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M. Persson
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Molecules in Space

More than 300 molecules detected in
space in the gas phase

McGuire, ApJS (2021)

(The CDMS Catalog)
https://cdms.astro.uni-koeln.de/classic/molecules 



Star- and Planet Formation

Credit: Ruud Visser
Tychoniec et al. (2021)



Star formation and origin of a Solar-like System 

R. Visser, PhD Thesis (2009)



Interstellar ice chemistry
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Interstellar ice chemistry

Carbonaceous/Silicate Grains

T = 10-20 K
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< 1 μm
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Arumainayagam et al., Chem. Soc. Rev. (2019)

Ice Grain Chemistry



Standard Picture

Herbst & van Dischoeck, ARAA (2009)

Boogert, Gerakines and Whittet, ARAA (2015)

Credit R. Garrod

Garrod and Herbst, A&A (2006)

Garrod, Widicus Weaver and Herbst, ApJ (2008)

Complex Organic Molecules in 

“Hot Cores/Corinos”

Rosetta Mission

Comet 67P/CG



Challenges in Astrochemistry

Can COMs form in ices?

Can COMs be detected in ices?

What is the physicochemical evolution 
of COMs in the ISM?

Credit: Chris R. Arumainayagam



COMs in Hot Cores

El-Abd et al., ApJ (2019)



COMs in Prestellar Cores

Credit: FORS Team, ESO

Bacmann et al., A&A (2012)

(L1689B)

http://www.eso.org/sci/facilities/paranal/instruments/fors.html
http://www.eso.org/


Infrared Space Observatory & 

Spitzer Ice Legacy

Öberg et al., ApJ (2011)

SST

ISO



Observations vs Laboratory

Boogert, Gerakines and Whittet, ARAA (2015)

Terwisscha van Scheltinga et al., A&A (2018)



First Ice Data from JWST

Extracted MIRI MRS spectrum of the IRAS 1539-3359 point source.

Yang et al. ApJL (2023)



Early Release Science program on JWST

McClure et al. (2023)

Dense core

Young protostar

Background stars

(map diffuse cloud)

Chamaeleon I, 160 pc: BG stars Persi et al (2001), K. Luhman, priv. comm.

IceAge Early Release Science program

Disk
Protostar

CH3OH

CH3OH

COMs

NIRSpec FS

NIRSpec IFU

CH3OH

MIRI LRS

MIRI MRS

• Map ices to AV ~100 in cloud: first complex organic ices

• Spatially trace ice chemical evolution from clouds to disks.

• First ice inventory in disks, where comets form.

• Search for snowlines in disks.



McClure et al. (2023)

IceAge - Dense Cores



IceAge - Dense Cores

McClure et al. Nat. Astron. (2023)

ERS: PI McClure, co-PI Boogert, co-PI Linnartz,

co-I Ioppolo + 46 co-Is

Cycle 1: PI McClure, co-I Ioppolo + 25 co-Is

400 hours of observational time in first 

year to study cosmic ices



IceAge - Dense Cores

McClure et al. (2023)



IceAge - Disk

McClure et al. (2023) Sturm et al. (2023)



Jwst Observations of  Young 

protoStars (JOYS)

McClure et al. (2023) Rocha et al. (2024)



Jwst Observations of  Young 

protoStars (JOYS)

McClure et al. (2023)

Ethanol Acetaldehyde Methyl Formate

Rocha et al. (2024)



Challenges in Astrochemistry

COMs form in ices

COMs are detected in ices

What is the physicochemical evolution 
of COMs in the ISM?

Credit: Chris R. Arumainayagam



Credit: Ko-Ju Chuang
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Molecules form via Dark Chemistry

Öberg, Chem. Rev. (2016)



Molecules form via Dark Chemistry

Öberg, Chem. Rev. (2016)

Ioppolo et al., ApJ (2008)

Fuchs et al., A&A (2009)

Ioppolo et al., MNRAS (2011a)

Ioppolo et al., MNRAS (2011b)

Fedoseev et al., MNRAS (2015)

Qasim et al., Nature Astron. (2020)

Linnartz, Ioppolo & Fedoseev, IRPC (2015) Charnley et al.,A&A (2001)



Water forms via Dark Chemistry

Tielens & Hagen, A&A (1982)

van de Hulst, RAOU (1946)



Water forms via Dark Chemistry



Water forms via Dark Chemistry

O2 + H

O3 + H Mokrane et al. 2009; Romanzin et al. 2011

O + H Dulieu et al. 2010; Jing et al. 2011

Miyauchi et al. 2008; Ioppolo et al. 2008, 2010;

Matar et al. 2008; Oba et al. 2009, 2012, 2014;

Cuppen et al. 2010; Chaabouni et al. 2012; 

Lamberts et al. 2013, 2014a; 2014b; 2015; 2016



MeOH forms via Dark Chemistry

Fuchs et al., A&A (2009)

Watanabe et al., ApJ (2004)

Hidaka et al., ApJ (2004)

Hiraoka et al., ApJ (2002)

HCO

H2CO

H

H

2H

CO

CH3OH



COMs form via Dark Chemistry

Fedoseev et al., MNRAS (2015)

Chuang et al., MNRAS (2016)

Chuang et al., MNRAS (2017)

Fedoseev et al., ApJ (2017)

Fedoseev et al., MNRAS (2015)



COMs form via Dark Chemistry

10 K

Fedoseev et al., MNRAS (2015) Qasim et al., A&A (2019)

Chuang et al., MNRAS (2016) Chuang et al., A&A (2020)

Chuang et al., MNRAS (2017) Qasim et al., Nat. Astron. (2020)

Fedoseev et al., ApJ (2017) Ioppolo et al., Nat. Astron. (2021)

A non-diffusive reaction mechanism at 10 K



COMs form via Dark Chemistry

Jin and Garrod, ApJS (2020)
Garrod et al., ApJS (2021)

Credit R. Garrod

First models of hot cores to use a
diffusive + non-diffusive treatment.

COM production shifted to much
earlier times / lower temperatures.

A non-diffusive reaction mechanism at 10 K



Sugars form via Dark Chemistry

Fedoseev et al., ApJ (2017)

Simons et al., A&A (2020)

He et al., A&A (2021)



Glycine forms via Dark Chemistry

Qasim et al., Nature Astron. (2020) Ioppolo et al., MNRAS (2011a)

Fedoseev et al., MNRAS (2015) Ioppolo et al., MNRAS (2011b)

Fuchs et al., A&A (2009) Ioppolo et al., ApJ (2008)



Glycine forms via Dark Chemistry

Credit: M. Persson

Bernstein et al., Nature 416, 401 (2002)

UV photolysis of interstellar ice 

analogues

H2O:CH3OH:NH3:HCN = 20:2:1:1

Ioppolo et al., Nature Astron. (2021)



Glycine forms via Dark Chemistry

METHYLAMINE

GLYCINE

Altwegg et al., Sci. Adv. (2016)



Amino acids formation via Dark Chemistry

Oba et al., CPL (2015) showed

H-abstraction on R-group

Formation of proteinogenic α-amino acids?

α-glycine

α-alanine

α-serine

….

….

?

?



Investigation of peptide bond formation

1) Hydrogenation/Deuteration of Gly on cold grain analogs

Deuterium exchange observed

Formation of larger species

2) 1 keV e- irradiation of Gly

3) 20 keV H+ irradiation of Gly

4) 1 MeV H+ irradiation of Gly

Peptide-like bonds

InterCat: Shedding Light on the Formation of the 

Building Blocks of Life in Space

ASTRID2 - UV ATOMKI - ICA ATOMKI - AQUILA

3-Aminoaspartic 

Acid

Alfred Hopkinson



Astrochemistry at Large-Scale Facilities

LISA
ICE 

CHAMBER
ICA AQUILASTARDUST MACHINE



ATOMKI

ICA
P < 1x10-9 mbar

Tsurf = 20 - 300 K

Eions = 200 keV – 4 MeV H+

H+, He+, He++, C+, C++, O+, O++, S+, S++

Current = nA - µA

• 2 keV electron gun

• Effusive Cell

AQUILA
P < 1x10-9 mbar

Tsurf = 20 - 300 K

Eions = 100s eV – 10s keV

Solar Wind: H, He, C, O, Si, Fe, Ni ions

High charge state of ions

Positive/negative ions or molecular ions

CRs and electron irradiation of ice material relevant to ISM & Solar System

ECR Ion Source (ECRIS) 

Laboratory



Detection of MF Isomers in space

MF

GA

AA

El-Abd et al., ApJ (2019)



Formation of MF Isomers in space

Simons et al., A&A (2020)

He et al., A&A (2022)

AA ->



Formation of MF Isomers in space

Chuang et al., MNRAS (2017)



Formation of MF Isomers in space
Ices + 0.2 & 1 MeV H+ / 1 keV e-

Traspas Muina et al., in prep.



Formation of MF Isomers in space
MeOH-rich + 1 keV e-

Traspas Muina et al., in prep.
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CO:CH3OH = 2:1 + 1 keV e- @ 20 K
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Formation of MF Isomers in space
H2CO-rich + 1 keV e-

Traspas Muina et al., in prep.
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Formation of MF Isomers in space
H2CO-rich + 1 keV e-

Traspas Muina et al., in prep.
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Formation of MF Isomers in space
CH4:HCOOH + 1 keV e-

Traspas Muina et al., in prep.
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Observed MF-AA and MF-GA correlations probably 

due to warm surface and gas phase chemistry

Balucani et al. (2015);  Ascenzi et al. (2019);  Garrod et al. (2022)



ASTRID2



Ice Chamber (IC)

P < 1x10-9 mbar

Tsurf = 10 - 300 K

Flux (1 keV) = 2x1013 e-/cm2 s

VUV and UV-vis spectroscopy of ices and electron irradiation 



VUV vs IR Spectroscopy

Ioppolo et al., A&A (2020)

O3

FTIR

1 keV Electron 

Bombardment of 

O2 iceVUV

O3



VUV ice Database

A comprehensive large VUV/UV-vis ice database to

- Identify simple & complex molecules (e.g., prebiotic species) in the Solar
System.

- Aid the study of UV photoprocesses.

LASP INAF-Catania



VUV ice Database

Traspas Muiña et al., in prep.
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Ices in the Solar System

Ioppolo et al., A&A (2020)

JUICE (JUpiter ICy moons Explorer)
Exploring the emergence of habitable worlds around gas giants

Credit: ESA



Formation of MF Isomers in space
MeOH-rich + 1 keV e-

Traspas Muina et al., in prep.



Formation of MF Isomers in space
H2CO-rich + 1 keV e-

Traspas Muina et al., in prep.



Formation of MF Isomers in space
CH4:HCOOH + 1 keV e-

Traspas Muina et al., in prep.



HFML-FELIX

FELIX
HFML

Radboud University

Nijmegen, The Netherlands



Lab Ice Surface Astrophysics (LISA)

End Station at FEL-1 & FEL-2 (2.7 – 150 µm):

UHV Chamber (P = 1x10-10 mbar T = 8 - 450 K)

Analytical Tools (FTIR & QMS) 

Sample Manipulation (Rotation + XYZ)

Source (5 keV electron gun)



Lab Ice Surface Astrophysics (LISA)

LISA is open to internal and external users:

Simulating:   IR radiation, exothermic surface reactions, 

CRs heating, ice grain collisions, and shocks

Selective IR-induced Phase Changes in Ices (India)

Selective IR-induced Diffusion of Molecules (UK)

Desorption Induced upon Vibrational Excitation (NL)

Selective IR-induced Chemistry in PAHs (DK)

Selective IRFEL-induced Changes in Ices



Desorption Mechanisms
IR Photodesorption

Santos et al. (2023)



Desorption Mechanisms
IR Photodesorption

Santos et al. (2023)



Conclusions

Credit: Andras Gaspar

New systematic and consistent set of lab data are

needed!

Complementary VUV/IR/THz techniques at large

scale facilities can help understand the evolution of

ices in space.

External users and new ideas are welcome!

JWST is revolutionizing our understanding of star formation in the ISM



Acknowledgements

Dian SchrauwenDr Duncan Mifsud

Dr Jin Zhang Alejandra Traspas-Muiña


