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I – Introduction

Ø  Metals are important constituents of the interstellar medium (ISM) and are among the most 
heavily depleted elements in dense clouds (major component of interstellar dust) 

Ø  Metal-bearing molecules in the ISM (including circumstellar gas) are crucial for the 
evaluation of dust grain composition, ionization balance, mass loss from evolved stars …

Ø  Three families of metal-bearing molecules:

     Metal cyanides           Metal halides        Metal monoxides/hydroxydes 
     AlCN, MgCN, MgNC, HMgNC,        NaCl, KCl,   AlO, FeO, AlOH
    NaCN, SiCN, SiNC, KCN, FeCN         AlCl, AlF
 

Ø  Most common metal bearing molecules 
     in the circumstellar gas. 

Ø  Detection towards circumstellar gas (IRC+10216)

Circumstellar envelope: 
Part of the star which has a roughly spherical shape 
and is not gravitationally bound to the star core. 

Schematic chemical structure of the 
circumstellar shell of an AGB star



I – Introduction

Ø  Isomerism occur in many metal cyanides (Metal cyanides and isocyanides)
MgCN/MgNC AlCN*/AlNC SiCN/SiNC

Ø  Most stable isomer = most abundant (MgCN/MgNC, AlCN/AlNC)
         ✓ This is not a systematic trend (SiCN/SiNC)

Ø  Metal cyanides and isocyanides have been observed in the outer envelope whereas they 
are predicted in the inner enveloppe (where dust forms) 

* Not detected but considered in astrochemical modelling

Molecular abundances of 
metal cyanides/isocyanides 

are highly uncertain

Ø  Formation of metal cyanides/isocyanides 
Radiative association of M+ (M=Al, Mg, Si)  and cyanopolyynes followed by dissociative 
recombination (Dumbar & Petrie 2002)

       M+ + HC2n+1N → MN(C2n+1N)H+ + hv 
→ M(C2n+1N) + H 

               MN(C2n+1N)H+ + e- → MCN/MNC + C2nH 
→ M + HC2n+1N 

Ø  Chemistry and formation processes of metal cyanides is not well known

Ø  Abundance determined assuming local thermodynamic equilibrium (LTE)

Ø  Abundance ratio of the isomers = line intensity ratio 
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Alma interferometer

➢ New insight on the abundances of metal-bearing molecules

   ➢ Spectral lines analysis
→ Interstellar molecules identification

→ Physical conditions: Temperature, molecular 
abundance, gas density …

Collisional rate coefficients ➩

Spectroscopic data ➩

Noema Radiotelescope

Survey of IRC+10216 (Gong et al. 2015)
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C12 et C21 : Rate coefficients        B12, B21 et A12 : Einstein coefficients 

Calculations of rate coefficients for interstellar 
molecules in collision with He and H2 

Knowledge of the population of the energy levels of molecules 

Modeling observational spectra
Molecular abundance

Gaz Density n(H2)
Temperature

Rate coefficients: Boltzmann average of the cross sections 

I – Introduction



I – Introduction

Alma interferometer

➢ New insight on the abundances of metal-bearing molecules

   ➢ Spectral lines analysis
→ Interstellar molecules identification

→ Physical conditions: Temperature, molecular 
abundance, gas density …

   ➢ Evolution of interstellar matter
→ Formation of interstellar molecules

Collisional rate coefficients ➩

Reactive rate constants ➩

Spectroscopic data ➩

Noema RadiotelescopePlan : 
•  Structural and spectroscopic properties of metal cyanides / isocyanides 

•  Equilibrium structure, dipole moments and rotational and vibrational 
•  Isomerisation pathways 

•  Collisional excitation of metal cyanides / isocyanides by He  
•  New ab initio potential energy surfaces
•  Collisional rate coefficients 

•  Modelling of metal cyanides / isocyanides emission spectra 
•  Conclusion 

Survey of IRC+10216 (Gong et al. 2015)
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Table 1. Total electronic energies (Ea, in au), relative energies (Er, in cm−1), structural parameters,
rotational constants (in MHz), dipole momenta (µ, in D) and harmonic frequencies (ω, in cm−1) of the
XCN–CNX isomers and transitions states determined with RCCSD(T)/aug-cc-pV5Z.

X = Na

t-NaCN R = 2.2565 Å A = 57138.67 B = 8104.37
Cs CN = 1.1804 Å C = 7097.66

X1A’ α = 83.2◦ µ = 8.8991
Ea = −254.621992 ω = 2061(a’), 373(a’), 181(a”)

Er = 0

l-NaNC R = 2.1443 Å B = 5200.99
C∞v CN = 1.1790 Å µ = 11.2819

X1#+ Ea = −254.618464 ω = 2092(σ ), 399(σ ), 41(π )
Er = 774

l-Na-CN R = 2.2759 Å B = 4514.79
C∞v CN = 1.1709 Å µ = 11.1347

X1#+ Ea = −254.617691 ω = 2143(σ ), 358(σ ), 116(π )
Er = 944

Na-ET1 R = 2.1440 Å ω = 2087(a’), 413(a’), 54i(a”)
Cs CN = 1.1794 Å

X1A’ α = 153.◦5
Ea = −254.618404

Er = 787

Na-ET2 R = 2.2543 Å ω = 2116(a’), 419(a’), 121i(a”)
Cs CN = 1.1734 Å

X1A’ α = 125.◦04
Ea = −254.615705

Er = 1380

X = Mg

l-MgNC R = 1.9468 Å B = 5845.5
C∞v CN = 1.1805 Å µ = 4.9514

X2#+ Ea = −292.373596 ω = 2093(σ ), 527(σ ), 100(π )
Er = 0

l-MgCN R = 2.0878 Å B = 5009.81
C∞v CN = 1.1674 Å µ = 5.3715

X2#+ Ea = −292.370602 ω = 2176(σ ), 460(σ ), 163(π )
Er = 657

Mg-ET R = 2.6502 Å ω = 2102(a’), 546(a’), 159i(a”)
Cs CN = 1.1744 Å

X2A’ α = 48.◦85
Ea = −292.363554

Er = 2203

X = Al

l-AlNC R = 1.8598 Å B = 5895.85
C∞v CN = 1.1838 Å µ = 3.3948

X1#+ Ea = −334.726820 ω = 2072(σ ), 555(σ ), 96(π )
Er = 0

l-AlCN R = 2.0208 Å B = 4966.60
C∞v CN = 1.1674 Å µ = 3.7204

X1#+ Ea = −334.717798 ω = 2174(σ ), 468(σ ), 148(π )
Er = 1980

Al-ET R = 2.3210 Å ω = 2065(a’), 489(a’), 185i(a”)
Cs CN = 1.1792 Å

X1A’ α = 62.◦9
Ea = −334.707612

Er = 4216

C⃝ 2011 The Authors, MNRAS 420, 1188–1194
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS
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Table 1 – continued

X = Si

l-SiCN R = 1.1708 Å B = 5490.71
C∞v CN = 1.8539 Å µ = 2.8245
X2! Ea = −381.709176 Aso = 66.09b

Er = 0

l-SiNC R = 1.7405 Å B = 6332.76
C∞v CN = 1.1900 Å µ = 2.7290
X2! Ea = −381.706679 Aso = 64.06b

Er = 548

aDipole moments calculated with CASSCF/aug-cc-pV5Z.
bAso (in cm−1) calculated with cc-pV5Z.

Figure 1. Isomerization pathways: one-dimensional cuts of the potential
energy surfaces.

Figure 2. Splitting of the two components A’ and A” of the X2! ground
electronic state of SiCN, calculated without considering (dashed lines) and
considering (solid lines) the SO interaction.

be Aso = 66.09 cm−1 (l-SiCN) and Aso = 64.06 cm−1 (l-SiNC) using
the aV5Z basis set.

The l-SiCN → l-SiNC pathway was studied theoretically by
Richardson, Yamaguchi & Schaefer (2003) without taking into con-
sideration SO effects, that clearly (see Fig. 2) change the curvature

of the bending potentials A’ and A” and the transition state structure.
Within the harmonic approximation, they determined the ε Renner
parameter to be 0.318 cm−1. This parameter is a constant used to
describe Renner–Teller splitting. In the present paper, we avoid cal-
culations of spectroscopic parameters and transitions states for X =
Si because a more accurate treatment than the one of Richardson
et al. (2003), considering both Renner–Teller and SO effects, is over
our intentionality.

Dipole moments decrease with the atomic number. For t-NaCN, µ
has been calculated to be 8.8991 debye (D), and those for the linear
isomers to be 11.2819 D (l-NaNC) and 11.1347 D (l-NaCN). For the
most stable isomers of Mg, Al and Si, the corresponding calculated
values are 4.9514, 3.3948 and 2.8245 D, respectively. For l-SiCN,
our present result is in good agreement with the experimental one
of 2.9 D (Apponi et al. 2000). For t-NaCN, µ as well as other
calculated spectroscopic parameters are consistent with those of
previous obtained experimentally and theoretically (He et al. 2008).
For l-MgNC, µ was evaluated to be 5.308 D experimentally (Steimle
& Bousquet 2001); this value approaches our dipole moment for
l-MgCN (5.3715 D).

3.2 Spectroscopic parameters

Second-order perturbation theory spectroscopic parameters of
NaCN, MgCN and AlCN have been computed using RCCSD(T)
anharmonic force fields containing quadratic, cubic and quartic
terms. The employed basis set, aug-cc-pV5Z, is enough large to
minimize intramolecular superposition errors (Senent & Wilson
2001). Tables 2a and 2b show anharmonic constants, anharmonic
fundamentals, overtones, lowest combination band centres, rota-
tional centrifugal distortion constants, as well as rovibrational α

parameters. Centrifugal distortions constants are the parameters of
the Watson’s A-reduced Hamiltonian. Equilibrium geometries and
harmonic fundamentals are shown in Table 1. Table 2a displays
the T-shape NaCN parameters and Table 2b, those for the linear
isomers.

t-NaCN spectroscopy parameters are provided in a proper ta-
ble giving its non-linear structure. The anharmonic fundamentals
were found to be 2031 cm−1 (ν1, C–N stretch), 460 cm−1 (ν3, Na–
N stretch) and 173 cm−1 (ν2, <NaNC bending). At the RCCSD(T)
level, a quite large positive anharmonic constant x23 = 188.568 cm−1

is obtained. Rotational constants are very sensitive to the core elec-
tron correlation that decreases the <NaNC angle value.

Liner isomer fundamental frequencies are shown in Table 2b.
ν1, ν2 and ν3 represent the C–N stretching, the XCN (or CNX)
bending and the X–C (or N–X) stretching modes. For l-MgNC, the

C⃝ 2011 The Authors, MNRAS 420, 1188–1194
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS

Ø Determination of energies (Ea, in a.u.), relative energies (Er, in cm-1), geometries, dipole 
moments (µ, in D) and  rotational (B, in Mhz) and vibrational constants (ω, in cm-1) 
 

 Calculations at the (R)CCSD(T)/aug-cc-pV5Z levels using MOLPRO
Ø  All compounds are linear

Ø  AlNC, MgNC are more 
stable than AlCN and 
MgCN, respectively

Ø  SiCN is more stable than 
SiNC

Ø  SiNC dipole moment is 
much higher than that used 
for astrophysical modelling 
(2.7 vs. 2.0* D)

Ø  Rotational and vibrational 
constant are in good 
agreement with available 
experimental data

*Largo-Cabrerizo (1988)
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II – Structural and spectroscopic properties of metal cyanides / isocyanides 

Ø Computation of the isomerization pathways 
 

 Calculations at the (R)CCSD(T)/aug-cc-pV5Z levels using MOLPRO

AlCN/AlNC, MgCN/MgNCand SiCN/SiNC isomerization pathways: 
one-dimensional cuts of the potential energy surfaces 
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Ø  Out of linear geometry, the 2Π ground electronic state split in two potential energy surfaces 
of 2A’ and 2A’’ symmetry.

Ø  Isomerization processes are expected to be very slow at typical circumstellar temperatures
Ea(AlCN → AlNC) ≈ 2500 K 
Ea(MgCN → MgNC) ≈ 2000 K 
Ea(SiCN → SiNC) ≈ 11000 K 

2A’’2A’

AlCN

AlNC
MgCN

MgNC

SiCN

SiNC

➩ Both isomers have to be produced independantly

Senent et al., MNRAS 420, 1188 (2012) 



Born-oppenheimer approximation (1927)

2 stages : 

ab initio calculation of the potential
 energy surface between particules Study of the dynamical of the nuclei

Quantum chemistry 
Semi-empirical methods

Quantum Methods (TI et TD) 
Classical methods

Collisional cross sections calculations:
                         - Close Coupling (Exact calculations; CPU time : (Channel number)3) 
Accuracy          - Coupled states (Neglect coupling between rotational momentum and angular momentum)

       - IOS (Neglect rotation of the molecule during collision)

σ ij (Ek )

III – Collisional excitation of metal cyanides / isocyanides by He 
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He-MgCN He-MgNC

He-AlCN He-AlNC

Contour plots of the MgC-He (a), MgNC-He (b), AlCN-He (c) 
and AlNC-He (d) potential energy surface

•  2 degrees of freedom : R et θ 
•  AlCNHe ground electronic state: 1A’
      MgCNHe ground electronic state: 2A’ 
•  Monoconfigurational (MCSCF) 

 ➨ Coupled Clusters can be used
•  Calculations done with MOLPRO
•  aug-cc-pVTZ basis set + bond func.
•  BSSE corrections

R
θ

C (N) Al/Mg

He

N(C)
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•  2 degrees of freedom : R et θ 
•  AlCNHe ground electronic state: 1A’
      MgCNHe ground electronic state: 2A’ 
•  Monoconfigurational (MCSCF) 

 ➨ Coupled Clusters can be used
•  Calculations done with MOLPRO
•  aug-cc-pVTZ basis set + bond func.
•  BSSE corrections

R
θ

C (N) Al/Mg

He

Ø Legendre polynomials expansion: 

€ 

V (R,θ) = Vλ(R)Pλ(cosθ)
λ

∑

N(C)

Plot of the first radial coefficients(λ=0 … 3) as a function of 
R. (a) The solid lines denote AlCN-He while the dashed lines 
denote AlNC-He. (b) The solid lines denote MgCN-He while 

the dashed lines denote MgNC-He 
Significant differences between 
X-CN/NC-He interaction ➩
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Contour plots (in cm-1) of the SiCN-He and SiNC-He A’ 
(upper panel) and A’’ (lower panel) potential energy surface. 

SiCN-He SiNC-He 

•  2 degrees of freedom : R et θ
•  Monoconfigurational (MCSCF) 

 ➨ Coupled Clusters can be used
•  Calculations done with MOLPRO
•  aug-cc-pVTZ basis set + bond func.
•  BSSE corrections

R
θ

C (N) Si

He

N(C)

When interacting with He, the doubly-
degenerate Π electronic state is split 
into two states of A’ and A’’ symmetry 
corresponding  to the singly occupied π 
orbital lying in, or perpendicular to, the 
tetratomic plane, respectively. 
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Theoretical Framework

Results
Conclusions and outlooks

Collisional excitation of metal cyanides/isocyanides
Collisional excitation of HCN by p-H2 and o-H2
Radiative transfer calculations

Rotational spectroscopy of MgCN and MgNC

Hund’s case b) limit ! j = N + S

Mg

Mg

N

C

C

N

B = 5845.5 MHz

µ = 4.9514 D

Er = 0 cm�1

X 2⌃+

rMgC=2.02 Å

rCN=1.18 Å

B = 5009.81 MHz

µ = 5.3715 D

Er = 657 cm�1

X 2⌃+

rMgN=1.95 Å

rCN=1.18 Å

Figure : Intermolecular bond distances, rotational constant
(B), dipole moment (µ) and relative energy (Er ) of
MgCN–MgNC isomers.

MgNC: most stable isomer

Fine structure transitions are resolved

Similar spectroscopic parameters

0 0

1
1.5

0.398

0.5
0.397

2
2.5

1.194

1.5
1.193

3
3.5

2.389

2.5
2.387

4
4.5

3.981

3.5
3.979

5
5.5

5.972

4.5
5.969

N

j
EMgNC

0 0

1
1.5

0.340

0.5
0.339

2
2.5

1.020

1.5
1.018

3
3.5

2.040

2.5
2.038

4
4.5

3.399

3.5
3.397

5
5.5

5.099

4.5
5.096

N

j

EMgCN

Figure : Rotational energy levels (in
cm�1) of the MgCN/MgNC.
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Collisional excitation of metal cyanides/isocyanides
Collisional excitation of HCN by p-H2 and o-H2
Radiative transfer calculations

Rotational spectroscopy of Al-CN and Al-NC

N: angular momentum quantum number
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Figure : Intermolecular bond distances, rotational constant
(B), dipole moment (µ) and relative energy (Er ) of
AlCN–AlNC isomers.

Rigid rotors

AlNC: most stable isomer

Similar spectroscopic parameters
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Figure : Rotational energy levels (in
cm�1) of the AlCN/AlNC.
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 AlCN/NC(X1Σ+)  MgCN/NC(X2Σ+)  SiCN/NC(X2Π)

€ 

j =N+ S
total

rotation
spin

N : rotation

Ø Rotational structure of AlCN / AlNC / MgCN / MgNC / SiCN / SiNC molecules

2 spin orbit manifolds :
 2Π1/2 (F1) and 2Π3/2 (F2)
Rotation-spin-orbit levels j are 
doubly degenerated (e and f parity)
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AlCN-He and AlNC-He: rate coefficients 

Temperature variation of AlCN-He and AlNC-He rate coefficients

Ø  Similar order of magnitude and similar temperature variation

Ø  Same propensity rules in favor of odd ∆N transitions

Ø  Significant differences for ∆N=1 transitions (kAlCN (T) > kAlNC (T))
∆N=1 transitions: radiative transitions ➨ Impact on radiative transfer calculations ?

AlCN-He AlNC-He 
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AlCN-He and AlNC-He: rate coefficients 

Ø  Similar order of magnitude and similar temperature variation

AlCN-He and AlNC-He de-excitation rate coefficients from N = 12 at 50 K

Ø  Same propensity rules in favor of odd ∆N transitions

Ø  Significant differences for ∆N=1 transitions (kAlCN (T) > kAlNC (T))
∆N=1 transitions: radiative transitions ➨ Impact on radiative transfer calculations ?
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Temperature variation of MgCN-He (a) and MgNC-He (b) rate coefficients;
Upper panels: ∆j=∆N transitions ; lower panels: ∆j≠∆N 

MgCN-He MgNC-He 
Ø  Propensity rules in favor 

of ∆j=∆N transitions

Ø  Different variation with 
temperature

Ø  Different propensity 
rules with respect to odd 
and even ∆N transitions

Ø  Selection rules explained 
by PES:

     anisotropic PES: ∆N = 1
     isotropic PES: ∆N = 2

➩
Specific calculations 
should be performed 
for the two isomers

Vera et al., MNRAS 432, 468 (2013) 
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MgCN-He and MgNC-He: rate coefficients 

Ø  Propensity rules in favor 
of ∆j=∆N transitions

Ø  Different variation with 
temperature

MgCN-He and MgNC-He de-excitation rate coefficients from N = 12 at 50 K 
for ∆j=∆N (upper panel) and  ∆j≠∆N (lower panel) transitions

Ø  Different propensity 
rules with respect to odd 
and even ∆N transitions

Ø  Selection rules explained 
by PES:

     anisotropic PES: ∆N = 1
     isotropic PES: ∆N = 2

➩
Specific calculations 
should be performed 
for the two isomers

Vera et al., MNRAS 432, 468 (2013) 



III – Collisional excitation of metal cyanides / isocyanides by He 

Temperature variation of SiCN-He and SiNC-He rate coefficients; Upper panels: 
spin orbit conserving transitions ; lower panels: spin orbit changing transitions 

SiCN-He and SiNC-He: rate coefficients 
SiCN-He SiNC-He 

Ø  Propensity rules in favor 
spin-orbit conserving 
transitions

Ø  Propensity in favor of Λ-
doublet conserving labels 
(e → e / f → f ) for spin-
orbit conserving 
transitions 

Ø  Global agreement for the 
two sets of data

Ø  SiCN-He: ∆j = 1 favored 
SiNC-He: ∆j = 2 favored

➩
Moderate differences:
impact on radiative 
transfer calculations ?
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Ø  Propensity rules in favor 
spin-orbit conserving 
transitions

Ø  Propensity in favor of Λ-
doublet conserving labels 
(e → e / f → f ) for spin-
orbit conserving 
transitions 

Ø  Global agreement for the 
two sets of data

Ø  SiCN-He: ∆j = 1 favored 
SiNC-He: ∆j = 2 favored

➩
Moderate differences:
impact on radiative 
transfer calculations ?



IV – Modelling of metal cyanides / isocyanides spectra 

20

Ø   ISM and circumstellar enveloppes are out of Local Thermodynamic Equilibrium (LTE) 

Ø  Population of molecular levels given by radiation field and density (collisions depend on the 
density) 

Ø  Or, radiation field is also given by population of molecular levels … 

Solve simultanously statistical equilibrium + transfer equation ➩

 
Determine intensity of spectra for en 3 physical parameters (for a given geometry of the 
molecular cloud) :  
Column density N or abondance, gas density n(H2), Temperature T 
 
Intensity are given in brightness temperature TB 

    

€ 

TB =
c 2

2kν 2
Iν

# 

$ 
% 

& 

' 
( 

Radiative transfer code : LVG (RADEX - van der Tak et al., 2007) 
ò

ò

Radiative transfer 

The excitation temperature (Tex) is the temperature at which we would expect to find 
a system with this ratio of level populations ➨ LTE is valid when TEx = T



IV – Modelling of metal cyanides / isocyanides emission spectra 

Circumstellar enveloppe of of IRC+10216 

Ø  Metal cyanides and isocyanides have been 
observed in the outer envelope of IRC+10216

AlNC AlCN MgNC MgCN SiNC SiCN
Observed 

lines
11 → 10
12 → 11 
13 → 12 
18 → 17
21 → 20 

 
 

Not 
detected

7 → 6
8 → 7
9 → 8

12 → 11
13 → 12
14 → 13
19 → 18

9 → 8
10 → 9
11 → 10

6.5 → 5.5
7.5 → 6.5 
8.5 → 7.5
10.5 → 9.5

All within 
F1 manifold

7.5 → 6.5 
8.5 → 7.5 
9.5 → 8.5

All within 
F1 manifold

N 9 1011 cm-2 5 1013 cm-2 2 1012 cm-2 2 1012 cm-2 2 1012 cm-2

Physical conditions in the outer 
enveloppe of IRC+10216

T = 20 – 50 K
N(H2)= 104 – 105 cm-3

Line width : ≈ 29 km s-1

Physical conditions explored : T = 20 - 100 K ;  n(H2) = 102 – 108 cm-3 ; N=1011 - 1013 cm-2 



IV – Modelling of metal cyanides / isocyanides spectra 

Cyanide/isocyanide abundances in the ISM – III 2443

Figure 3. Excitation temperature (TEx, dashed lines), brightness temperature (TB, solid lines) and brightness temperature ratios (TB[AlCN]/TB[AlNC], right
panels) for the N = 18 → 17 and N = 11 → 10 lines of AlCN and AlNC. The H2 volume density varies between 100 and 108 cm−3 and the AlCN and AlNC
column density from 1011 to 1013 cm−2 by a step factor of 10. The kinetic temperature is 20 K. The linewidth is 30 km s−1

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

In contrast, it can be seen that AlNC 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 AlCN lines are weaker than
AlNC lines can be explained by (i) a lower rotational constant for
AlCN than for AlNC, leading to a lower population of the high-
energy levels at high temperature for this isomer and (ii) weaker
Einstein coefficients of the AlCN lines than the AlNC lines.

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 AlCN and AlNC 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 AlCN and AlNC. The critical density lies also at ≈105–
106 cm−3 at low temperatures and slightly increases with increasing
temperatures.

The effect of suprathermal excitation seen at 100 K is es-
sentially the same for both isomers, even though it is more

MNRAS 448, 2438–2447 (2015)
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Excitation temperature (TEx, dashed lines), brightness temperature (TB, solid lines) and brightness 
temperature ratios for two lines of AlCN and AlNC. The linewidth is 30 km s−1. 

AlCN and AlNC excitation in circumstellar media 

Ø  TEx are independent of N / TB is proportional to N  ➨ The lines are optically thin

Ø  LTE conditions are reached for n(H2) > 106 cm-3

Ø  AlCN presents a stronger emission than the AlNC  ➨  Line intensities ratios cannot provide 
abundance ratio ➩ AlNC is much more abundant than AlCN (else it would be detected !)



IV – Modelling of metal cyanides / isocyanides spectra 

2444 M. Hernández Vera and F. Lique

Figure 5. Same as Fig. 3 but at a kinetic temperature of 100 K.

Figure 6. Excitation temperature (TEx, dashed lines), brightness temperature (TB, solid lines) and brightness temperature ratios (TB[MgCN]/TB[MgNC], right
panels) for the N = 11 → 10 and N = 9 → 8 lines of MgCN and MgNC. The H2 volume density varies between 100 and 108 cm−3 and the MgCN and MgNC
column density from 1011 to 1013 cm−2 by a step factor of 10. The kinetic temperature is 20 K. The linewidth is 30 km s−1.

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 AlCN and AlNC. Indeed, brightness temperatures are also
proportional to the column densities. However, the brightness tem-
perature ratio TB[MgCN]/TB[MgNC] does not vary with density
as much as in the case of AlCN/AlNC isomers. The deviations be-
tween the brightness temperatures of both isomers are usually less
than 30–50 per cent in the interval of n(H2) = 104–106 cm−3 for all
temperatures. Below the critical density, we can observe that MgCN

lines are stronger than those of MgNC whatever the temperature is.
As for AlCN/AlNC, the differences can be explained by the differ-
ences in the rate coefficients. Then, we have a significant impact
of the collisional rate coefficients, showing that the MgCN/MgNC
abundance ratio has to be determined through radiative transfer
calculations.

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

MNRAS 448, 2438–2447 (2015)
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Excitation temperature (TEx, dashed lines), brightness temperature (TB, solid lines) and brightness 
temperature ratios for two lines of MgCN and MgNC. The linewidth is 30 km s−1. 

MgCN and MgNC excitation in circumstellar media 

Ø  TEx are independent of N / TB is proportional to N  ➨ The lines are optically thin

Ø  LTE conditions are reached for n(H2) > 106 cm-3

Ø  MgCN presents a stronger emission than MgNC at low n(H2) and a slightly weaker emission 
than MgNC at high n(H2) Vera et al., MNRAS 448, 2438 (2015) 



IV – Modelling of metal cyanides / isocyanides spectra 

Excitation temperature (TEx, dashed lines), brightness temperature (TB, solid lines) and brightness 
temperature ratios for two lines of SiCN and SiNC. The linewidth is 30 km s−1. 

SiCN and SiNC excitation in circumstellar media 

Ø  TEx are independent of N / TB is proportional to N  ➨ The lines are optically thin

Ø  LTE conditions are reached for n(H2) > 5 105 cm-3

Ø  SiCN and SiNC emission is similar. SiCN presents a slightly stronger emission than SiNC at 
low n(H2) and a slightly weaker emission than SiNC at high n(H2) 

12 Hernández Vera et al.
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Figure 8. Excitation temperature (T
Ex

, dashed lines), brightness temperature (T
B

, solid lines) and brightness temperature ratios
(T

B

[SiCN ]/T
B

[SiNC], right panels) for the j = 8.5 ! 7.5 (f) and N = 7.5 ! 6.5 (f) lines of SiCN and SiNC. The H2 volume density
varies between 100 and 108 cm�3 and the SiCN and SiNC column density from 1011 to 1013 cm�2 by a step factor of 10. The kinetic
temperature is 20 K. The line width is 29 km s�1
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Figure 9. Same as figure 8 but at a kinetic temperature of 50 K.

Guélin et al. (2004). Using the same physical parameters
(n(H2) = 3 ⇥ 104 cm�3, T = 15 � 20 K) and the same
brightness temperature ratio as Guélin et al. (2004), we ob-
tained a new [SiCN]/[SiNC] abundance ratio of ⇠ 2. Such a
value is two times larger than the value previously obtained
from simple line intensities analysis (Guélin et al. 2004). The
di↵erences between our results and previous results can be
explained from the di↵erences in the molecular data used in
both cases. Guélin et al. (2004) do not considered collisional

excitation, and used values of the dipole moments for SiCN
and SiNC which are di↵erent to the values computed by us
(Paper 1). This clearly shows the need for accurate molecu-
lar data in order to precisely determine molecular abundance
in astrophysical media.

c� 2015 RAS, MNRAS 000, 1–14

Vera et al., MNRAS in press (2015) 
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➩ Lowering of the MgCN/
MgNC abundance ratio
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abundant than SiNC !

(Corrected from 
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αi : slope of the curve



V – Conclusions and outlook

Ø  New spectroscopical data / Isomerization pathways

Ø  New collisional data (first published for metal cyanides)
Ø  New set of radiative transfer calculations for the excitation of metal cyanides
Ø  Non-LTE calculations are required for each isomer 
Ø  Selective cyanides chemistry in favor of the most stable isomers

Branching ratio of MN(C2n+1N)H+ + e- → MCN/MNC + C2nH reaction favor the 
most stable isomer ?

Ø  Computation of collisional rate coefficients of metal cyanides/isocyanides with H2 
(differences may be larger as in the case of HCN/HNC)���

Ø  Performed similar study for other metal cyanide/isocyanides such as NaCN / KCN / FeCN

Ø  Review metal-bearing molecules chemistry in the circumstellar gas (in particular 
determination of branching ratio of MN(C2n+1N)H+ + e- → MCN/MNC + C2nH reaction)

Ø  New observations of metal cyanides and isocyanides toward IRC+10216 and others 
circumstellar enveloppes
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