energy of the target and projectile,

H, and H, are the Hamiltonians of the two rigid rotors.

Following the methodology discussed in sections 2.3, we coupled the angular
momentum of the two rotors, j; and js, to form jis, the total internal angular mo-
mentum. Then j;5 is coupled to the orbital angular momentum 1 to form the total
angular momentum J. This leads to the total angular momentum representation.
Next, the angular wavefuntion can be represented as follow:

i a(Prs P2y R) = (Jrmagamel jr2maz) (Jramazlm | J M)
P jajial \P1> P2s J1M J2m2|12M12)( J12M1261Y
My Mg Mjp9 ML (53>

X Y}lmﬂ (ﬁl)y}zmg‘z (bQ)YEmz <R>
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Thus j1 +j2 :j12 and j12+1: J.

Another conservation law is associated with the parity of the total Hamiltonian

eigenfunctions.

P|jijogral IM) = (—1)727 5, o 1ol JM) (5.4)

The eigenfunctions of the total Hamiltonian present a definite total angular mo-
mentum and parity. They can be written as follow,
\I/JM(Ra P1;P2) = Z R_IU]{%]‘HZ(R)‘P}]%jnz(FA’la P R) (5.5)
Jij2j12!

where we have expanded over the angular basis 5.3.

Using the expansion 5.5, the total Schrodinger equation is transformed into the

usual CC equations:

2 l(il+1)
dRQ_ R2 +kj1j2

J
:| U,Y/V(R) -
. (5.6)
2[1, Z V'Y{'YN (R) U,y/’/y
G

where v = (J1, j2, 12, 1) and g is the reduced mass of the system and k; ;, can be

written as,

[N

kjljZ = [2:U(E - Ejl - Ej )] (57)

In the last expression, ' and £, refer to the total energy and to the internal energy
of the molecule 7. In order to compute the potential matrix, it is convenient to

expand the interaction potential in a triple series of spherical harmonics

V(p1,psR) = D Ap,n(R) Y Yoo (p)Yiorn (p2)Yiu(R)  (5.8)

LiL>L My Mo M

Using this expansion the coupling matrix elements are obtained by integrating the
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interaction potential over all coordinates except R:

VW{V’(R) - Z AL17L2,L(_1)J+j1+j2+ji2(477')_%
L1LoL
g e (LU Ly qr i) (L2 Gy g2
< [LI[L Lojjadialitssiol ) 1 :
0 0 O 0 0 0 0 0 0

Ji2 Ja i
[
AU Jiz d2 (5.9)
Jiz g2 J
L Ly Ly
where [a,b,..] = (2a + 1)(2b+ 1)... and the last term in the right side of equation

is a 9 — j symbol. Besides being diagonal in J and independent of M, there is no
coupling between channels of different parity. Solutions of Eq. 5.6, subject to the

boundary conditions

Jvy -~
UL(R) ~ 0
1
Jy ~ —i(kj, jo R—2lm) kjle 2 J  +i(k;s . R—1Un)
U (B) oy, e (kjgjg) Sype R 2 (5.10)

define the scattering matrix S”.

Cross sections for the rotational excitation and relaxation phenomena can be
obtained directly from the S matrices. Cross sections for the j;jo — ji75 transition

is obtained as follow:

™

T D@5 Tk, > @I+TL(E))P (511

Y2 Tjragiall!

o(jije = J1Js) = (
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Rotational excitation of the hydrogen cyanide (HCN) molecule by collisions with para-H,(j = 0, 2)
and ortho-H,(j = 1) is investigated at low temperatures using a quantum time independent approach.
Both molecules are treated as rigid rotors. The scattering calculations are based on a highly corre-
lated ab initio 4-dimensional (4D) potential energy surface recently published. Rotationally inelastic
cross sections among the 13 first rotational levels of HCN were obtained using a pure quantum close
coupling approach for total energies up to 1200 cm~!. The corresponding thermal rate coefficients
were computed for temperatures ranging from 5 to 100 K. The HCN rate coefficients are strongly
dependent on the rotational level of the H, molecule. In particular, the rate coefficients for colli-
sions with para-H,(j = 0) are significantly lower than those for collisions with ortho-H,(j = 1) and
para-H,(j = 2). Propensity rules in favor of even Aj transitions were found for HCN in collisions
with para-H,(j = 0) whereas propensity rules in favor of odd Aj transitions were found for HCN
in collisions with Hy(j > 1). The new rate coefficients were compared with previously published
HCN-para-H,(j = 0) rate coefficients. Significant differences were found due the inclusion of the
H, rotational structure in the scattering calculations. These new rate coefficients will be crucial to
improve the estimation of the HCN abundance in the interstellar medium. © 2014 AIP Publishing

® CrossMark
<

LLC. [http://dx.doi.org/10.1063/1.4880499]

I. INTRODUCTION

Excitation of rotational and vibrational degrees of free-
dom during molecular collisions lead to changes in transla-
tional kinetic energy in many media. During the last decade,
many studies were focused on considering the inclusion of ac-
curate collisional cross sections in the kinetic equations of the
gas.' The inclusion of the energy dependent cross sections,
neglected in previous simplest kinetic models, is essential to
understand energy relaxation process as it is clearly illustrated
for atmospherical applications by Huestis et al.* Then, to un-
derstand this process, the knowledge of accurate rate coeffi-
cients for ion-neutral and neutral-neutral collisions is becom-
ing increasingly important, as there is evidence of more inter-
nal excitation of molecular species than had previously been
thought.

In this work, we investigate the rotational (de-)excitation
processes during collisions between hydrogen cyanide (HCN)
and H, (both para- and ortho-H;) molecules. Both, the H,
and HCN molecules are important in many applications.
In particular, in combustion applications, HCN is an im-
portant intermediate in the reactions of hydrocarbon flames
containing a nitrogen source (NOy).>® HCN is also consid-
ered as a key molecule in prebiotic chemistry and a poten-
tial source of fixed nitrogen in the early biosphere.” Addi-

D marhvera@ gmail.com
b)francois.lique@univ-lehavre.fr

0021-9606/2014/140(22)/224302/7/$30.00

140, 224302-1

tionally, HCNs have been widely observed in extraterrestrial
sources, such as comets,® cold molecular clouds,”!° circum-
stellar envelopes,'! and active galaxies.!? It is also among
the few molecules detected in high-redshifted galaxies, along
with CO, CN, and HCO* molecules.'> HCN can be used as
a tracer of the dense interior of molecular clouds where key
dynamical processes take place. Very recently, the Atacama
Large Millimeter/submillimeter Array (ALMA) interferome-
ter and the Herschel Space Observatory have collected new
HCN emission spectra from molecular clouds like Sgr A*,'4
from circumstellar envelope like IRC4-10216," but also from
more distant objects like external galaxies.'® !

Modeling of molecular emission spectra from interstellar
medium (ISM) requires the use of inelastic rate coefficients
for collisional (de-)excitation by collisions with Hj, the most
abundant interstellar collisional partner.'® Without these rate
coefficients, estimation of the physical and chemical condi-
tions of molecular clouds can be done only assuming local
thermodynamic equilibrium (LTE), which is generally not a
good approximation.

The first study of collisional excitation of HCN by He
[as a model for H,] was performed in the 1970s by Green
and Thaddeus.!® Then, Monteiro and StutzkiZ® obtained colli-
sional excitation cross sections among the hyperfine structure
of the HCN molecule using the limited uniformed electron
gas model?! for describing the HCN-He interaction.

Recently, Sarrasin et al.?> and Dumouchel et al.”* pub-
lished new accurate HCN-He rate coefficients between the

© 2014 AIP Publishing LLC
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first 26 rotational states and for temperatures ranging from 5
to 500 K. These data cover most of physical conditions where
the HCN molecule can be observed. Data for collisions in-
volving para-H,(j = 0) instead of He have been extrapolated
by using the ratio of the reduced mass.?* However, the accu-
racy of this widely used approximation is known to be unpre-
dictable as has been previously found for the rotational excita-
tion of CO,? SO,%% or CN?” molecules. Besides, the ortho-H,
isomer, which is also present in the ISM, cannot be modeled
from He data. Taking into account the importance of the HCN
molecule for interstellar chemistry, it seems very important to
compute accurate HCN-H, rate coefficients.

Hence, Ben Abdallah et al?® have recently com-
puted new rate coefficients for the rotational and hyperfine
(de-)excitation of HCN by para-H,(j = 0) using a potential
energy surface (PES) averaged over the H; orientations. Al-
though this work improved the accuracy of thermal rates in
comparison with the results obtained from collisions with He,
the calculations considered H, as a structureless collisional
partner. The results of this approximation can differ from
those obtained using a most rigorous treatment, as we will
demonstrate in the present work. In addition, ortho-H; rate
coefficients are still not available. Accurate calculations with
para- and ortho-H, requires the use of a new PES taking fully
into account the orientation of the H, molecule, and then,
scattering calculations which consider the rotational structure
of both species.

While being computationally expensive, the determina-
tion of rate coefficients for collisions of rigid polyatomic
molecules with diatomic molecules can be now performed us-
ing a close coupling (CC) approach as it has been recently
done, for example, for the HNC—H, collisional system.?’ In
this work, we use a new four dimensional PES for the ground
electronic state of the HCN-H; collisional system to investi-
gate the rotational excitation of HCN with both para-H, and
ortho-H,. Collisional cross sections for the first 13 rotational
levels of HCN in collision with Hy(j = 0 — 2) are reported for
total energies up to 1200 cm™!, yielding to rate coefficients up
to 100 K.

The paper is organized as follows: Section II details the
scattering calculations and Sec. III presents and discusses our
results. Conclusions are given in Sec. I'V.

Il. SCATTERING CALCULATIONS
A. Potential energy surface

In our scattering calculations, we employed the recently
computed HCN-H, PES of Denis-Alpizar et al.® The accu-
racy of the new PES was estimated by comparing theoretical
HCN-Hj, transition frequencies with the experimental ones of
Ishiguro et al.3"-3? The agreement between the theoretical and
experimental results was found to be better than 0.5% show-
ing that the PES can be used with confidence for the scattering
calculations.

We will briefly remind the features of the HCN-H, PES
and we refer the reader to Ref. 30 for more details. The ab
initio calculations were performed using the Jacobi coordinate
system. In such coordinate system, the vector R connects the
centers of mass of HCN and H, while the rotation of HCN

J. Chem. Phys. 140, 224302 (2014)

and H, molecules is defined by 6 and 6’ angles, respectively,
and ¢ is the dihedral angle (see Fig. 1 of Ref. 30).

The ab initio PES has been calculated using the explic-
itly correlated coupled cluster with single, double, and per-
turbative triple excitations [CCSD(T)-F12a] method with an
augmented correlation-consistent triple zeta (aVTZ) basis set.
The use of explicitly correlated coupled clusters methods for
generating van der Waals complex PES has been investigated
in detail by Lique e al.>® and Ajili et al.>* The theoretical
approach used in Ref. 30 is an extension to the case of two
rigid rotors of the methodology used by Ajili et al.>* Then, it
is expected that the present PES calculated at the CCSD(T)-
F12a level together with diffuse basis set of aVTZ quality
fully reaches the CCSD(T)/CBS accuracy. Both molecules
were treated as rigid rotors fixing the internuclear distances
of H, and HCN at its averaged and experimental equilib-
rium values, respectively: rgyg = 1.448 ap for H, and ren
=2.179 ap and rcy = 2.013 ay for HCN. The equilibrium
structure is linear with the nitrogen of HCN pointing towards
H, at an intermolecular separation of 7.20 ag. The correspond-
ing well depth is —195.20 cm~'. A secondary minimum of
—183.59 cm~! was found for a T-shape configuration with
the H of HCN pointing towards the center of mass of Hj.
Such conclusions are in good agreement with the experimen-
tal findings of Moore et al.>> that conclude that linear HCN—
H, is the most stable geometry of the complex.

Then, in order to solve the close-coupling equations for
scattering, the PES V(R, 0, 0’, ¢) was expanded over angular
functions for all R-distance using the following expression:°

V(R’ 9’ 9/7 ¢) = Z Ul|,lz,l(R)Al|,lz,l(95 0’7 ¢)v (l)

NN

where A;, 1, 1(0, €', ¢) is formed from coupled spherical func-
tions associated with the rotational angular momenta of HCN
and H,. In Eq. (1), the index [/, is even because H, is homonu-
clear. To construct the above expansion, at each point of the
radial grid R we have fitted the ab initio points using a linear
least squares method using /{"** = 17 and IJ'** = 4.

The quality of the fitted procedure was checked by evalu-
ating the root-mean-square (RMS) of the differences between
the ab initio and the fitted energies. For negative energies, the
RMS was of the order of 10~* cm~! while for energies in the
range 0 < E < 1000 cm ™', it is about 0.008 cm~".

B. Collision dynamics

In this paper, we investigate the following inelastic colli-
sion process:

HCN(j1) + 0;p—Ha(j2) — HCN(jp) + 0 p—Ha(jp),  (2)

where j; and j, represent the rotational energy levels of HCN
and Hj, respectively. p-H, and o-H, designate para-H, and
ortho-H;. Note that the para—ortho-H; conversion is forbidden
during the collisions.

The rotational levels of HCN and H, were obtained us-
ing the experimental spectroscopic constants from Huber and
Herzberg.”’
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TABLE 1. Influence of the para-H; rotational basis on the convergence of the cross sections (A2) for selected transitions and for 3 total energies. The numbers
in parentheses indicate the Hj rotational basis.

Transition E=100cm™! E=500cm™! E = 1000 cm™!

J2d1 = J3J ) (0-2) 0-4) (0) (0-2) (0-4) (0) 0-2) 04
0,1 - 0,0 1.793 2.081 2.081 0.588 0.689 0.690 0.365 0.414 0.414
0,2 — 0,0 5.712 5.508 5.501 2.769 2.924 2.925 2.002 2.036 2.033
0,3 — 0,0 1.236 1.409 1.409 0.261 0.265 0.265 0.174 0.171 0.171
0,3 — 0,1 0.214 0.244 0.244 4781 4.963 4.965 3.612 3.632 3.626
0,3 — 0,2 2.931 3.394 3.396 1.601 1.664 1.663 1.041 1.073 1.070
0,5— 0,3 13.359 12.107 12.844 5.841 6.073 6.074 4.528 4.506 4.494
0,10 - 0,8 7.131 7.467 7.471 5.065 5.106 5.096
0,10 > 0,9 1.909 1.933 1.929 1.496 1.459 1.449
2,102 0.023 0.026 0.085 0.095
2,2 0,0 0.020 0.023 0.007 0.007
2,2-0,1 0.014 0.015 0.047 0.052
2221 18.355 18.493 6.177 6.205
23— 21 4.976 4.981 3.340 3.366
2,504 0.014 0.016 0.047 0.053
2523 6.999 7.016 4.186 4.204
2,524 24.625 24.761 7.759 7.782
2,10 > 0,8 0.023 0.026
2,10 > 0,9 0.036 0.041
2,10 > 2,8 4.805 4.756
2,10 > 2,9 9.699 9.703

We used the quantum CC approach to obtain the inelastic
cross sections. The standard time-independent coupled scat-
tering equations were solved using the MOLSCAT code de-
veloped by Hutson and Green.*® The calculations were per-
formed employing the propagator of Manolopoulos.>® The
reduced mass of the system is 1.876 amu. The collisions
were studied at values of the total energy ranging from 3 to
1200 cm™! for collision of HCN with para-H; and from 121.6
to 1200 cm™' for collision of HCN with ortho-H,. The inte-
gration parameters were chosen to ensure convergence of the
cross sections over this range. In most of the calculations, the
integration range extended from 4 to 40 bohrs. At the lowest
energies, the integration range was extended to 50 bohrs in
order to fully converge the cross sections. The rotational basis
was increased up to j; = 18 at the largest total energy in order
to ensure the convergence of the 13 first (up to j; = 12) rota-
tional levels of HCN. Additionally, the maximum value of the
total angular momentum J was set large enough to converge
the inelastic cross sections to within 0.02 A2,

From the rotationally inelastic cross sections o, j,— j; j;
one can compute the corresponding thermal rate coefficients
at a temperature 7 by a Maxwellian average over the collision

energy (Ex),

8 1
k3 T3 )

o0
X /0 iy (Ex)Ege XD E g

kji i3 (T) = (

3)

where kg is the Boltzmann constant and p is the reduced mass.
To obtain precise values for the rate constants, the energy grid

was chosen to be sufficiently fine to include the numerous
scattering resonances which will be described below. Calcu-
lations with the range of total energies mentioned above allow
us to determine rate coefficients up to 100 K.

lll. RESULTS

A large number of channels have to be taken into account
in the scattering calculations because of the coupling between
the angular momenta of both molecules. Therefore, it is cru-
cial to optimize the rotational basis of H, in order to keep
calculations feasible. Tests of the para-H, and ortho-H, basis
were performed at different values of total energy. The con-
vergence tests are presented in Tables I and II for para- and
ortho-H,, respectively. For collisions with para-H(j, = 2), it
is found that inclusion of the H,(j, = 4) channel is not needed
to obtain convergence at more than 5%—10%. Hence, we have
retained, for the determination of rotational excitation cross
section of HCN in collision with para-H,, only the H,(j,
= 0, 2) rotational basis. For ortho-H,(j, = 1), it was found
that inclusion of the H,(j, = 3) channels affect cross sections
by less than 5%. Thus, for the determination of rotational ex-
citation cross section of HCN in collision with ortho-H;, only
the H,(j, = 1) basis was retained.

Figure 1 shows the collisional energy dependence of the
de-excitation integral cross sections of HCN in collision with
para-Hy(j» = 0,2) and ortho-Hy(j, = 1). The resonances
that appear for energies lower than 100 cm~! are related to
the presence of the attractive potential wells at the T-shape
and linear geometry configurations, which allows quasi-
bound states to be formed before the complex dissociates.
Quasi-bound states may arise from tunneling through the cen-
trifugal energy barrier (shape resonances) or from excitation
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TABLE II. Influence of the ortho-Hj rotational basis on the convergence of
the cross sections (A2) for selected transitions and for 3 total energies. The
numbers in parentheses indicate the Hj rotational basis.

. E=200cm™! E=500cm™! E = 1000 cm™!
Transition
J2d1 = J i (1 (1-3) (1) (1-3) (1) (1-3)
1,1 > 1,0 16.931  16.870 7.545 7609 4112 4.107
12— 1,0 4.821 4.900 2415 2481  1.684 1721
12— 1,1 24942 24922 10795 10.882 5954 5954
13— 1,0 1.888 1.828 0.926 0933  0.554  0.558
1,512 5.186 5.058 1.953 1.958 1457  1.447
1,5—> 13 14240 14192 5.362 5409  3.895  3.949
15— 14 41785  42.004 13.072 13.142 7299  7.270
17— 1,6 14.629  14.690 7.746  7.698
1,10 > 1,8 6.776 6.835 4469 4519
1,10 > 1,9 18.422 18485 8580  8.523

of the HCN-H; complex to a bend-stretch level that is ener-
getically accessible but is asymptotically closed (Feschbach
resonances). At first, it seems that the resonances are more
pronounced for cross sections with para-H,(j, = 0) than
the collisions with Hy(j, > 1). Nonetheless, Denis-Alpizar
et al.®® reported that the total number of bound states for
HCN-para-H,(j, = 0) is 101 whereas for the HCN—ortho-
H,(j> = 1) 330 bound states were founded. There are around
three times more states for the ortho form than for the para
form of the complex. This generates more and hence over-
lapping resonances for the case of collisions with ortho-Hj,

HCN(j) + Hy (o = 0) = HCN (jy’) + H, (j, = 0)

150 — |
250 —
251 —

31

200 300 400
Kinetic Energy (cm_1)

0 100 500

HCN(jy) + Hy (o =2) — HCN (j;’) + Hy (j, = 0)

150 —

250 —

251 — o
3->1

200 300 400
Kinetic Energy (cm_1)

0 100

500
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leading to the effect of continuous behavior in the integral
cross-sections for collisions with ortho-Hy(j, = 1).

We also found important differences between collisions
with the two H, species. The cross sections for collisions with
H,(j, > 0) are up to 3 times larger than those with H,(j, = 0).
Additionally, the cross sections for collisions with Hy(j, = 1)
and Hy(j, = 2) are quite similar. The origin of this behav-
ior can be explained by the magnitude of the radial coeffi-
cients vy,;,;(R) of Eq. (1). The radial coefficients that mainly
contribute to cross sections with j, — j; transitions are those
with I, in the | j» — j;| < o < |j» + jj| range. Hence, for col-
lisions with ortho-H, (j, = 1), only the /, = 0, 2 terms con-
tribute whereas for collisions with para-H,(j, = 2), the [, =0,
2, 4 terms contribute. The fact that the radial expansion terms
with [, = 4 are significantly lower than the one with /, = 0,2
leads to similar behavior in the excitation process with Hy(j»
= 1) and H,(j, = 2). The radial coefficients with [, = 2 are
not negligible compared to the one with /; = 0 which also ex-
plain the difference for collisions with H,(j, = 0) and H,(j»
= 1). This trend was already observed for the isomer HNC?’
and for several interstellar species like SiS,** CO,*' or HC1.#?
The significant j, dependence of the cross sections is due to
the large anisotropy of the PES with respect to H, rotations
(see Ref. 30).

Moreover, cross sections for j, changing transitions are
up to three orders of magnitude smaller than cross sections for
J» conserving transitions. This is expected if we remind that
the rotational constant of H is an order of magnitude larger
than the one of HCN. Therefore, the energy gap between H,
rotational levels is much more important than for HCN so that

HCN(jy) + Hy (i, =2) - HCN (jy’) + Hy (, =2)

150 — |
250 —
251 —
31

200 300 400
Kinetic Energy (cm“)

0 100 500

HCN(j;) + Hy (o =1) & HCN (j;’) + Hs (o = 1)

150 — |
250 —
251 —
31

200 300 400
Kinetic Energy (cm‘1)

0 100 500

FIG. 1. Kinetic energy dependence of the cross section for collisions of HCN with para- and ortho-Hz(j> = 0-2).
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HCN(jy) + Hs (j =0) = HCN (j;’) + Hy (jo = 0)
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HCN(y) + Hy (o = 2) = HCN ;") + Hy (ip = 2)

FIG. 2. De-excitation rate coefficients as a function of temperature for collisions of HCN with para- and ortho-H»(j» = 0-2).

the probability of rotational transitions in this molecule is very
low.

The calculated inelastic cross sections were used to ob-
tain excitation and de-excitation rate coefficients between the
13 first (j; = 0-12) rotational levels of HCN due to collisions
with Hy(j, = 0-2). Figure 2 shows the rate coefficients as a
function of temperature in the 5-100 K temperature range.
The rate coefficients obviously display the same behavior as
the integral cross sections. In particular, the rate coefficients
for collisions with Hy(j, = 0) and Hy(j, > 0) differ signifi-
cantly.

Then, we were interested in illustrating the propensity
rules of pure HCN rotational transitions. Figure 3 shows
(de-)excitation rotational rate coefficients out of HCN(j;
= 10) level at 10 and 100 K due to collisions with both para-
and ortho-H;. The propensity depends on the quantum state
of the H, molecule. The highlight is the difference that exists
between collisions with Hy(j, = 0) and Hy(j, = 1, 2). Colli-
sions with Hy(j, = 0) show a remarkable propensity rules in
favor of even Aj; transitions while for collisions with Hy(j,
= 1) and Hy(j, = 2), a strong propensity in favor of Ajj
= 1 transition is observed. Rate coefficients for collisions with
H,(j» = 0) and Hy(j, = 1, 2) differ up to one order of mag-
nitude for transitions with Aj; = 1. The explanation of such
behavior could be found in the features of the PES. As al-
ready shown by Denis-Alpizar et al.,’® the averaged poten-
tial over the rotational wave function of Hy(j, = 0) shows
a larger near-homonuclear symmetry in comparison with the
potential obtained by averaging over the rotational wave func-
tion of ortho-H,(j, = 1). Indeed, this feature in the PES will
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FIG. 3. Propensity rules for transitions out of the initial j;=10 state of the
HCN molecule in collisions para- and ortho-H; collisions for 7 = 10 and
100 K.
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FIG. 4. Comparisons between de-excitation cross sections obtained from the
present calculations (0, ) including j» = 0 and j, = 0-2 basis, and the re-
sults from Ben Abdallah er al.2® (6 14).

favor transitions with even Aj; for collisions with Hy(j, = 0)
and transitions with Aj; = 1 for collisions with Hy(j, > 1) as
expected from theoretical considerations.*?

Finally, we compare in Fig. 4 our present de-excitation
cross sections (including only j, = 0 and j, = 0-2 basis) with
those obtained by Abdallah ef al.?® using a PES averaged over
H, rotations and carrying out scattering calculations that did
not include coupling with j, = 2 levels of H,. The agreement
between present calculations (including only j, = 0) and those
of Ben Abdallah er al.?® is extremely good for all the colli-
sional energy range explored in this work. Such agreement
can be explained by the similar shape of the average PESs
used in both cases. Indeed, despite Ben Abdallah et al.?® used
“only” a CCSD(T) method and aVTZ basis set augmented by
bond functions, the average PES employed in this work, with
a minimum of 79.23 cm™!, is only about 8 cm™! deeper than
the one presented by Ben Abdallah et al.>® The secondary
minimum obtained in both cases for a value of 6 close to 60°,
differ by only about 1 cm™'. Then, the agreement shows that
the cross sections are not extremely sensitive to the PES ac-
curacy in the intermediate collisional energy range considered
in this work.

However, the inclusion of H,(j, = 2) in the H; rotational
basis significantly impacts the magnitude of the cross sections
so that old and new results diverge by a factor up to 2. Hence,

J. Chem. Phys. 140, 224302 (2014)
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FIG. 5. Comparisons between de-excitation rate coefficients obtained from
present calculation (continuous line) and results from Ben Abdallah et al?®
(dashed line).

in this case, it is necessary to retain the H,(j, = 2) rotational
state in the rotational basis in order to get full convergence
of the scattering calculations. When the collision energy in-
creases, so that the kinetic energy is comparable or greater
than the well depth of the potential, the coupling between H,
rotational channels become less important. For this reason we
can see in Fig. 4 that at moderate collisional energies the dif-
ference is less pronounced that at low energies.

The inclusion of j, = 2 channel leads to rate coefficients
that differ up to 50% from those of Ben Abdallah er al.?® as
one can see in Fig. 5. In particular, odd and even Aj; transi-
tions are not affected by the same effect. Rate coefficients for
Aj; = 1 transitions increase due to the use of full H, basis
whereas rate coefficients for Aj; = 2 transitions decrease due
to the use of full H, basis. This suggests that an accurate de-
scription of the inelastic collision of HCN by para-H,(j, = 0)
should consider the rotational structure of H, especially at low
temperatures.

IV. SUMMARY AND CONCLUSIONS

In this work, we have investigated rotational energy trans-
fer in collisions of the HCN molecule with para-H,(j, = 0,
2) and ortho-H,(j, = 1) molecules. We have carried out 4-
dimensional quantum close coupling scattering calculations
based on a new reliable 4-dimensional ab initio potential en-
ergy surface for the HCN-H, complex. Integral cross sec-
tions for transitions involving the 13 lowest levels of the HCN
molecule and H,(j, = 0-2) molecules were determined for
total energies up to 1200 cm~'. Corresponding rate coeffi-
cients were given for temperatures ranging from 5 to 100 K.

The results show that the cross sections and rate coeffi-
cients are dependent on the rotational level of H,. The cross
sections and rate coefficients for collisions with Hy(j, = 0)
are lower than the ones for collisions with Hy(j, = 1, 2). We
have also found that calculations with the PES averaged over
H; rotations can induce important deviations in the cross sec-
tions and then in the rate coefficients. This suggests that the
rotational structure of H, should not be neglected when study-
ing the rotational excitation of the HCN molecule by Hs.
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Finally, for collisions with H,(j, = 0), we found propen-
sity rules in favor of even Aj; for HCN transitions whereas the
propensity rules of the isomer HNC in collisions with Hy(j> =
0) are in favor of transitions with Aj; = 1 as reported in Ref.
29. Hence, it confirms that the collisional excitation of the two
isomers is very different in cold ISM where para-H(j, = 0) is
the most abundant collisional partner. In cold dark clouds, the
modeling of the HCN and HNC line intensities from radiative
transfer calculations will require to take into account differ-
ent rate coefficients of the two isomers. The present data will
help in this project. Indeed, we expect that these results can be
used to improve the HNC/HCN abundance ratio estimation.

Finally, the present calculations will be extended to
higher rotational levels and temperature to cover the astro-
physical needs, especially for the interpretation of the obser-
vations of warm ISM.
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Chapter 6

Radiative transfer calculations

Contents
6.1 Radiative transfer calculations ... ... ... ..... 94
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The high quality of modern radio and infrared wavelength observations requires
efficient modeling techniques to infer physical and chemical parameters such as
temperatures, densities, and molecular abundances. In this chapter, we present a
set of radiative transfer calculations for metal cyanides and isocyanides based on
the large velocity gradient (LGV) approximation. We will simulate the excitation
of these molecules in the circumstellar gas, the media where metal-containing
molecules are frequently observed. The theory is based on statistical equilibrium
calculations, involving collisional and radiative processes and including radiation

from background sources.
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6.1 Radiative transfer calculations

The modelling of molecular spectra observations is usually performed through
radiative transfer calculations. Different codes have been developed in order to
perform these calculations [127]. In this chapter we use the RADEX code [123].

Here, we expose briefly its main principles.

In homogeneous molecular clouds, the emitted light arises from the spontaneous
decay of excited rotational levels. The population of each rotational level is deter-

mined by radiative and collisional processes.

In order to present the main aspects of the formalism, let’s start considering the

general transfer equation for radiation propagating a distance ds,
dl,ds = j, — a1, (6.1)

where j, and «, are the local emission and extinction coefficients, respectively.
The variable v is the frequency associated to the transition from the upper level

u to the lower level [. Next, the source function is defined as,

.

S, == (6.2)

14

e

and the optical depth measured along a light path of infinitesimally small length
is,
dr, = a,ds (6.3)

Using these definitions, Eq. 6.1 can be expressed in the integral form,
I, =1,0)e" —|—/ S, (e~ dr! (6.4)
0

where [, is the radiation emerging from the medium and 7,,(0) is the background

radiation entering the medium. The emission due to the transition v — [ with
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laboratory frequency v, reads

. hyul
Jv = 4

where A,; is the spontaneous downward rate, n, is the density of molecules in level
u and 7, is the frequency-dependent line emission profile. On the other hand, the

absorption coefficient can be obtained from the following expression,

hVul
4

Q, = (nlBlu(bu - nl/BulXI/) (66>

where B,; and By, are the Einstein coefficients for stimulated transitions; ¢, and
X are the line profiles for absorption and stimulated emission, respectively. If we
consider complete angular and frequency redistribution of the emitted photons, so
that v, = ¢, = x, then the source function takes the form

S nuAul

S 6.7
v nlBlu - nuBul ( )

For many interstellar and circumstellar media, the density is too low to reach local
thermodynamic equilibrium (LTE), but statistical equilibrium (SE) can often be

assumed.

Z [njAjl + (nijl - nlBlj)jjl} + ancﬂ
J

j>1

= Z [nlAlj + (nlBlj - nijl)jlj} + Z nlClj (68>

J<i J

In the last expression, the Cy = neqk;; with k;; the collisional rates coefficients

in cm® s and n the density of collisional partners. J;; is the integrated mean
intensity over the line profile. Expression 6.8 indicates that the number of quench-
ing transitions from the [ level equals the number of (de-)excitations towards this

level.
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Escape probability

The interdependence of molecular level populations and of the local radiation field
makes difficult to solve the radiative transfer equations. The problem can be
simplified by decoupling the equations for the level populations and the radiative
transfer. The key of this approximation is to substitute J in Eq. 6.8 by a term
that is independent of the radiation field. For that purpose, one needs to consider

the so-called “escape probability” first introduced by Sobolev [129].

The escape probability, 3, represents the fraction of the photons that manage to
escape from the cloud. If § is the chance that a newly created photon can escape
from the cloud, we can infer that J, = S, (1 — 8). Now the statistical equilibrium

equations take a very easy form:

Niew Niew

=1

=1
which is an expression that is independent of the radiation field. The escape

probability is derived from the large velocity gradient (LVG) approximation [129],

17 l—e
Brve = —/ e Tdr = i (6.10)
T Jo

-
RADEX uses this approximation to estimate the excitation and radiation field. As a
first guess the populations are calculated in the optically thin case (7 << 1) or for
LTE conditions; this then gives the optical depth and hence the escape probability,
from which the new level populations can be calculated. The program iterates this

procedure until convergence is reached and then computes all line intensities.

6.2 Results
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ABSTRACT

Cyanide species are the most common metal-containing molecules in the circumstellar gas.
The exact determination of their abundances requires accurate molecular data. For this pur-
pose, collisional excitation rate coefficients are essential in order to simulate the excita-
tion processes and hence to model the emission lines. In this paper, we use the aluminium
cyanide (AICN), aluminium isocyanide (AINC), magnesium cyanide (MgCN) and magne-
sium isocyanide (MgNC) collisional data recently computed to simulate the excitation of
these molecules in the circumstellar gas. We perform radiative transfer calculations for typ-
ical physical conditions encountered in the circumstellar gas. We obtain the brightness and
excitation temperatures of selected lines frequently observed towards the circumstellar en-
velopes. In circumstellar gas, we have found that local thermodynamic equilibrium conditions
are not fulfilled for these species and that radiative transfer calculations are needed in order
to accurately determine their abundances. The calculations also show that the estimations of
the cyanides/isocyanides abundance ratios deduced from line intensities ratios lead to large
differences compared to exact radiative transfer calculations. Finally, the results confirm that
AICN and MgCN are significantly less abundant than AINC and MgNC, respectively. This
shows again the evidence of selective cyanide chemistry.

Key words: line: profiles—molecular processes —radiative transfer —circumstellar matter —
stars: individual: IRC+4-10216.

1 INTRODUCTION

Observations towards the carbon-rich star IRC+10216 have shown
the presence of different metal cyanides and isocyanides, such as
aluminium cyanide (AICN; Ziurys et al. 2002), magnesium cyanide
(MgCN; Ziurys et al. 1995), magnesium isocyanide (MgNC; Guélin
et al. 1986), iron monocyanide (FeCN; Zack, Halfen & Ziurys
2011) or potassium cyanide (KCN; Pulliam et al. 2010) in the
circumstellar gas. Likely, the envelopes of the asymptotic giant
branch stars present the best conditions for the formation of these
molecules. Indeed, MgNC was also detected in the circumstellar gas
of the protoplanetary nebulae CRL 2688 (Highberger et al. 2001)
and CRL 618 (Highberger & Ziurys 2003).

Other metal-containing species, such as metal halides (NaCl,
AICI, KCl, AIF; Cernicharo & Guélin 1987) or metal monoxides
(AlO, FeO; Walmsley et al. 2002; Tenenbaum & Ziurys 2009), have
also been observed in the circumstellar gas. However, their abun-
dances are much lower than those of metal cyanides and isocyanides,
which remain the most common metal-containing molecules in the
circumstellar gas.

* E-mail: mhvera28 @instec.cu

Several studies have attempted to understand the synthesis of
metal cyanides and isocyanides and their important role in the chem-
istry of circumstellar gas. Hence, several processes have been sug-
gested for their formation. Guélin, Lucas & Cernicharo (1993) have
studied a mechanism involving photodesorption of MgNC from
dust-grain mantles. Later, Kawaguchi et al. (1993), considering that
metals are generally ionized, suggested that ion/molecule reactions
could be responsible for the formation of the MgNC molecule. More
recently, Petrie (1996) and Dunbar & Petrie (2002) discussed a sim-
ilar formation pathway and generalized it to the formation of metal
cyanides and isocyanides. They supported a gas phase formation
route driven by the radiative association of ionized metals M+ and
cyanopolyynes,

M* + HCoy 1N = MN(Cony)H' + hiv, (D

followed by the dissociative recombination of the cation newly
formed

— M(Cszr]N) + H
MN(Cany1)H + € — M(CN) 4 CH
- M+ HC2n+1N. (2)
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The large abundance of cyanopolyynes, such as HCsN (Turner
1971) and HCsN (Avery et al. 1976) in the outer envelope of
IRC+10216, supports the latter hypothesis. Cabezas et al. (2013)
have introduced the above gas phase formation pathways in astro-
chemical models to quantify the formation of MgCN, MgNC and
HMgNC. The abundance ratios for these three molecules obtained
from the astrochemical models are in good agreement with the
observations.

However, despite this progress, the abundance and chemical evo-
lution of metal-bearing molecules in the circumstellar gas are still
not completely understood. First, the dominant role of cyanide
species as metal carriers in circumstellar gas is not predicted by
any chemical models. Secondly, chemical models show that metal-
bearing molecules should be formed in the inner circumstellar en-
velope, and then disappear from the gas phase at the onset of dust
formation. However, most of the metal cyanides and isocyanides
have been observed in the outer envelope of IRC+10216 (Guélin
et al. 1993), well beyond the dust formation zone. Thirdly, there is
also little evidence of metal-bearing molecules in dense interstel-
lar clouds (Turner et al. 2005). This absence is currently related
to metal accretion on grains (Draine 2009). However, the extent to
which metals contribute to dust formation and their diffusion in the
stellar outflows remains unclear.

Pulliam et al. (2010) have recently suggested that the chemistry
of cyanides (and not only metal cyanides) has to be reviewed. For
this purpose, we have initiated a series of papers to provide ac-
curate molecular data for interstellar and circumstellar cyanides
and isocyanides. Cyanide molecules present isomers (HCN/HNC,
AICN/AINC, MgCN/MgNC, SiCN/SiNC, etc.) that are, most of the
time, stable species (Senent, Dumouchel & Lique 2012, hereafter
Paper I). In Paper I, we have determined the theoretical spectro-
scopic and structural properties of SICN/SiNC and of some of the
metal cyanides (X-CN/X-NC with X = Al, Mg and Na) that were
in very good agreement with the available experimental data. In
Herndndez Vera et al. (2013, hereafter Paper II), we have computed
the excitation rate coefficients for the AICN, AINC, MgCN and
MgNC molecules due to collisions with He (as a model of H,) for
temperatures ranging from 5 to 100 K. The importance of having
accurate rate coefficients for both isomers has been demonstrated re-
cently by Lique and co-workers (Dumouchel, Faure & Lique 2010;
Dumouchel, Kios & Lique 2011; Sarrasin et al. 2010), who have re-
lated the unexpected large abundance of HNC (compared to HCN)
to models using erroneous collisional rate coefficients.

Assessments of cyanide/isocyanide abundances in circumstellar
gas are readily available (Ziurys et al. 1995; Guélin et al. 2004).
Commonly, large abundances correspond to the most stable iso-
mers as occurs for MgNC. Indeed, MgCN is less stable than MgNC
by about 650 cm™! (Paper I) and the MgNC/MgCN ratio has been
estimated to be ~22 by Ziurys et al. (1995). Nevertheless, the ra-
tio is not systematically governed by the relative stabilities of the
two isomers. SiCN and SiNC molecules seem to be in similar abun-
dance (Guélin et al. 2004) whereas SiNC is less stable than SiCN by
about 550 cm™! (Paper I). Note that in all these studies, the estima-
tion of the cyanide/isocyanide abundance ratios was deduced from
line intensity ratios, assuming that the excitation of both isomers is
similar. Such an assumption is in contradiction with the results of
Paper I1. Indeed, we have found that the collisional excitation of the
isomers is significantly different, questioning the approaches previ-
ously used to determine cyanides/isocyanides abundance ratios.

In this work, we employ the new thermal rate coefficients re-
cently published in Paper II to simulate the excitation of X-CN and
X-NC (X = Al, Mg) molecules for typical densities and temper-

atures of the circumstellar gas. This study will allow us to under-
stand and accurately analyse the emission of these molecules from
the circumstellar gas. All these species have been observed in the
circumstellar gas, with the exception of AICN. The paper is orga-
nized as follows. In Section 2, we present the molecular data used
in the radiative transfer calculations. In Section 3, we discuss the
physical parameters that were used for simulating the excitation of
X-CN and X-NC (X = Al, Mg) molecules. Finally, in Section 4, we
present the results. We provide a discussion and our conclusions in
Section 5.

2 MOLECULAR DATA

In radiative transfer calculations, presented in Section 3, both the
collisional and radiative (de-)excitation processes are taken into
account. In this section, we present a summary of the molecular
data used in these calculations.

AICN and AINC molecules are 'Z* electronic ground-state
molecules. The rotational quantum number of AICN and AINC
is denoted by N. In contrast, MgCN and MgNC molecules are 2%+
electronic ground-state molecules. Because of the presence of a
non-zero electronic spin, the rotational states splits into two fine
structure levels. For MgCN and MgNC in their ground electronic
2%+ state, the molecular energy levels are then described in the
Hund’s case (b) limit. The fine structure levels are labelled by N;.
Here, N is the rotational angular momentum and j is the total molec-
ular angular momentum quantum number with } = N + S, where
S is the electronic spin. For the molecules in a 2% 7 state, S = 1/2.
Hence, for N > 0, two kinds of levels exist, the levels with j =
N + 1/2 and those withj =N — 1/2.

In Tables 1 and 2, we show the frequencies and the Einstein coef-
ficients (4,;) for a small selection of radiative transitions frequently
observed for AICN (Walker & Gerry 1999), AINC (Robinson,
Apponi & Ziurys 1997), MgCN (Anderson, Steimle & Ziurys 1994)
and MgNC (Kawaguchi et al. 1993) isomers. Einstein coefficients
and frequencies were obtained from the Cologne Data base for
Molecular Spectroscopy (CDMS; Miiller et al. 2005). The computed
dipole moments of AICN, AINC, MgCN and MgNC molecules are
3.72,3.34, 5.37 and 4.95 D, respectively (Paper I).

Differences between AICN and AINC Einstein coefficients (A,;)
can be related to differences in both the rotational structure and the
dipole moments of the isomers. The same is observed for MgCN

Table 1. Einstein A,; (in s~') coefficients and transition fre-
quencies v (in GHz) of AICN/AINC molecules.

N N u(AICN) v(AINC)  Au(AICN)  Au(AINC)

1 0 10.05 11.97 4.80(—8) 6.56(—38)
2 1 20.10 23.94 4.61(=7) 6.30(=7)
3 2 30.15 3591 1.61(—6) 2.28(—6)
8 7 80.40 95.74 3.47(-5) 4.74(-5)
9 8 90.45 107.71 4.97(-5) 6.79(=5)
10 9 100.49 119.68 6.85(—5) 9.37(-5)
11 10 110.54 131.64 9.16(-5) 1.25(—4)
12 11 120.59 143.61 1.12(—4) 1.63(—4)
18 17 180.85 215.36 4.08(—4) 5.58(—4)
9 18 190.89 227.31 4.80(—3) 6.57(—4)
20 19 200.93 239.26 5.61(—4) 7.67(—4)
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Table 2. Einstein A,; (in s~!) coefficients and transition frequencies v (in
GHz) of MgCN/MgNC molecules.

N, N, u(MgCN) u(MgNC)  Au(MgCN)  A,(MgNC)
los 00.5 10.17 11.92 8.13(—8) 1.34(=7)
1is 00.5 10.19 11.94 1.23(=7) 2.03(=7)
215 los 20.37 23.86 9.79(—7) 1.61(—6)
25 lys 20.39 23.87 1.09(—6) 1.80(—6)
355 215 30.56 35.79 3.67(—6) 6.06(—6)
335 25 30.57 35.81 3.86(—6) 6.37(—6)
875 765 81.50 95.45 7.83(—5) 1.29(—4)
8.5 775 81.52 95.47 7.90(=5) 1.30(—4)
9.5 875 91.69 107.38 1.12(—4) 1.86(—4)
9.5 855 91.70 107.39 1.13(—4) 1.97(—4)
1005 95 101.88 119.31 1.55(—4) 2.56(—4)
10105 995 101.89 119.33 1.56(—4) 2.57(—4)
1105 1095 112.06 131.24 2.17(—4) 3.42(—4)
11115 10105  112.08 131.26 2.18(—4) 3.44(—4)
12115 1lgs 12225 143.17 2.70(—4) 4.46(—4)
1215 llys 12226 143.18 2.71(—4) 4.48(—4)

and MgNC isomers. Nevertheless, the differences are moderate, so
we do not anticipate any major differences in the excitation of the
isomers due to the differences in the radiative rates.

We also note that AICN, AINC, MgCN and MgNC rate coeffi-
cients have been computed recently. The details of the calculations
can be found in Paper II and we only summarize the results here.
We have studied the following inelastic collisions:

AICN(N) + He — AICN(N') + He;
AINC(N) + He — AINC(N’) + He;
MgNC(N;) + He — MgNC(N},) + He;
MgNC(N,) + He — MgNC(N') + He. 3)

Four new potential energy surfaces (PESs) were computed
for the AICN('X*)-He, AINC('Z+)-He, MgCN(>*X+)-He and
MgNC(X*)-He van der Waals systems. The PESs were calcu-
lated in the supermolecular approach by means of (partially spin-
restricted) coupled cluster calculations with single, double and
perturbative triple [(R)CCSD(T)] excitations (Hampel, Peterson &
Werner 1992; Knowles, Hampel & Werner 1993, 2000).

We used the quantum coupled-states (CS) approach (McGuire &
Kouri 1974) to obtain the excitation cross-sections among the rota-
tional energy levels of all isomers. The standard time-independent
coupled scattering equations were solved using the MOLSCAT code
(Hutson & Green 1994). The fine structure of the MgCN and MgNC
molecules was not explicitly taken into account in the calculations,
but considered using a technique based on the infinite-order sudden
(I0S) approximation (Faure & Lique 2012). State-to-state rate co-
efficients were obtained for temperatures ranging from 5 to 100 K.
Transitions between the first 26 (N < 25) rotational levels of AICN
and AINC and the first 41 (N < 20) fine structure levels of MgCN
and MgNC were considered.

Fig. 1 presents AICN-He and AINC-He de-excitation rate coef-
ficients from the N = 12 rotational state at a temperature of 50 K. As
already discussed in Paper II, the AICN and AINC rate coefficients
are, on average, of the same order of magnitude. They both show a
propensity rule in favour of odd AN transitions. However, the rate
coefficients corresponding to AN = 1 transitions are significantly
different. AICN rate coefficients are up to 50 per cent larger than
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Figure 1. State-to-state AICN/AINC rate coefficients out of the N = 12
level at 50 K.
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Figure 2. State-to-state MgCN/MgNC rate coefficients out of the N = 12,
Jj=12.5level at 50 K.

AINC ones. As we will see, this implies important consequences in
the radiative transfer calculations.

Fig. 2 presents MgCN—He and MgNC-He de-excitation rate co-
efficients from the N; = 12,5 fine structure level at a temperature
of 50 K. Both AN = Aj and AN # Aj transitions are presented.
First, the rate coefficients among the fine structure levels show, as
expected, propensity rules in favour of AN = Aj. Then, for AN =
Aj transitions, the MgCN-He rate coefficients present a propensity
in favour of transitions with even AN, whereas the MgNC-He rate
coefficients present a propensity in favour of transitions with odd
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Table 3. Critical densities n* for AICN/AINC collisions (in cm™3) at 20, 50 and

100 K.

20K
N  n*(AICN) n*(AINC)

50K 100 K
n*(AICN)

n*(AINC)  n*(AICN)  n*(AINC)

1 7.35(2) 1.14(3) 9.80(2)
2 3.38(3) 5.71(3) 3.98(3)
3 8.67(3) 1.44(4) 9.97(3)

8 1.04(5) 1.70(5) 1.11(5)
9 1.43(5) 2.31(5) 1.51(5)
10 1915 3.02(5) 1.99(5)
11 2.44(5) 3.85(5) 2.55(5)
12 3.0605 4.82(5) 3.20(5)

18 8.8§(5) 1.46(6) 9.24(5)
19 1.036) 1.62(6) 1.06(6)
20 1.15(6) 1.86(6) 1.19(6)

2.19(3) 1.20(3) 2.91(3)
7.06(3) 4.43(3) 7.97(3)
1.68(4) 1.09(4) 1.83(4)

1.74(5) 1.13(5) 1.72(5)
2.36(5) 1.52(5) 2.31(5)
3.10(5) 1.99(5) 3.01(5)
3.96(5) 2.54(5) 3.82(5)
4.97(5) 3.18(5) 4.77(5)

1.4'3(6) 9, 16(5) 1.37(6)
1.65(6) 1.06(6) 1.57(6)
1.89(6) 1.18(6) 1.78(6)

AN. As for AICN and AINC, we will see that these differences
imply important consequences in the radiative transfer calculations.

In order to estimate H, rate coefficients, the main collisional
partner in the circumstellar gas, we apply a scaling factor of 1.38
to the He rate coefficients (Lique et al. 2008). This approach ap-
pears to be unsuccessful for light molecules (Roueff & Lique 2013;
Lanza et al. 2014) but is reasonably accurate for heavier collisional
systems, such as SiS—H, (Lique et al. 2008), HC;N (Wernli et al.
2007) or CS (Lique, Spielfiedel & Cernicharo 2006; Stoecklin et al.
2013). Hence, using such an approximation, we can expect that
the estimation of X-CN-H, and X-NC-H, rate coefficients will be
accurate within a factor of 2.

From knowledge of both collisional rate coefficients and Einstein
coefficients, it is possible to compute critical densities for collisions
with molecular hydrogen, defined as

where i and f refer to initial and final states of the molecules. The
n}, density is the H, density at which photon de-excitation and
collisional de-excitation are equal.

Tables 3 and 4 present the critical densities at 20, 50 and 100 K,
for Al and Mg compounds, respectively.

The critical densities of the first radiative transitions are of the
order of 10°~10* cm™3, whatever the temperature is. The values are
weakly dependent on the temperature because the temperature de-
pendence of the cyanides/isocyanides rate coefficients is also weak.
For all the isomers, the computed critical densities increase with the
excitation rotational/fine structure levels. This can be explained by
the fact that the Einstein emission coefficients vary approximately
as N? whereas the collisional rate coefficients stay within the same
order of magnitude. In the circumstellar gas, the observed lines of
the metal cyanides and isocyanides are generally those from initial
energy levels with N between 8 and 21. For these lines, the typical
critical densities are of the order of 10°~10° cm?.

Hence, from these tables, it can be seen that for many com-

Ai—>
ni(T) = ﬁ, 4 mon interstellar media (especially circumstellar gas), the local
f<i M= /
Table 4. Critical densities n* for MgCN/MgNC collisions (in cm~3) at 20, 50 and 100 K.
20K 50K 100 K
N; n*(MgCN)  n*(MgNC) n*(MgCN) n*(MgNC) n*(MgCN) n*(MgNC)

los 2.04(3) 2.23(3) 2.04(3) 2.73(3) 1.99(3) 3.09(3)
115 1.133) 1.62(3) 1.08(3) 1.793) 1.04(3) 1.88(3)
25 3.53(4) 4.68(4) 3.49(4) 5.27(4) 3.43(4) 5.61(4)
25 2.79(4) 4.14(4) 2.74(4) 4.59(4) 2.72(4) 4.83(4)
325 5.89(4) 8.29(4) 5.88(4) 9.15(4) 5.85(4) 9.62(4)
335 5.18(4) 7.74(4) 5.11(4) 8.48(4) 5.08(4) 8.85(4)
875 4.01(5) 5.94(5) 3.78(5) 6.02(5) 3.59(5) 5.92(5)
8gs 3.88(5) 5.78(5) 3.65(5) 5.82(5) 3.46(5) 5.69(5)
93 5.30(5) 7.73(5) 4.96(5) 7.80(5) 4.67(5) 7.60(5)
95 5.16(5) 7.54(5) 4.82(5) 7.57(5) 4.53(5) 7.34(5)
1095 6.79(5) 9.82(5) 6.34(5) 9.90(5) 5.92(5) 9.59(5)
10105 6.63(5) 9.62(5) 6.18(5) 9.64(5) 5.77(5) 9.28(5)
11105 8.51(5) 1.23(6) 7.95(5) 1.23(6) 7.38(5) 1.19(6)
115 8.33(5) 1.20(6) 7.78(5) 1.21(6) 7.23(5) 1.15(6)
12115 1.05(6) 1.50(6) 9.80(5) 1.82(6) 9.07(5) 1.45(6)
12125 1.03(6) 1.48(6) 9.63(5) 1.80(6) 8.90(5) 1.72(6)

MNRAS 448, 2438-2447 (2015)

STOZ ‘S Yo\ uo 159nb Aq /B10'S[euIno [paoxo-se.utu;/:dny wou) pepeoumoq



2442 M. Herndndez Vera and F. Lique

thermodynamic equilibrium (LTE) conditions are not fully met
and that rate coefficients are needed to model cyanides/isocyanides
emissions.

3 RADIATIVE TRANSFER CALCULATIONS

We have performed radiative transfer calculations for typical phys-
ical conditions from where AINC/AICN and MgNC/MgCN emis-
sions are detected (i.e. from circumstellar gas).

Non-LTE calculations were performed with the RADEX code (van
der Tak et al. 2007) using the large velocity gradient (LVG) ap-
proximation for an expanding sphere. The LVG approach, first
proposed by Sobolev (1960), provides a local expression for the
angle-averaged mean intensity that thoroughly simplifies the reso-
lution of the statistical equilibrium equations. This approximation
implies that the velocity gradient is large enough to decouple radia-
tively the different points of the cloud. For each point of the cloud,
the excitation conditions depend only on the local density, the ki-
netic temperature and the escape probability. Rotational excitation
of cyanides and isocyanides can be induced by collisions with H,
as well as by absorption of photons. We also include the cosmic
microwave background radiation at 2.73 K. In all the calculations,
a linewidth of 30 km s~! was taken into account (e.g. Ziurys et al.
1995). Such a broad linewidth corresponds to the typical width of the
emission lines coming from the outer envelope of the IRC+10216
envelope (i.e. from where the metal cyanides and isocyanides have
been detected). The IRC+4-10216 outer envelope is usually assumed
to be the region located between ~10'® and ~10'” cm from the star
(Cordiner & Millar 2009).

As mentioned in the introduction, metal cyanides/isocyanides
have been mainly observed in circumstellar gas. Indeed, Ziurys
etal. (2002) reported the first detection of AINC in IRC+10216 cir-
cumstellar gas using the Institut de Radioastronomie Millimétrique
(IRAM) 30-m telescope. They observed the N = 11 — 10, N =
12— 11 and N = 13 — 12 transitions at 2 mm and the N = 18 —
17 and N = 21 — 20 transitions at 1.2 mm. The rotational temper-
ature (7;o) was estimated to be around 60 K, suggesting that AINC
emission comes from the outer envelope. The column density of
AINC was estimated to be Nanc ~ 9 x 10'' cm2.

The MgNC and MgCN isomers have been also observed towards
the same source. The N=19 — 18§, N=14 — 13, N=13 — 12,
N=12—->11,N=9—> 8, N=8 — 7and N =7 — 6 transitions
of MgNC were reported by Guélin et al. (1993). The fine structure
of the MgNC molecule was not resolved in these first observations.
The rotational temperature was estimated to be around ~15 K for
this isomer. Meanwhile, the observation of the N = 11 — 10,
N =10 — 9and N =9 — 8 transitions of MgCN were reported by
Ziurys et al. (1995). In this case, the two spin-rotation components
were resolved for the N = 11 — 10 transition. This later work
suggested that the [MgNC]/[MgCN] abundance ratio is ~ 22 and
that the column densities of Nygne and Nyeen are around ~5 x
10" cm~2 and ~2 x 10'2 cm™2, respectively.

MgNC has also been observed in the circumstellar gas of the
protoplanetary nebulae CRL 2688 (Highberger et al. 2001) and
CRL 618 (Highberger & Ziurys 2003). Again, the observations also
seem to indicate an outer shell distribution for this molecule in these
regions.

Metal cyanides seem then to be mainly distributed in the external
shell of the circumstellar gas and particularly in the external shell
of carbon-rich stars, such as IRC+10216. Modelling of this region
(Crosas & Menten 1997) indicates that kinetic temperature varies
approximately from 10 to 100 K while molecular hydrogen den-
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sities could be constrained in the interval n(H,) = 10*~10® cm 3.

As a consequence, we have chosen three different kinetic tempera-
tures (20, 50 and 100 K) for the radiative transfer calculations. The
column densities were set at three different values: 10", 10'? and
10" cm~2. We consider molecular hydrogen densities in a range
from 107 to 108 cm 3.

In the radiative transfer calculations, we include all the energy
levels for which both radiative and collisional data are available.
By testing the sensitivity of the radiative transfer calculations to
the number of rotational levels considered, we have found that
the calculations are fully converged for temperatures up to 50 K.
At temperatures around 100 K, uncertainties of the order of ~20
per cent exist, particularly for the MgCN/MgNC isomers where
collisional data up to only N = 20 are available. Indeed, at 100 K,
the population of rotational levels with N = 25 is around 2 per cent
and that of rotational levels with N = 30 is around 1 per cent.

4 RESULTS

In this section, we only show results for the observed N =
18 — 17 and N = 11 — 10 transitions of AINC/AICN and for
the observed N; = 11,5 — 10195 and N; = 995 — 8g 5 transitions
of MgNC/MgCN. However, the behaviour observed for these lines
gives a representation of the general behaviour.

Figs 3-5 show the excitation temperature (7gy) of the AICN
and AINC lines as a function of molecular hydrogen density for
temperatures of 20, 50 and 100 K. We varied the column density of
AICN/AINC from 10'! to 10'3 cm™2 but we have found that the col-
umn density has almost no impact on the magnitude of the excitation
temperature. Actually, the three curves cannot be distinguished in
the plots. This can be explained by the fact that AICN/AINC lines
are optically thin for the physical conditions considered in this work.

At very low volume densities of molecular hydrogen, the excita-
tion temperatures, for both isomers, tend to be equal to the adopted
value of the background radiation field (2.7 K). The excitation tem-
peratures rise to higher values as collisional excitation becomes
more important. At volume densities above a critical value, the ex-
citation temperature approaches the kinetic temperature, at which
point the LTE approximation can be used.

At low temperatures (~20 K), the critical density lies at ~ 10°—
10° cm™3, while for higher temperatures, the critical density is
slightly larger (up to a factor of 2-3), especially for transitions
between highly excited states. The temperature dependence of the
critical density is then relatively weak.

By matching the critical densities presented in Table 1 and the
information of Figs 3-5, we can conclude that at typical physical
conditions of the outer shell of the circumstellar gas [10* cm ™ <
n(H,) < 10° cm™3], AICN and AINC lines are not thermalized and
non-LTE analysis is required.

Figs 3-5 also show the brightness temperatures of the AICN and
AINC lines as a function of molecular hydrogen density. As the
optical depth is small for these lines (t < 1), Tg is proportional
to the column densities. 7p increases gradually with the density
before being constant at around n(H,) = 10°~107 cm—> when LTE
conditions are reached.

To compare AICN and AINC emissions, we show in Figs 3-5 the
brightness temperature ratios 75 [AICN] /T [AINC]. From this plot,
we can clearly see that the AICN isomer presents a stronger emission
than the AINC isomer for low densities of molecular hydrogen. For
the N = 18 — 17 transition, the line of AICN can be up to three to
four times larger than that of AINC, especially at low temperatures
and densities [n(H,) < 10° cm™3].
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In contrast, it can be seen that AINC emission is stronger at large
molecular hydrogen densities but the differences are not as large as
at low densities. However, the differences are more pronounced at
high temperatures than at low temperatures. When LTE conditions
are reached, populations of the energy levels are determined by a
Boltzmann distribution. The fact that AICN lines are weaker than
AINC lines can be explained by (i) a lower rotational constant for
AICN than for AINC, leading to a lower population of the high-
energy levels at high temperature for this isomer and (ii) weaker
Einstein coefficients of the AICN lines than the AINC lines.

Tg=50K

102
n(cm™3)

1 1 1 1 1 0
10° 10* 10° 10° 107 10°

50

40

30 €
f

20

10

50

40

30 <
fa

20

10

Figure 4. Same as Fig. 3 but at a kinetic temperature of 50 K.

AINC  N=11-10
10? e
Ne=10""em™? — [T
100 N=10"2om™2 —

5 Ng=10"%cm™ — = =
g0 ﬁ
1074 F |

100 Tk =50K
-8
1 1 1 1 1 1 0
0407 10° 10 10° 10° 107 10°
n(cm_?’)

) AINC  N=18 - 17

10 T T T T T
Ng=10""em™? — I
10° FNe=10"2cm? —

) Ng=10"%cm™ —
<10”

107
1078 Tg=50K
-8
10 1 1 1 1 1 0
102 10° 10* 10° 10® 10" 10°

n(cm™3)

temperatures.

50
40
30 ¥

20'_LIJ

1 10

50

40

30 <
i

20

10

Tg[AICN] / T[AINC]

TglAICN] / T[AINC]

1.6

N=11—-10

1.4

12

0.6 5

T T

- - -
Ne=10""em™ —
N=10"2cm™ ---- |

Ne=10"%cm™

T =50K 1

10

10° 10* 10° 10° 10" 108
n(cm_3)

N=18 > 17

T T T T 11 7%
Ng=10"'cm © —
Nc=101zcm_2 -—--

Ne=10"%cm™

T =50K

10° 10* 10° 10%° 10" 10®
n(cm™3)

Figs 6-8 show similar plots for the MgCN/MgNC molecules.
The MgCN and MgNC lines are also optically thin so that, as in the
case of AICN and AINC lines, the column density does not affect
the magnitude of the excitation temperatures.

The behaviour of the excitation temperatures is very similar to
that of AICN and AINC. The critical density lies also at ~10°—
10° cm~3 at low temperatures and slightly increases with increasing

The effect of suprathermal excitation seen at 100 K is es-
sentially the same for both isomers, even though it is more
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pronounced for MgCN than for MgNC. The differences seen
in both sets of rate coefficients certainly explain these slight

differences.

The behaviour of the brightness temperatures is also very similar
to that of AICN and AINC. Indeed, brightness temperatures are also
proportional to the column densities. However, the brightness tem-
perature ratio Tg[MgCN]/T5[MgNC] does not vary with density
as much as in the case of AICN/AINC isomers. The deviations be-
tween the brightness temperatures of both isomers are usually less
than 30-50 per cent in the interval of n(H,) = 10*~10° cm 3 for all
temperatures. Below the critical density, we can observe that MgCN
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lines are stronger than those of MgNC whatever the temperature is.
As for AICN/AINC, the differences can be explained by the differ-

ences in the rate coefficients. Then, we have a significant impact

calculations.

of the collisional rate coefficients, showing that the MgCN/MgNC
abundance ratio has to be determined through radiative transfer

For densities above the critical density, MgNC lines are stronger
than the MgCN ones. This can be explained by the MgNC transi-
tion probabilities for spontaneous decay, which are larger than those
of MgCN. The differences are more pronounced than for Al com-
pounds. Hence, even assuming LTE conditions, the MgCN/MgNC
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abundance ratio determined from a simple line intensity ratio will relation:
lead to erroneous values.
. . Ts(MgCN o N,
Finally, Fig. 9 shows, at 20 K, the dependence of the B(MgCN) = MeCN MeCN o)
MgCN/MgNC brightness temperatures on the column density, for T3(MgNC)  amgne  Naane

the N; = 995 — 8gs and N; = 1115 — 10;05 transitions. In these
calculations, the hydrogen density n(H,) was fixed at 3 x 10* cm
For these physical conditions, the MgCN/MgNC lines are opti-

-3

cally thin, so we can observe a linear dependence of the brightness

temperatures with the column densities. This linear dependence al-
lows us to determine the abundance ratio of these isomers simply
from the ratio of the molecular line intensities using the following

Ty = aMgeN/MeNCIVMCN/MeNC

Here, ameen and angne are the slopes of the function

for the MgCN and MgNC isomers, respectively.
In the absence of radiative transfer calculations, the estimation
of the abundance ratio was generally obtained using the assumption
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that the excitation of both isomers was the same (anmeen = OMgNC
= 1; Ziurys et al. 1995).

Obviously, such an analysis is erroneous, and an accurate analysis
of both MgCN and MgNC emissions will lead to a different estimate
of the abundance ratio.

As an example, we have determined the [MgNC]/[MgCN] abun-
dance ratio in IRC+10216 from the observations of Ziurys et al.
(1995). Using the same physical parameters [n(H, = 3 x 10* cm ™3,
T = 15-20 K] as Ziurys et al. (1995), we have obtained a new
[MgNC]/[MgCN] abundance ratio of ~30. Such a value is ~50
per cent higher than the value previously obtained from simple line
intensities analysis (Ziurys et al. 1995). It clearly shows the need
for accurate molecular excitation simulations in order to precisely
determine molecular abundance in astrophysical media.

5 DISCUSSION AND CONCLUSIONS

In this work, we have studied the excitation of AICN, AINC, MgCN
and MgNC molecules in the circumstellar gas. We have employed
new collisional rate coefficients to determine the excitation of these
cyanide and isocyanide molecules.

We have found that, at typical physical conditions of the outer
shells of the circumstellar gas, the observed lines of cyanides and
isocyanides are not thermalized and non-LTE analysis is required.
The AICN and MgCN isomers present stronger line intensities at
low n(H;) than their isomers, principally due to larger collisional
rate coefficients. In contrast, for n(H,) above critical densities, the
MgNC and AINC lines are more intense than those of MgCN and
AICN, respectively, mainly because of their larger Einstein A,; co-
efficients.

The calculations have also shown that the estimations of the
abundance ratios of the isomers, from a simple analysis of the
line intensities ratios, lead to inaccuracies for both Al and Mg
compounds.

Radiative transfer calculations can also be useful to quantify the
upper limit of the abundance of AICN, which, despite being stable,
has not yet been detected. The comparison between AICN and AINC
modelled brightness temperatures indicates that the AICN lines are
expected to be stronger than those of AINC for the typical physical
conditions encountered in the outer shell of the IRC+4-10216 circum-
stellar envelope, for a similar abundance. Hence, the non-detection
of the rotational lines of AICN implies that its column density is
significantly lower than that of AINC.
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For a molecular abundance of AICN, a factor of 2 lower than that
of AINC, the intensity of the AICN lines is expected to be similar
to that of the AINC lines, implying that the AICN lines would be
observable. The non-detection of AICN lines probably means that
their intensities are much lower than those of AINC. Using the
present radiative transfer calculations, we can then estimate that,
in the IRC+10216 circumstellar gas, the upper limit of its column
density is Naicn = NAlNc/z (i.e. ~4 x 10" cm’z).

The low abundance and non-detection of AICN could have many
causes. First, the isomerization barrier (Paper I) of AICN and AINC
is of the order of 3000 K so that interconversion is almost impossi-
ble in circumstellar gas. If the production of AINC is significantly
favoured, there is very little chance to obtain AICN through iso-
merization. By comparison, the isomerization barrier of MgCN and
MgNC isomers is three times lower. Secondly, the presence of Al™
or Mg™ in the outer shell is critical to produce X-CN and X-NC iso-
mers. The relative abundances of A1*/Mg™ in the gas phase is not
clear (Mauron & Huggins 2010) but the Mg condensation tempera-
ture is significantly less than that of Al, so that Mg is likely to be less
depleted in the outer envelope. This hypothesis is reinforced by the
fact that the abundance of the Mg element is larger than that of Al
in the Universe (Lodders 2003). We can also note that, although the
general level of incorporation of the metals into molecules is small,
Al is integrated to several molecules in the inner shells (Cernicharo
& Guélin 1987; Ziurys, Apponi & Phillips 1994). In contrast, Mg
has been detected exclusively in the outer shells, forming just three
cyanide compounds (MgCN, MgNC and HMgCN).

Finally, we expect that new observations of metal cyanides and
isocyanides will be performed using the Atacama Large Millime-
ter/submillimeter Array (ALMA) interferometer. Such observa-
tions, combined with the theoretical tools provided in this paper,
will allow us to gain new insight into the cyanides and isocyanides
abundances in the circumstellar gas.
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Chapter 7

Conclusions

In the first part of this thesis, we have studied the rotational excitation of inter-
stellar metal cyanides and isocyanides (AICN, AINC, MgCN, MgNC) in collisions
with He. To the best of our knowledge, it is the first time that the rotational ex-
citation of these compounds is studied using quantum approaches and highly cor-
related PES. The collisional rate coefficients of Al and Mg isomers do not present
the same propensity rules. We have assess the impact of these differences in the

molecular emission simulations using radiative transfer calculations.

In the calculations we have taken into account that molecular hydrogen is the
main collisional partner in the ISM. We have also assumed that the rate coefficients
with He can provide a good estimate of rate coefficients for collision with Hy (j = 0).
In agreement with the astrophysical observations, we have confirmed that metal
isocyanides are more abundant than metal cyanides. However, we have shown
that the estimation of the relative abundances from the simple line intensity ratios

lead to significant deviations compared to more exact calculations performed using
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radiative transfer calculations.

These calculations rise also the question of whether collisional rates involving
helium can be used to model those for Ho(j = 0). This approximation is not
always advisable at low collisional energies when the scattering is “sensitive” to the
particular features of the different PESs. However, such discrepancies are thought
to decrease with increasing temperatures. On the other hand, there are still some
important reasons to keep He as a collisional partner. First, He represents around
10-20% of the gas constituents in the ISM and should be, in principle, considered
in the collisional excitation process. Second, as we mention before, some studies
suggest that for heavy molecules like metal cyanides/isocyananides; He could be
used as a model for Hy(j = 0). Third, the collisions with He allow performing

faster calculations and a simpler computation of the PESs.

We have also used quantum scattering calculations to investigate rotational en-
ergy transfer in collisions of SiICN and SiNC molecules with He atoms. For the
dominant spin-orbit conserving transitions, a propensity for Aj = 1 transitions
was found for the SiCN-He system whereas a propensity for Aj = 2 transitions
was found for SiINC-He system. These different propensity rules seen for the
SiCN/SINC isomers let us predict that the excitation of these molecules in molec-
ular clouds will be different and that the abundance ratio of these species cannot
be simply obtained by looking at the brightness temperature ratio of the emission
lines. Hence, radiative transfer calculations will have to be performed for both
molecules using both sets of rate coefficients in order to accurately obtain the

relative abundances of the two isomers.

Finaly, we have also performed closed-coupling calculations for the rotational ex-

citation of HCN in collisions with Hy. The inclusion of the Hs rotational structure
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Figure 7.1: HCN-p-H, and HNC-p-H, de-excitation rate coefficients from the
initial level j = 5 at 10 K .

in our calculations allows improving previous results of Ben Abdallah et al. [130]

based on PES averaged over the H, rotations.

We have complemented the work of Dumouchel et al. [I31] who performed a
similar study for the HNC isomer. Fig. 7.1 shows a comparison of p-Hs collisional
rate coefficients of HNC (Dumouchel et al.) and HCN (this work). We note that
the rate coefficients of HCN and HNC present different propensity rules. These

differences confirm that specific calculations have to be performed for each isomer.

In the future we will evaluate the impact of our collisional rates coefficients in
the HCN and HNC emissions for different physical conditions of the ISM. In fact,
some preliminary radiative transfer calculations have been already performed at
low temperatures. In Fig. 7.2, we have estimated the line intensities of HCN using

our rate coefficients and we have compared the line intensities of HNC obtained
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using the rate coefficients of Dumouchel et al. [131]. The differences between the
two isomers are significant. For n(Hy < 10°) we have found Tz[HNC]/T z[HCN]
can reach values larger than 4 for the observed 1 — 0 transition while for 2 — 1

the brightness temperature ratio can be as large as 5!

Fig. 7.2 also shows the results obtained using the He scaled rate coefficients
from Sarrasin et al. [132]. The He scaled rate coefficients yield a good qualitative
description of the intensity lines, especially for HCN molecule. This shows that
for heavy molecules, He scaled rates may be very useful to explore the excitation
of interstellar molecules when there is a lack of H, molecular data. This is a good

example of the accuracy we can expect for metal cyanides and isocyanides.

Anyway, we point out that for important interstellar tracers like HCN and HNC,
the most accurate calculations have to be performed considering the very high

spatial and spectral resolution of the last generation of telescopes.

Outlook

This thesis brings new perspectives for future directions of investigation. For
example, collisional cross sections of some observed metal cyanides/isocyanides
are still unknown. In the near future, we hope to study the collisional excitation
of the asymmetric top NaCN [133]. This metal cyanide is the only one thought
to be in the inner shell of the circumstellar gas [(3] and is the most abundant
metal cyanide. On the other hand, it presents several metastable isomers that
could be also detected in the future. Other interesting metal cyanide species like

the observed T-shaped asymmetric top KCN [62] or the linear FeCN [(1] are also
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Figure 7.2: Solid lines: brightness temperature obtained with p-Hs in collisions
with HCN (blue lines) and in collisions with HNC (red lines). Dashed lines: bright-
ness temperature obtained with He scaled rate coefficients. All calculations were

performed with RADEX code.
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candidates for future investigations.

Another important group of metal-bearing molecules are the metal halides which
are confined to the inner shell of the circumstellar gas. In most cases, the cyanides
appear more abundant than their halide counterparts. In IRC+10216, for example,
the [KCN]/[KC]] ratio is ~ 1.5, while [NaCN]/[NaCl] ~ 5 [64,131]. However, this is
not a general rule; aluminum clearly favors the halides, with [AINC]/[AICI]] ~ 0.003
and [AINC]/[AIF] ~ 0.002 [61]. In addition, some halide counterparts of metal
cyanides, such as MgCl or MgF have yet to be detected. The computation of new
collisional rate coefficients for metal halides will be useful for further interpretations

of these observations.

Additionally, some organic species like the important symmetric-top molecule
methyl cyanide (CH3CN) are still waiting for accurate calculations of collisional
excitations. We note that for symmetric top molecules radiative transitions can oc-
cur only within a K-ladder '. However, collisional transitions are permitted across
this quantum number. Therefore, the population of one K-ladder is largely deter-
mined by collisions and, hence, is closely related to the kinetic temperature and
density of the region. This property makes CH3CN an ideal probes of hot molecu-
lar cores. Because of the large number of atoms, molecules like CH3CN or CHyCN
are challenging for theoreticians. Nonetheless, at present, these calculations may

be feasible due the computational advances.

In order to cover all physical conditions, it is also desirable to extend calculations
of the collisional rate coefficients to higher temperatures and to a larger number
of rotational levels. The extension of the studies will be especially useful for HCN

and HNC isomers that have been detected in hot environments. Extrapolation to

1 K is the quantum number for the projection of angular momentum along the symmetry axis
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higher temperatures could be a first solution. However, the risk of extrapolation
have been emphasized by some authors [135]. For this reason, we believe that
quantum calculations have to be performed even if some approximations have to

be employed.

The determination of new chemical rate constants will be also essential in order
to understand the selective cyanides chemistry. Emphasis is placed on key reactions
that have been identified as crucial in determining the predicted abundances of
the species observed in the interstellar medium. Finally, from the fundamental
molecular physics point of view, the balance and/or competition between reactive

and nonreactive channels will be a theoretical motivation for future investigations.
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Appendix A

Numerical calculations

The log derivative method

Both Hibridon and MOLSCAT scattering codes have different algorithms to solve the
coupled equations which occur in the quantum treatment of inelastic collisions. In
this thesis, all the calculations have been performed using the log derivative method

of Manolopoulos [136] based on the log derivative algorithm of Johnson [137].
The coupled equations can be written in matrix notation as,
U"(R) = W(R)¥(R) (A.1)
where
W(R) =2uV(R) — k? (A.2)

The wave function W is a square matrix, each column being a linearly independent
solution of the Schrodinger equation; V is the potential matrix that include the

centrifugal term; pu is the reduced mass, and k is a matrix of asymptotic channel
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wave vectors. In principle the number of coupled equations is infinite, but in

practice the expansion is truncated at some finite value.

The log derivative matrix is defined by

Y(R) = ¥'(R)¥'(R) (A.3)

The log derivative methods propagates directly this matrix rather than the wave
function and its derivative. This eliminates the stability problems which can arise

when integration is started deep inside the classically forbidden region.

We can obtain from Eq. A.3 and Eq. A.1 the Ricatti matrix equation

Y'(R) = W(R) — Y*(R) (A.4)

The log derivative matrix may be propagated using the ) propagator in an interval

[R', R"]. The propagator ) is defined as,

v(r)| [y wur )] [-emw) (A.5)
V(R)| | W(R.R)) W(R.R)| | ¥(R")

The stability of the matrix ) is independent of whether or not the log derivative

matrix has a singularity at some point within the interval.

We can also obtain a recursion relation for the log derivative matrix:

Y(R//) — y4(R/’ R//) _ y3(R/’ R//)[Y(R/) _|_ yl(Rl, R//)]71y2<R/,R”> (A6)

This recursion relation is used to propagate Y on a series of small intervals.
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The improved log derivative method implemented

in MOLSCAT and Hibridon

The method of Manolopoulos [136] differ from the original method of Johnson [130]
in the use of a piecewise constant diagonal reference potential for the homogeneous

problem.

The homogeneous equation has the form,

®"(R) = W,.s(R)®(R) (A.7)

where W, is continuous throughout the interval [a, b]. From now on [R’, R"] will
denote both half sectors [a, ¢] and [¢, b] where ¢ = (b —a)/2. W, can be defined

as,

Wier(R)ij = 0407 (A.8)

Then, the Eq. A.7 can be solved analytically. The propagator matrix y correspond-

ing to the homogeneous solution @ have been defined by Manolopoulos [136],

pilcoth|p;lh,  p? >0,
(R, R")ij = ya(R', R")y; = 0y pilcothin]
|pjlcot|p;|h,  pj <0,

pilcoth|p;|h, p2>0’
y1 (R, R")ij = ya(R', R")ij = 0y bl il ;
|pjlcot|p;|h, p; <0,

(A.9)

where h = (b — a)/2. The effective half-sector propagators for the solutions of the
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Eq. A.1 are also defined like fallows,

j}l(R/,RH) — y1(R/,RH) + Q(R/>,

~

yQ(Rla R//) = yQ(R/a Rl’)?

yS(R/a R”) = y3<R/7 R”)a

Vi(R,R") = ys(R', R") + Q(R") (A.10)

where the Q@ =W — W,¢.
The log derivative matrix is then propagated across the sector from a to b using
the following recurrence relation,

Y(R//) _ 3}<R/’ R//) . 3}<R/’ R")[?(R,) + )}(R/,RII)]_IJA}(R/,R”) (A.ll)

This algorithm is a kind of “potential following” because the potential change from
one sector to the next. This version of log derivative method reduce the matrix
operations at subsequent energies and improve the convergence of the solution

with respect to the number of grid points.

The parameters of MOLSCAT

In order to make more efficient the computation with MOLSCAT we have split the
calculations in segments of total energies. For each segment we have optimized the
input parameters of MOLSCAT in order to converge cross sections among the levels

of our interest. Below we present the main parameters that have been used:
STEPS is the step size of the propagator.
RMIN is the starting point of the integration.
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RMAX is the range of the integration.
JMAX define the rotational basis set.

LMAX specifies the highest Legendre term to include in the expansion of the

potential.

Tables A.1 and A.2 show the parameters the parameters corresponding to the
Al compounds. For AICN-He and AINC-He collisional systems we have extended
the rotational basis sufficiently to ensure convergence of the AICN-He and AINC-
He inelastic cross-sections for N,N’ < 25. At the largest total energy considered
(1000 cm™! ), the rotational basis extends to N=35 and 32, respectively, for the
AICN-He and AINC-He calculations

Tables A.3 and A.4 show the parameters of Mg compounds. For MgCN-He and
MgNC-He collisional systems, we have converged the first 40 rotational levels in
order to correctly perform the summation over L in Eq. 3.7. This lead to converged
rate coefficients between fine structure levels with N, N’ < 20. At the largest total
energy considered (1000 cm™'), the rotational basis extends to N = 53 and 51,
respectively, for the MgCN-He and MgNC-He calculations.

In the case of HCN, the rotational basis was increased up to j; = 18 at the
largest total energy in order to ensure the convergence of the 13 first (up to j; =

12) rotational levels of HCN.

In all cases, the maximum value of the total angular momentum .J was set large

enough to converge the inelastic cross sections to within 0.02A42.
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Table A.1: The MOLSCAT parameters for the CS calculations of the AICN-He

collisional system.

Energy total (cm™') Steps JMAX LMAX RMAX

0—5 80 16 30 20

5 — 10 70 20 30 20
10 — 30 60 20 30 20
30 — 50 40 22 30 20
50 — 100 20 26 30 20
100 — 300 16 28 30 50
300 — 500 12 30 30 50
200 — 1000 8 35 30 20

Table A.2: The MOLSCAT parameters for the CS calculations of the AINC-He

collisional system.

Energy total (cm™!) Steps JMAX LMAX RMAX

0—5 80 20 30 20

5 — 10 70 22 30 50
10 — 30 60 22 30 20
30 — 50 30 26 30 20
50 — 100 20 27 30 50
100 — 300 10 29 30 20
300 — 500 9 30 30 20
500 — 1000 8 32 30 20
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Table A.3: The MOLSCAT parameters for the CS calculations of the MgCN-He

collisional system.

Energy total (cm™') Steps JMAX LMAX RMAX

0—5 30 20 30 50

5 — 10 70 20 30 50
10 — 30 60 22 30 50
30 — 50 40 24 30 50
50 — 100 25 28 30 50
100 — 300 22 34 30 50
300 — 500 15 40 30 50
500 — 1000 13 23 30 50

Table A.4: The MOLSCAT parameters for the CS calculations of the MgNC-He

collisional system.

Energy total (cm™!) Steps JMAX LMAX RMAX

0—5 80 20 30 50

5 — 10 70 20 30 50
10 — 30 60 22 30 50
30 — 50 40 22 30 50
50 — 100 30 28 30 50
100 — 300 22 34 30 50
300 — 500 15 40 30 50
500 — 1000 13 o1 30 50
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Table A.5: The MOLSCAT parameters for the CC calculations of the HCN—para-

H, collisional system.
Energy total (em™') Steps J2MAX JIMAX RMAX

0— 30 50 10 2 70
30 — 50 20 12 2 70
50 — 100 10 12 2 70
100 — 300 6 17 2 20

300 — 1000 ) 18 2 20

Table A.6: The MOLSCAT parameters for the CC calculations of the HCN-ortho-

H, collisional system.
Energy total (cm™) Steps J2MAX JIMAX RMAX

130 — 300 15 12 1 20
300 — 1000 ) 18 1 20
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The parameters of Hibridon

The Hibridon program package was employed to study the SICN-He and SiNC-He
collisional systems. In this case we have also specified the following parameters for

different segments of energies.
SPAC is the interval (sector) width in the log-derivative integration.

RENDAT is the end point for the integration, the point at which the S matrix is

determined.
JTOT2 is the final value of the total angular momentum.

NUMAX is the maximum value of the projection index v in the CS calculations

(Eq. 4.28 )
JMAX define the rotational basis set.

In table A.7 and A.8 we present the paremeters employed in the calculations for
each interval of energies. These parameters have ensured the convergence among
the rotational levels of SICN and SiNC up to j= 25.5 for the F; manifold and up

to 7= 20.5 for the F» manifold.
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Table A.7: The Hibridon parameters for the CS calculations of the SiCN-He

collisional system.
Energy total (em™') SPAC JTOT2 NUMAX JMAX RENDAI

0—5 0.05 10 0 15 80

5 — 10 0.05 15 3 15 80
10 — 20 0.05 25 ) 15 80
20 — 35 0.05 25 8 25 80
35 — 50 0.05 28 10 28 80
50 — 75 0.05 28 14 28 100
75 — 100 0.05 40 18 35 100
100 — 150 0.1 40 20 35 100
150 — 250 0.1 45 25 40 100
250 — 500 0.1 65 33 20 100
500 — 1000 0.1 75 40 70 100
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Table A.8: The Hibridon parameters for the CS calculations of the SiNC-He

collisional system.
Energy total (em™') SPAC JTOT2 NUMAX JMAX RENDAI

0—5 0.05 12 0 15 80

5 — 10 0.05 15 3 15 80
10 — 20 0.05 25 ) 15 80
20 — 35 0.05 26 8 25 80
35 — 50 0.05 27 10 28 30
90 — 75 0.05 28 14 28 100
75 — 100 0.05 35 18 35 100
100 — 150 0.1 35 20 35 100
150 — 250 0.1 45 25 40 100
250 — 500 0.1 65 33 20 100
500 — 1000 0.1 75 40 70 100

125



126



Appendix B

The PES of HCN-H>

In this paper, we report a new PES for the HCN-H, collisional system. The PES
have been used to compute the HCN-H, bound states. The very good agreement

between theory and experiments shows the accuracy of the ab initio calculations.
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We present a new four-dimensional potential energy surface for the collisional excitation of HCN
by H,. Ab initio calculations of the HCN-H, van der Waals complex, considering both molecules
as rigid rotors, were carried out at the explicitly correlated coupled cluster with single, double,
and perturbative triple excitations [CCSD(T)-F12a] level of theory using an augmented correlation-
consistent triple zeta (aVTZ) basis set. The equilibrium structure is linear HCN-H, with the nitrogen
pointing towards H, at an intermolecular separation of 7.20 ay. The corresponding well depth is
—195.20 cm~!. A secondary minimum of —183.59 cm~! was found for a T-shape configuration with
the H of HCN pointing to the center of mass of H,. We also determine the rovibrational energy lev-
els of the HCN—para-H; and HCN-ortho-H, complexes. The calculated dissociation energies for the
para and ortho complexes are 37.79 cm~! and 60.26 cm™!, respectively. The calculated ro-vibrational
transitions in the HCN-H, complex are found to agree by more than 0.5% with the available exper-
imental data, confirming the accuracy of the potential energy surface. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4833676]

I. INTRODUCTION

Hydrogen cyanide (HCN) is a central molecule in the
physical-chemistry of many media. For example, HCN is an
important intermediate in the combustion reactions of hydro-
carbon flames containing a nitrogen source.! HCN is also an
important constituent of earth and planetary atmospheres” and
plays a major role in the physical chemistry of these atmo-
spheres. For example, in Titan atmosphere, HCN rotational
emission is the dominant cooling process and is therefore re-
sponsible for the thermal structure of the thermosphere.’

From the astrophysical point of view, HCN is ubiquitous.
Hydrogen cyanide is one of the most observed molecule in
the interstellar medium (ISM). Owing to its large dipole mo-
ment, this molecule and its closely related molecule HNC are
frequently used by astronomers to determine the physical and
chemical conditions in many regions of the ISM.*~ They are
also powerful probes of high density gas, as at the opposite
of molecules like CO or CS, they do not seem to deplete on
grain surfaces in the denser cold part of prestellar cores.'?

The analysis of the astronomical HCN emission spectra
requires the knowledge of accurate spectroscopical data, as
well as collisional rate coefficients with the most abundant in-
terstellar species. Indeed, collisional processes contribute, in
competition with the radiative processes, to populate the ro-
vibrational levels of the molecules. Consequently, the calcu-
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0021-9606/2013/139(22)/224301/8/$30.00

139, 224301-1

lation of rate coefficients for the rotational excitation of HCN
by H, (H; being the most abundant collisional partner is the
ISM) has been a major goal for astrochemistry.

The first work dedicated to the rotational excitation of
HCN by collisions with He atoms (as a model for H;) was
performed by Green and Thaddeus'' in 1974. Then, many
collisional studies of astrophysical interest have been devoted
to the HCN-He collisional system and we just mention here
the most recent ones.'21* However, in all these studies, He
was used as a model for H, and recent results on rotational
excitation of SO, SiS,'6:!7 or HNC'3 have pointed out that
rate coefficients for collisions with H; are generally different
from those for collisions with He, particularly for the case of
collision with ortho-H,.

Recently, Ben Abdallah e al.'® have studied the rota-
tional excitation of HCN by collisions with H, and pro-
vided rate coefficients for the rotational and hyperfine
(de-)excitation of the HCN by para-H, at low temperature.
However, these authors computed and used a potential en-
ergy surface (PES) averaged over the H, rotation, resulting
in simplified dynamical calculations only valid for the colli-
sional excitation by Hy(j = 0) at low temperatures. Then, the
validity of the approximation used by Ben Abdallah et al."®
needs to be checked by comparing with calculations involving
a global PES. Moreover, as HCN is also observed in high tem-
peratures astrophysical environments, it seems also important
to compute a new global HCN-H, PES in order to provide
new rate coefficients for the rotational excitation of HCN by
H, (para- and ortho-Hj) at high temperatures. These new data

© 2013 AIP Publishing LLC
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will provide the astronomical community with the necessary
tools to interpret HCN emission that will be observed with
high spatial and spectral resolutions from the Atacama Large
Millimeter/sub-millimeter Array (ALMA) interferometer.

From the experimental point of view, to the best of
our knowledge, collisional excitation studies of HCN by
H, are not available. However, several studies dedicated
to the measurement of the HCN-H, van der Waals spec-
trum were performed during the last decade.?>-?* High res-
olution infrared?!-?> and millimeter-wave spectroscopy com-
bined with a pulsed supersonic jet technique®” have been used
to study the van der Waals complex structure in great de-
tail. Very recently, Fourier-transform microwave spectroscopy
was applied to observe rotational transitions in the HCN-H,
complex (both para- and ortho-H, species) in order to im-
prove hyperfine molecular constants of the complex.?® From
these studies, Ishiguro et al.?® and Moore et al.>' were able
to show that ortho-H, and para-H, bind at opposite ends
of HCN. Moore et al.?* used an average one-dimensional
ab initio model of the PES to justify this analysis.

In this paper, we present a new four-dimensional (4D)
potential energy surface for the HCN-H, system obtained
from first principle calculations. As a first application and
in order to check the accuracy of the new PES, we compute
the bound energy levels of HCN—para-H; and HCN-ortho-H,
complexes and compare the calculated HCN-H, frequencies
with the experimental ones.??* This paper is organized as
follows. The ab initio calculations and the analytical represen-
tation of the PES are described in Sec. II. Features of the PES
are discussed in Sec. III. The bound levels of the complexes
and the comparison of calculated and experimental transitions
frequencies are presented in Sec. IV.

Il. Ab initio CALCULATIONS AND ANALYTICAL
REPRESENTATION

A. Ab initio calculations

In the present work, we use the Jacobi coordinate system
presented in Fig. 1. The origin of coordinates is placed at the
center of mass of the HCN molecule and the vector R con-
necting HCN and the center of the H, bond is directed along
the z-axis. The rotation of HCN and H, molecules is defined
by 6 and 6’ angles, respectively. ¢ is the dihedral angle.

A very recent study dedicated to the ro-vibrational exci-
tation of HCN by He'* showed that neglecting the bending
of HCN is a very reasonable approximation for treating the

T
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FIG. 1. Jacobi coordinate system of the HCN-H; system.
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pure rotational rotational excitation at low and moderate tem-
peratures. Indeed, some of us computed a 4D PES taking in
account the bending angle of the HCN molecule and found
that the results for the pure rotational excitation were in good
agreement with those considering the collisional partner as
rigid. Consequently and as we are mainly interested in the
pure rotational excitation of the title system, the collision part-
ners are then considered as rigid (i.e., we neglect effects of the
normal mode vibrations of the HCN and Hy).

As shown before,?* a better description of the intermolec-
ular potential is obtained by fixing the molecular distance at
its averaged value in the ground vibrational level rather than
at the equilibrium distance. Accordingly, we used a H, bond
distance ryy = 1.448736 ay.% For HCN, we used the follow-
ing interatomic distances ren = 2.17923 ag, rep = 2.01350 ag
(corresponding to the linear equilibrium geometry of HCN2).

Ab initio calculations of the PES of the HCN-H, van der
Waals complex being in its ground electronic state were car-
ried out at the explicitly correlated coupled cluster with single,
double, and perturbative triple excitations [CCSD(T)-F12a]*’
level of theory using an augmented correlation-consistent
triple zeta (aVTZ) basis set.”® The calculations were per-
formed using Molpro 2010 package.”” Additionally to the
aVTZ basis set, density fitting and resolution of the iden-
tity techniques (needed for F12 calculations) require aux-
iliary basis sets. In the present study, we used the default
corresponding auxiliary basis sets®® from Molpro basis set
library.

In all calculations, the interaction potential V(R, 6, 6’, ¢)
was corrected by the basis set superposition error (BSSE) with
the Boys and Bernardi counterpoise scheme?!

V(R,0,0', ¢) = Encn-m,(R, 0,0, ¢)
_EHCN(Rv 95 9/7 (p) - EHz(R’ 95 9/’ (p) )
(H

where the energies of HCN and H, are computed in the full
basis set of the complex.

In order to evaluate the accuracy of CCSD(T)-Fl12a
method in comparison with the standard CCSD(T) method
using the aug-cc-pVXZ (X = D, T, Q) basis sets (hereafter
aVDZ, aVTZ, aVQZ) and including results extrapolated to
the Complete Basis Set (CBS) limit,*> we have carried out
additional calculations for selected angular orientations of the
HCN-H; complex. The results are reported in Fig. 2.

As can be seen, the CCSD(T)-F12a together with diffuse
basis set of aVTZ quality fully reaches the CCSD(T)/CBS
accuracy as previously found for other van der Waals sys-
tems such as HClI-He** or O,—He.?* This comparison shows
again that the CCSD(T)-F12a leads to an excellent description
of the interaction energies using a relatively limited atomic
basis set.

In order to accurately describe the anisotropy of the po-
tential energy surface, the calculations were carried out for a
large grid of angular orientations: we vary the 6 angle from 0°
to 180° with a step of 10°, the 8’ angle from 0° to 180° with a
step of 15°, and the ¢ angle from 0° to 90° with a step of 15°.
R-distances vary from 3.5 to 30 bohrs in order to get 39 radial
grid points for each angular orientation.
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FIG. 2. Potential energy cuts of 4D PES for several angular orientations.
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B. Analytical representation

The angular part of the analytical representation of the
PES is represented by a product of normalized associated
Legendre functions and a cosine function. Hence, the poten-
tial is expressed such as

17 min(l1,55,3)

Z Z Z Vi, lz(R)

=0 L=l

x P} (cost') P} (cost) cos(me), (2)

V(R,0',6,9) =

J. Chem. Phys. 139, 224301 (2013)

where v,':"lz(R) are the radial functions. Only even values of
l; are included in this expansion because of the H exchange
symmetry of H,. For each value of the radial grid, we fitted
the ab initio points using a least squares method. We used a

weight function for energies higher than 5000 cm~! as

/ Vo
Ww(E®©',0,¢9)) = . (3)

E®©',0,¢)

By trial and error, the values of the weight function pa-
rameter were found to be Vo = 5000 cm~. In total, we get
135 angular coefficients for each radial point.

The analytical representation of the radial coefficients
vy, (R) was divided in three parts, corresponding to the short-
range, the intermediate, and the long-range regions as detailed
in the three following expressions:

10

Fu(R)=) e R"C]"!'R < 6ay, )
n=0
11 Cm,k
Fir(R) =" #6 <R < llag, 5)
k=4
5\ i(BR)
k m
Fir(R) =} —2=Cil,R = 1ao, (6)
k=4

where the #;(x) is the Tang-Toennies damping function

ko i

nw=1-e*y o ™

i=0

and o = 1.8 a; L p=40 a, ! These analytical functions

allowed us to get an accurate representation of the PES us-
ing a least-square procedure to compute the final coefficients.
The quality of the fitted surface was checked by evaluating
the root-mean-square (RMS) of the differences between the
ab initio energies and the fitted energies. For negative ener-
gies, the RMS was on the order of 10~* cm™!. For energies in
the range 0 < E < 1000 cm™!, the RMS was 0.008 cm™!
while for 1000 < E < 10 000 cm™' we found the RMS
= 3.656 cm™!. The analytical representation of the PES is
available from the authors upon request.

lll. FEATURES OF THE POTENTIAL ENERGY
SURFACE

The global minimum (D, = —195.20 cm™!) of the 4D
PES corresponds to a linear geometry of the HCN-H, com-
plex with 6 = 0°, 8’ = 0° or 180°, and R = 7.20 ay. A sec-
ondary minimum of —183.59 cm~! is found for the T-shape
configuration associated with 6" = 90°, 6 = 180°, and R
= 7.75 ap. This finding is in good agreement with the ex-
perimental one of Moore et al.?> which concludes that linear
HCN-Hj; is the most stable geometry of the complex.

The contour plots in Figs. 3 and 4 show the anisotropy
of the interaction with respect to the HCN and Hj rotation. In
Fig. 3, we present the anisotropy of the potential as a function
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FIG. 3. Contour plot of the PES for 6§ = 0°. Contour lines are equally spaced
by 20 cm~'. Red contour lines represent the repulsive interaction energies.

of 0’ for fixed values of 6 and ¢. As one can see, there is rel-
atively strong anisotropy of the PES with respect to the 6’ Ja-
cobi angle. Figure 4 shows the interaction energies for ¢ = (0°
with R relaxing in the range [7.0, 8.0] ao. Here again, we
found a relatively strong anisotropy of the PES with respect to
these two Jacobi angles. Therefore, we can anticipate that ro-
tational state of H, will significantly influence the magnitude
of the HCN excitation cross sections.

In Fig. 4, we can see the secondary minimum associated
with the T-shape configuration (with the H of HCN pointing
to the center of mass of Hy) which is only 11.61 cm~! above
the global minimum. Then, we expect this configuration of
the HCN-H; complex to be almost equally important for the
dynamics of the system.

The analysis of the PES features may be supplemented
by taking advantage of the H exchange symmetry of the H,
molecule and averaging our PES over the para and ortho rota-
tional wave function of H, such as

Vv = (Y}, (0", @)IV(R, 0,0, )Y (0, 0)), ®)

where j; denotes the rotational angular momentum of
H,. The projection of j; on the intermolecular axis is k.
This integral was evaluated numerically, using a Gauss-
Chebyshev quadrature of 20 points for the integration
over ¢ and a Gauss-Legendre quadrature with 10 points
over 6.

Figure 5(a) shows the contour plot for the averaged po-
tential over para-H,(j; = 0). The most stable configuration

180 \W)) \
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0 0
5 120 -10
>
60
30k

AN n

0 60 120 180 240 300 360
0(degree)

FIG. 4. Contour plot of the PES for ¢ = 0° and R relax in the range [7.0, 8.0]
ap. Contour lines are equally spaced by 10 cm~'. Red contour lines represent
the repulsive interaction energies.
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FIG. 5. Contour plot of the average PES over the rotational wave function
of H». (a) corresponds to the average over (j; = 0, k = 0); (b) corresponds to
the average over (j; = 1, k = 0); (c) corresponds to the average over (j; = 1,
k = =£1). Contour lines are equally spaced by 5 cm™!. Red contour lines
represent the repulsive interaction energies.

of the complex is obtained for the linear configuration of
HCN-Hj; and for an intermolecular separation of 8.14 ay. This
surface can be compared with the approximate PES of Ben
Abdallah et al.'® Our averaged surface, with a minimum of
—79.23 cm~!, is 8.46 cm~! deeper than the one presented
by Abdallah et al.'® while the secondary minimums obtained
in both cases for a value of 6 close to 60°, differ only by
1.1 cm™!. But the most interesting result is that they found
the most stable configuration for 6 = 164° while we ob-
tained it for a linear configuration of HCN in agreement with
the conclusions of the experiments of Ishiguro et al.?® These
differences result from the fact that they averaged over ¢ and
0’ using only three different angular configurations of the
complex.

In the ortho-H,(j; = 1) case, the wave function can
be j =1, k =0) or (j; =1, k = £1). We plotted the
two corresponding averaged potentials in Figs. 5(b) and 5(c).
These averaged potential are deeper than the one obtained for
para-Hj. In both cases, the minimum corresponds to a linear
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configuration of the complex, but with 6 = 0° or 180°. These
two configurations of the HCN—-ortho-H, complex are corre-
sponding to the H atom and to the N atom of HCN pointing
towards Hj, respectively, while experimental observations of
Moore et al.>"?? lead to a linear configuration of the complex
with the H atom of HCN pointing towards H;.

Then, in order to understand the nature of interactions in
HCN-H; system, we have performed analytical calculations
of interaction energy based on multipolar expansion. In the
framework of the long-range approximation,® the potential
energy of two interacting systems can be written as

V = Eiec + Eing + Edixps (9)

where Ejec, Ejng, and Eg, are the electrostatic, induction, and
dispersion contributions to the total interaction energy of the
complex. For interacting HCN and H, molecules, the electro-
static, induction, and dispersion terms from R through the
order of R~% are
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TABLE 1. Molecular properties of monomers HCN and Hj calculated at
CCSD(T)/aV5Z level of theory using finite-field method. Literature values
are in parenthesis. All values are in a.u.

Param. Definition HCN? H,

Dipole moment —1.188 (—1.180") 0

Quadrupole moment 1.703 (1.646") 0.4823
Octupole moment —9.822 (79762") 0
Hexadecapole moment 23.274 (22.45) 0.3177
Sth-order multipole moment ~ — 110.120 0
6th-order multipole moment 352.377 0.1702
Dipole polarizability 13.933 4.7284
22.248 6.7168
Dipole-quadrupole polarizability ——11.714 0
—1.489 0
Dipole-octupole polarizability —34.229 — 1.7800
100.156 4.4462
Quadrupole polarizability 33.996 4.8331
39.886 4.4469
67.184 6.3610

“Properties were calculated with respect to the origin at the center of mass with N atom
along the positive direction of z axis.
YTheoretical values by Maroulis and Pouchan.*’

where o = (@ + @y + o)/3 is a mean polarizability.
Superscripts A and B denote molecules HCN and H, re-
spectively. In the present work, we adopted the tensor no-
tations of Buckingham.*> Definition of multipole moments
and polarizabilities is presented in Table I. Tensor Tug,...,
= VoVgV,...V,R™! is the symmetric tensor relative to
the permutation of any pair of subscripts. The tensor 7' of
rank n, T, is proportional to R~"*+D, There is a summa-
tion over repeated indexes. Expression (12) was obtained in
“constant-ratio” approximation,® which allows to evaluate
dispersion contribution through static properties of subsys-
tems and isotropic C{ dispersion coefficient. One should note,
that all properties in Egs. (10)—(12) are represented in the co-
ordinate system of the complex.

The values of multipole moments and polarizabilities
used in analytical calculations are presented in Table I
These values were calculated in the coordinate system of
monomers at the CCSD(T)/aV5Z level of theory using finite-
field method of Cohen and Roothaan?” since it was not possi-
ble to compute them at the CCSD(T)-F12 level. The isotropic
dispersion coefficient Cg =34.148 Ehag was calculated at the
CCSD PROPAGATOR method* using the Molpro routine.*

In Fig. 6, we present the major contributions to the in-
teraction energy in long-range approximation for the equilib-
rium configuration of HCN-H; complex. One can see that the
electrostatic interactions are dominant for this complex. The
leading electrostatic term is the H, quadrupole—-HCN dipole
interaction proportional to ® uR~*; the H, quadrupole-HCN
quadrupole and H, quadrupole-HCN octupole interactions
proportional to ®@R > and ®QR~°, compensate each other.
The other contributions are relatively small and do not con-
tribute much to the behavior of the long range PES.

Figure 7 shows the curves of the interaction energy for
different orientations of monomers at long-range separations.
There is a good agreement between the CCSD(T)-F12a re-
sults and analytical calculations for R > 13 ay, which confirms
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FIG. 6. Different contributions to the interaction energy of HCN-H; sys-
tem for equilibrium configuration with & = 0° and 6’ = 0°. Energy is in
cm~ . Solid black line — CCSD(T)-F12a calculations; dashed black line — to-
tal interaction energy in long-range approximation; solid color lines — major
contributions to interaction energy from Eqs. (10) to (12).

that both analytical and ab initio calculations have a correct
physical behavior. This also means that the present PES can
be used with confidence to describe cold molecular collisions.

IV. BOUND STATES CALCULATIONS

We used a close coupling approach to compute the rovi-
brational energy levels of the HCN-H; complex. As described
in a previous study,*"*> we implemented the bound state
calculations in our diatom-diatom Close Coupling scattering
code according to the approach proposed by Danby*® and
Hutson** for the R-matrix and log-derivative propagators, re-
spectively. Recently, we used the same approach to calculate
the bound states of several diatom-diatom complexes.*>4

Briefly, our code solves the rovibrationally inelastic
Close Coupling equations in the space fixed frame using the
Jacobi coordinates. The vibrational levels of the van der Waals
complex are calculated by performing calculations for all the

40 - —— CCSD(T)-F12a

T V = Eelec+Eind+Edisp
-60 T T T T
10 12 14 16 18 20
R (a,)

FIG. 7. Comparison of ab initio and analytical calculations of the PES for
fixed angular arrangements. Energy is in cm~!. Solid lines — CCSD(T)-F12a
calculations; dashed lines — analytical calculations.
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values of the total angular momentum J and parity leading to
bound states.

In the present study, we performed the diatom-linear
molecule calculations using for both HCN and H», a rigid
rotor description. The calculations were done separately for
ortho- and para-H,. We used the vibrationally averaged ro-
tational constants for both molecules (B = 59.322 cm™! for
H,*” and B = 1.47822 cm™! for the HCN*?).

The convergence of the bound levels of HCN-H, com-
plex with respect to the HCN and H, rotational basis was
tested. Twelve rotational states were included in the basis set
describing the HCN molecule while for para-H, we included
two rotational states. In the case of HCN-ortho-H,, we also
included two rotational states for ortho-H, and 13 for HCN.
The maximum propagation distance was 50 ay.

The calculations were performed for two values of the
propagator step size (0.1 and 0.05 ap) and the values of the
bound state energies were obtained from a Richardson extrap-
olation as suggested by Hutson.**

The results of the lower bound states calculations are pre-
sented in Tables II and III. The other energy levels are avail-
able in the supplementary material.*’ The rovibrational ener-
gies are given relative to the ground state energy of infinitely
separated HCN and para-H,. The spacing between the levels
j1 =0andj; = 2 in the para form and between the j; = 1 and
J1 = 3 levels in the ortho form are larger than the well depth
of the potential. Consequently, all the HCN—para-H; bound
states are associated with j; = 0 while those of HCN-ortho-
H; involve only j; = 1. For ortho-H,, the quantum number
associated with the angular momentum j,, = j; + j,, where
J» designates the HCN rotational state and is also necessary to
classify the levels as j; is non-zero.

In Table II, we report, for the HCN—para-H, complex, the
energy, the total angular momentum J, and the parity ¢ (where
g = (—=1)/"T2+Ly of the lower bound levels (E < 20 cm™!).
We also assign the approximate quantum number j, and the
orbital quantum number L. In Table III, we report the same

TABLE II. Lower bound levels (E < 20 cm’l) of the HCN—para-Hj van der
Waals complex. The approximate quantum numbers j> and L are also given.

State Energy State Energy
J e (2. L) (em™h) J & G2, L) (em™!)
0 + (0,0) —-37.79 2 — (1,0) —27.89
0 + (1,1) —31.46 2 — 2,1 —24.03
0 + 2,2) —23.87 3 — 0,3) —33.16
1 — 0,1) —37.00 3 — (1,2) —26.90
1 — (1,0) —31.27 3 — (1,4) —24.63
1 — (1,2) —-29.09 3 — 2,1) —21.92
1 — 2,1) —25.39 3 + (1,3) —24.69
1 — 2,3) —20.68 3 + 2,2) —21.81
1 + (1,1 —30.08 4 + 0,4) —-30.14
1 + 2,2) —23.28 4 + (1,3) —22.95
2 + 0,2) —35.45 4 + (1,5) —-22.19
2 + (1,1) —29.69 4 — (1,4) —20.63
2 + (1,3) —26.30 5 + (0,5) —26.40
2 + 2,0) —25.51 6 + (0,6) —21.97
2 + 2,2) —22.08
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TABLE III. Lower bound levels (E < 77 cm’l) of the HCN-ortho-H; van
der Waals complex. The approximate quantum numbers j, ji2 and L are also
given.

State Eneray State Energy
J e (unjiD)  (em™ T & Gaji, L) (em™h)
0 + 0,1,1) 58.38 2 — 2,2,2) 72.97
0 + (1,2,2) 68.60 3 — 0,1,2) 63.48
0 + 2,3,3) 75.26 3 — (1,2,1) 67.74
1 — 0,1,2) 59.24 3 — (1,2,5) 69.42
1 — (1,1,1) 63.95 3 — 2,1,2) 74.41
1 — (1,2,1) 65.30 3 — 2,3,4) 76.65
1 - (2,2,2) 70.11 3 + (1,1,2) 67.91
1 — 2,3,2) 74.00 3 + (1,1,4) 70.33
1 + (1,1,0) 63.93 3 + 2,2,1) 75.85
1 + (1,1,2) 65.63 4 + 0,1,3) 66.83
1 + 2,3,3) 76.52 4 + (1,2,2) 70.61
2 + (0,1,1) 60.94 4 + (1,2,6) 73.03
2 + (1,2,0) 65.56 4 — (1,2,3) 70.94
2 + (1,1,2) 66.76 4 - (2,2,2) 74.22
2 + 2,2,1) 72.46 5 — 0,1,4) 70.97
2 + 3.4,2) 73.03 5 — (1,2,3) 74.25
2 + (3,4,4) 74.93 5 + (1,1,4) 74.69
2 — (1,1,1) 65.58 6 + (0,1,5) 75.88
2 — (1,1,3) 67.45

information for the lower bound levels (E < 77 cm™!) of the
the HCN-ortho-H, complex. In addition, we also assign the
approximate quantum number j;,. This attribution allowed us
to determine the transitions of the system in the ground state
of HCN and to compare them with the experimental results.

The maximum value of the total angular momentum J
leading to bound states is 9 for HCN—para-H; and 11 for
HCN-ortho-H;. The total number of bound states supported
by our PES is 101 for HCN—para-H; and 330 for HCN-ortho-
H,. There are around three times more states for the ortho
form than for the para form. This is related to the fact that
with j; =0, a single value of ji, is possible for any given value
of j, , while with j; = 1, three values of jj, are obtained. A
similar ratio between the number of ortho and para states was
observed previously for the H,—O, complex.* The dissocia-
tion energies of the ground states of the para and ortho species
are 37.79 cm~! and 60.26 cm™!, respectively. These values
are at least more than 4 times the dissociation energy found
for the HCN—He complex (8.986 cm™!)!* confirming that van
der Waals complexes are generally more bonded with H; than
with He. A comparison with the result of the bound levels cal-
culations for the isoelectronic CO-H, complex,47 also shows
a smaller dissociation energy for the para-H, complex than
for the ortho-H, complex. However, the HCN-H, complexes
have a larger dissociation energy than the complex CO-H,
(23.7 cm™! for CO-para-H, and 30.8 cm~! for CO-ortho-
H,), as we expected given the difference between the wells
depths of these two surfaces.

The bound state energies were used to determine the
transitions frequencies in the HCN-H; van der Waals com-
plex. In the frequencies calculations, we considered HCN in
its ground rotational state. These transitions are compared in
Table IV with the spectroscopic data available published by

J. Chem. Phys. 139, 224301 (2013)

TABLE IV. Comparison of observed and calculated transition frequencies
in MHz.

Frequencies

Transition
V-’ Calculated ~ Observed % difference
HCN-para-H;
1-0 23 649 23 665 0.07
3-2 68 823 69 155° 0.48
4-3 90 616 90 933P 0.35
5-4 112 040 112 149° 0.10
6-5 133 024 133 575° 0.41
HCN-ortho-H,
1-0 25723 25 768 0.18
3-2 76 103 76 209° 0.14
4-3 100 446 100 590° 0.14
5-4 124 179 124 370° 0.15
6-5 147 368 147 614° 0.17

4 Average of hyperfine components from Ref. 23.
b Average of hyperfine components from Ref. 20.

Ishiguro et al.>*?* These authors reported several lines includ-
ing the splitting into several hyperfine components due to the
spin angular momentum of the nitrogen nucleus (I = 1). As
our calculations do not include the hyperfine structure and be-
cause the spin splitting is very small in comparison with the
spacings of the rotational lines, we compare our results with
those of Ishiguro et al.>* averaged over the hyperfine com-
ponents. The agreement between our results and experimental
ones is better than 0.5% in all cases. It confirms the accuracy
of the new HCN-H, PES.

V. CONCLUSION

We have developed a new 4D analytical PES for the
HCN-H; van der Waals complex based on a large grid of
ab initio points obtained at CCSD(T)-F12a level and using
an aVTZ basis set. The equilibrium structure of the HCN-
H; complex was found to be linear with the nitrogen pointing
towards Hy. The corresponding well depth is 195.20 cm™!.
We found a secondary minimum only 11.61 cm~! above the
global minimum in which the H atom of HCN is pointing to-
wards the center of mass of Hj.

As a first application, the rovibrational bound states were
computed within the rigid-rotor approximation. The total
number of bound states supported by our PES is 101 for
HCN-para-H, and 330 for HCN-ortho-H,. The dissociation
energies of the ground states of the para and ortho species
are 37.79 cm™! and 60.26 cm™!, respectively. The calculated
transitions frequencies are found to be in very good agreement
with the experimental available data. This level of agreement
suggests that our PES is accurate enough for computing accu-
rate inelastic cross sections.

Finally, the present PES was also compared with the
previous existing models. The differences which were found
and taking into account the astrophysical importance of this
molecule give a supplementary interest to new Close Cou-
pling calculations of the inelastic cross sections which will be
performed using this new surface. In particular, inelastic cross
sections and rate coefficients will be provided for the first time
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for the ortho-H, collisional partner. These results will be very
valuable for the astrophysical modeling of “hot environment”
where ortho-H, is abundant.
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