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Astrochemistry
The study of molecular processes 

in space.

- Types of chemical reactions in space

- Which reactions occur under which 

conditions

- Chemical composition of astrophysical 

objects

- to infer the physical properties

- Links to Astrobiology



A multi-field approach

Observations

- infrared

- radio  

- visual / UV  

- X-rays 

Models  

- early universe  

- interstellar clouds  

- star-forming regions  

- planetary atmospheres

Laboratory / computation

- spectroscopy 

- collision rates  

- reaction rates  

- grain surface processes
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Periodic Table



Periodic Table



“Astronomers’ 
Periodic Table”

*CHONPS





Molecules in Space



More than 200 molecules detected in ISM

to be continued...



Fig: HIFI spectral survey of the Orion KL region. Top 
panel: The complete spectral scan (490 GHz to 1.9 
THz) reveals the rich line forest. There are some 105 
lines in this spectrum. Middle panel: A zoom in on 
the 490–530 GHz spectral range with some of the 
stronger lines identified. Bottom panel: The 
522:5–525:5 GHz range shows velocity-resolved 
lines. The numbered lines are CH3OH lines used in 
the analysis of the temperature structure of the 
region (Tielens 2013).

Line forests



COMs - Complex Organic Molecules
- molecules with 6 or more atoms including C 

(Herbst & van Dishoeck 2009)

- CH
3

OH, CH
3

CN, CH
3

CHO, CH
3

OCH
3

, ...

- Prebiotic molecules
- NH

2
CHO (formamide)

- Benzene

Cernicharo et al 2001 (ISO)



Search for interstellar emission of N-heterocycles

Fig.: Molecular structure of benzene, pyrimidine and 
pyrimidinic nucleobases uracil, thymine and cytosine 
(Mendoza et al. 2013).

- Motivation → prebiotic chemistry

- Formation of nucleobases

- Presence in meteorites (e.g. Murchison) 

     (Allamandola et al. 1999, Martins et al.  

      2005, 2008 )  

- Large dipole moments  → detection at radio 

wavelengths    (Charnley et al. 2005)



N-heterocycles (tentatives of) detection in ISM
- Vinyl cyanide, pyrimidine and pyridine  in 1973          

(Martha Simon & Michal Simon, 1973)

- Pyridine, pyrimidine, quinoline, isoquinoline              
(Charnley et al. 2005, Kuan et al. 2006)

- Benzonitrile! 

(Mcguire et al. 2019)

Still a challenge:

- Low abundances
- Photodissociation

Fig.: The half-lives of the three N-heterocycles plotted 
against the number of nitrogen atoms in the ring.
 (Z. Peeters et al. 2005).



Series of 9 papers!!

GOTHAM
Green Bank Telescope 
Observations of TMC-1: 
Hunting Aromatic Molecules

http://astrobiology.com/2021/03/gee
n-bank-discovers-man-complex-mol
ecules-never-before-seen-in-space.
html

http://astrobiology.com/2021/03/geen-bank-discovers-man-complex-molecules-never-before-seen-in-space.html
http://astrobiology.com/2021/03/geen-bank-discovers-man-complex-molecules-never-before-seen-in-space.html
http://astrobiology.com/2021/03/geen-bank-discovers-man-complex-molecules-never-before-seen-in-space.html
http://astrobiology.com/2021/03/geen-bank-discovers-man-complex-molecules-never-before-seen-in-space.html


- very early evolutionary phase 

(precollapse)

- source of unsaturated 

carbon-chain molecules

- evidence of five-membered and 

bicyclic CN-functionalized rings

→ unexplored area of organic 
chemistry in space

TMC - 1



Search for N-heterocycles precursors

- HNCO, HC3N, C3H and HC3NH⁺ (Majumdar et al. 2015)

- Formamide

- Vinyl cyanide (C2H3CN)    (Parker & Kaiser, 2017)



Products of high-energy proton irradiation of formamide in the presence of meteorites. Nucleobases, 
nucleobase analogs, and intermediates of the condensation (Saladino et al; 2015).

Formamide



- Contains four of the biogenic elements 
(CHONPS)

- Can form molecules with peptide bonds in 
solid state

- amino acids
- proteins

    (Fedoseev et al. 2015)

HNCO as a prebiotic molecule
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- Gas phase reactions do not reproduce the 

observations

- GRAIN REACTIONS

Interstellar ice analogues processed by 

proton or UV radiation

 (Fedoseev et al. 2015)

        

Formation of HNCO



HNCO and NH2CHO
- [HNCO]/[NH2CHO] ~ 3.0

   (e.g. Mendoza et al. 2014)

- They may share a common solid 

state formation scheme

(Haupa et al. 2019)



Comets, asteroids and 
meteorites

67P/Churyumov-Gerasimenko

- Rosetta/Philae mission

- glycine



Meteorite Murchison
Rich in organic molecules



Astrobiology Web - 18/11/2019



PAHs (Polycyclic aromatic hydrocarbons)

- 15% of the carbon in the interstellar medium (ISM) (Joblin et al. 1992)

- Dominant organic material    (Ehrenfreund et al. 2006)

- 50% of the mid-IR luminosity  (Li et al. 2004)

- Prebiotic role (PAH World) (Ehrenfreund et al. 2006)

Naphthalene C10H8



Different kinds of PAH structures (Andrews et al., 2015)

Structures of PAHs



Proposed evolution 
of PAHs and 
carbonaceous 
molecules 
(Andrews et al., 
2015)



Shannon & Boersma 
2019



Molecular clouds - Star nurseries



Horsehead Nebula

(Öberg & Bergin 2020, and references therein)



Aromatic molecules 
in the MIR
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Fig.: Overview of possible variations in the profile of the 
PAH bands 6.2, 7.7 and 8.6 μm, divided into three classes  - 
A, B and C (Peeters et al., 2002; van Diedenhoven et al., 2004).

- PAH profile variations - 
Peeters’ classes
(Peeters et al. 2002, 2005)

- F7.6/F7.8 > 1 → class A

- *Class A 6.2 μm →  PANHs
(Hudgins et al. 2005)

- Another reservoir of N
(e.g. Canelo 2016)

6.2, 7.7 and 8.6 μm PAH bands



36



Star formation rate

Milky Way → ~ 3 M⊙/year

Starburst → > 100 M⊙/year

High luminosity in IR

Strong PAH emission

37
Fig.: Starburst galaxy of NGC 3256.

Starburst galaxies
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126 selected sources

Spitzer/IRS ATLAS project 
(Hernán-Caballero & 
Hatziminaoglou, 2011)

Different types

- Starburst
- ULIRG
- Seyfert
- LINER
- ...

Fig.: Histogram of the redshifts of the 126 selected galaxies 
(Canelo et al. subm).

Starburst-dominated galaxies
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continuum 
subtraction

(Canelo et al. subm)

Local spline
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- Python based script → 
tool curve_fit

- Gaussian profiles:

- 6.2 μm
- 7.6 and 7.8 μm

                *fixed FWHM

- 8.6 μm 

independent 
fitting

Tab.: Intervals for each Peeters’ classes (Peeters et al. 
2002).

Data Analysis - 6 - 9 μm PAH bands
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- Red tail → asymmetric profile (e.g. 
Tielens et al. 2008)

Fig.: Profiles of  6.2μm band for two sources (Canelo 
et al. 2018).

6.2 μm PAH band 
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- Or another feature? Fig.: Profiles of  the 6.2μm band for two sources 
using two Gaussians (Canelo et al. 2018).

6.2 μm PAH band 
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6.2 μm PAH band 
- 6.3 μm → aliphatic features     (Pino 

et al. 2008)

- PAH cations                      (Hudgins 
et al. 2005)

- 6.4 μm → C⁺60      

(Berné, Montillaud & Joblin 2015)

- Perylene-like structures

 (Candian, Sarre & Tielens 2014)
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- Fainter PAH features at 7.4 and 8.33 μm (e.g. Smith et al. 2007)

7.7 and 8.6 μm PAH band (Canelo et al. subm.)
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6.2 μm → “A” – 68%

● PANHS

(Canelo et al. 2018, subm.)Fig.: Histogram of the classes’ distribution (Canelo et al. 
subm.).

Tab.: Classes’ distribution (Canelo et al. submitted).

Distribution of the classes - 6.2, 7.7 e 8.6 μm



46

- more class B sources in 
higher redshifts

- possible  PAH evolutionary 
timescale

(e.g.   aromatic  evolution  in  stellar 
lifecycle, Shannon & Boersma, 2019)

Fig.: Distribution of the PAH bands into 
Peeters’ classes  according to the 
galaxies redshift (Canelo et al. subm.).



The hot molecular core 
G331.512-0.103
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- ~7.5 kpc
- outflow with 55 M☉ 
- n(H2) ≈ 10⁷ cm⁻³
- v

lsr
 ~ -90 km/s

- Shell-like structure
- CH3CN → Tkin ~ 141 K
- HC3N → Tkin ~ 90 K
- CH3OH → Tkin ~ 74 K

(Mendoza et al. 2018,  Duronea et al. 2019, 
Hervías-Caimapo et al. 2019)

Hot molecular core (G331)
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- CLASS/GILDAS software*

- Line identification 
- Ta < 1 K

- Databases: CDMS, JPL, 
Splatalogue and NIST

Fig.: Observed spectral bands of G331 with 
a frequency of 347.8 to 351.8 GHz.

*https://www.iram.fr/IRAMFR/GILDAS/

Data Analysis
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- Several possible COMs: 
CH3OCH3, CH3OCHO, 
C2H5CN and C3H7CN

- HNCO

- formamide may have not 
been detected

Preliminar line identification
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Fig.: HNCO emission lines 
(K=0) with a resolution of 1 
km/s (Canelo et al. 2021).

- CH3OH (OMC-1, 
Loren & Mundy 1984)

- *SO2, OC(CN)2, 
HCCCH2NH2,

or H2CNCH2CN 

HNCO K=0



(Goldsmith & Langer 1999)

Texc = 59.4 ± 2.3 K

N = 3.1 ± 0.4 x 10¹⁵ cm⁻²

*Opacity correction

Texc = 58.8 ± 2.7 K

N = 3.7 ± 0.5 x 10¹⁵ cm⁻²

- T ~ 60 K → HNCO in external 
regions of G331
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Fig.: Rotational diagram of HNCO to a source size of 5 
arcsec (Canelo et al. 2021).

Rotational diagram
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Fig.: Best-fit time evolution of the HNCO 
abundances simulated with NAUTILUS (Canelo et 
al. 2021).

- T = 60 K reproduces the 
observed abundances

- Chemical age ~105 yr

- Dynamical age ~ 10³ yr

(Merello et al. 2013)

❖ 0D- simulations
❖ formation reactions

(NH + CO →  HNCO)

NAUTILUS chemical simulation



Final remarks



Final remarks
- Chemical probes are essential to understand the formation of the first stars in 

the early universe, the origin of today's stars and planets, and the emergence of 
life on Earth and elsewhere.

- A multi-field approach is important to better understand the chemical 
complexity in the Universe

- PANHs could dominate the 6.2μm band emission
- Possible PAH evolution in galaxies along to redshifts

- G331 presents a high chemical complexity
- 42 lines of HNCO were detected in G331 with T ~ 60K



Thank you!
camcanelo@gmail.com


