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Interstellar and Circumstellar Molecules
2-atom 3-atom 4-atom 5-atom 6-atom 7-atom 8-atom 9-atom 10-atom

H2 ArH+ H3+ SiCN CH3 CNCN CH4 CH3OH CH3NH2 HCOOCH3 (CH3)2O (CH3)2CO

CO CO+ CH2 SiNC NH3 CH2NH CH3SH CH3CCH CH3C3N C2H5OH CH3C5N

CS NS+ NH2 c-SiC2 H3O+ H2CCC C2H4 CH3CHO HC6H C2H5CN CH3CH2CHO

CN NS H2O SiCSi H2CO c-C3H2 CH3CN c-CH2OCH2 C7H CH3C4H (CH2OH)2

C2 O2 H2S AlOH H2CS CH2CN CH3NC CH2CHCN HOCH2CHO C8H CH3OCH2OH

CH N2(?) CCH AlNC c-C3H NH2CN HC2CHO HC5N CH3COOH HC7N CH3CHCH2O

CH+ HCl+ HCN NaCl l-C3H CH2CO NH2CHO C6H H2CCCHCN CH3CONH2 11-atom

HF AlO HNC FeCN C2H2 HCOOH HC3NH+ CH2CHOH H2C6 CH3CHCH2 HC9N

CF+ AlF HCO KCN HCNH+ C4H H2CCCC C6H- CH2CHCHO C8H- CH3C6H

SiO HS HCO+ CCN H2CN HC3N C5H CH3NCO NH2CH2CN C2H5SH CH25OCHO

SiS NaCl HOC+ CCP HCCN HCCNC HC4H HC5O CH3CHNH HC7O CH3COOCH3

SiC FeO(?) N2H+ HCP HNCO HNCCC HC4N CH3SiH3 CH3NHCHO(?) 12-atom

SiN SiH(?) HNO HS2 HOCN H2COH+ c-C3H2O C6H6

NH NO+(?) HCS+ HCS HCNO C4H- CH2CNH C3H7CN

NO C3 HSC HNCS SiH4 C5N- C2H5OCH3

SO C2O HSCN C5 C5N > 12-atom

SO+ C2S C3N SiC4 C5S C60

CP SO2 C3O CNCHO SiH3CN C70

PO N2O C3S CH3O C60+

PN CO2 C3N- NH3D+ c-C6H5CN

HCl H2O+ HCO2+ NCCNH+

KCl H2Cl+ PH3 H2NCO+(?)

AlCl OCS c-SiC3 CH3Cl

OH MgNC HOOH

OH+ MgCN l-C3H+

SH+ NaCN HCCO

CN- HO2 HMgNC

204 molecules 



Complex Organic Molecules
2-atom 3-atom 4-atom 5-atom 6-atom 7-atom 8-atom 9-atom 10-atom

CH3OH CH3NH2 HCOOCH3 (CH3)2O (CH3)2CO

CH3SH C2H5OH

CH3CHO C2H5CN CH3CH2CHO

CH3CN c-CH2OCH2 (CH2OH)2

CH3NC CH2CHCN HOCH2CHO CH3OCH2OH

HC2CHO CH3COOH CH3CHCH2O

NH2CHO CH3CONH2 11-atom

CH2CHOH CH3CHCH2

CH2CHCHO

CH3NCO NH2CH2CN C2H5SH CH25OCHO

CH3CHNH CH3COOCH3

CH3SiH3 CH3NHCHO(?) 12-atom

c-C3H2O C6H6

CH2CNH C3H7CN

C2H5OCH3

> 12-atom

SiH3CN

40 molecules



W3 – JCMT
334-365 GHz
14 species plus 24 
isotopomers
Helmich & van 
Dishoeck 1997

G34.3+0.15 – JCMT 330-360 GHz
338 lines, inc. 70 U-lines
35 species plus 19 isotopomers
Macdonald et al. 1996

Rotational diagram analysis – Rotational temperatures, column densities

Radiative transfer calculations – densities, temperature, abundance

CLOUD STRUCTURES 



Sgr B2 Line Surveys

1986 – Bell Labs – Cummins et al – 100GHz, 450 lines, 39 species

1989, 1991 – NRAO – Turner – 100 Ghz, 700 lines, 36 species

1991 – CSO – Sutton et al – Sgr B2(M) – 330-355 GHz, 128 lines, 22 species

1998 – SEST – Numellin et al – N, M, NW – 218-264 GHz,  1730, 660, 110 lines

2013 – IRAM – Belloche et al – N, M – 80-116 GHz, 3700, 950 lines, including 

many COMs: amino acetonitrile NH2CH2COOH, n-propyl cyanide, C3H7CN, 

ethyl formate C2H5OCHO,  

56, 46 species detected

30, 50% of all lies are U-lines



Sgr B2 Line Surveys

2014 – ALMA – Belloche et al – iso-propyl cyanide

Identify new molecules by fitting LTE calculated 
spectra of  ALL identified molecules



COMs in Hot Molecular Cores

PdBI Maps: Methyl formate (blue), glycolaldehyde (white), CH3CN 
(colours) Calcutt et al. 2014 MNRAS, 443, 3157



Complex Chemistry – Hot IS Clouds

ALMA detection of methoxymethanol, CH3OCH2OH, in NGC 6334I MM1, Trot = 200K 
Formation: CH3O + CH2OH on ice
McGuire et al  ApJL, 851, L46 (2017)

ALMA: COMs in the LMC
CH3OH, CH3OCHO, CH3OCH3

Trot = 130K
Sewilo et al ApJ, 853, L19 
(2018)



IRAS16293-2422

Solar mass protostars
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NASA/WISE

Rich source of organic and deuterated molecules
(van Dishoeck+ 1995, Cazaux+2003)



60 AU

IRAS 16293-2422
ALMA: 0.4-3 mm

Protostellar Interferometric Line Survey (PILS)

Source B
Face-on disk

Source A
Inclined disk

Pineda et al. 2012
Oya et al. 2016

329-363 GHz
0.5 acsec res
Sensitivity 100x

Jørgensen et al. 2016



Glycolaldehyde discovery
(Jørgensen+ 2012)

PILS survey: Full spectral survey of IRAS 16293–2422 

10,000 lines - i.e., a
pproximately 1 per 3 km/s

Jørgensen et al. 2016, 2018



PILS – Deuterated COMs
6-atom 7-atom 8-atom 9-atom
CH2DOH CH3CDO CH2DOCHO CH2DOCH3
CH3OD CH3OCDO CH2DCH2CN ?

CHD2OH CH2OHCDO CH3CHDCN ?
CD3OH CHDOHCHO CH2DCH2OH
CH2DCN CH2ODCHO CH3CHDOH
NHDCHO
NH2CDO

Recent detection of doubly-
deuterated methyl formate
CHD2OCHO

HDO/H2O < 0.1%



D/H ~ 1% D/H ~ 2% D/H ~ 5%
12C:13C ~ ISM 12C:13C ~ 0.5 × ISM

Isocyanic acid, 
formamide

Formaldehyde, 
methanol, ethanol

Glycolaldehyde, 
methyl formate

Very high deuteration: groups of COMs?

Jørgensen et al. 2018



COMs – Unexpected Consequences

300,000 pints of beer a day for every person on Earth for next Billion years



The Sun, March 18 1995



Le Figaro, May 1995



Open Questions
• Physics of PPDs and Hot Cores/Corinos

• Results sensitive to physical model assumed

Grain size distribution, porosity

Gas and grain temperatures

• Accurate reaction rate coefficients 

Routes to COM formation in gas-phase (hot and cold)

• Accurate surface parameters (binding energies, diffusion energies, activation barriers, ice 
composition and morphology)

• Accurate description of surface (and bulk?) chemistry

H atom addition/abstraction

How complex is this chemistry? 

Deterministic vs. stochastic

Thermal and non-thermal desorption mechanisms

• Conversion of laboratory rates to interstellar rates

• ALMA is a wonderful tool to probe PPDs, Hot Cores/Corinos but large COMs will be difficult to 
detect in PPDs


