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Interstellar ice chemistry
Carbonaceous/Silicate Grains
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Interstellar ice chemistry
Carbonaceous/Silicate Grains
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Ice Grain Chemistry
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Can COMs form in ices?

%R

Can COMs be detected in ices?

What is the physicochemical evolution
of COMs in the ISM?
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Challenges in Astrochemistry
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Prestellar Cores

10,000 AU
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Observations vs Laboratory
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® Map ices to Av ~100 in cloud: first complex organic ices Protostar

* Spatially trace ice chemical evolution from clouds to disks.
* Firstice inventory in disks, where comets form.
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year to study cosmic ices
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year to study cosmic ices
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COMs form in ices

@ COMs are detected in ices

O-L What is the physicochemical evolution
of COMs in the ISM?
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Bottom-up route Top-down route
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Molecules form via Dark Chemistry
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Oberg, Chem. Rev. (2016)
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_ loppolo et al., MNRAS (2011b)
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Fedoseev et al., MNRAS (2015)

Qasim et al., Nature Astron. (2020)
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= MeOH forms via Dark Chemistry
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= 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)
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A non-diffusive reaction mechanism at 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) loppolo et al., Nat. Astron. (2021)
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COMs form via Dark Chemistry

A non-diffusive reaction mechanism at 10 K

+ Diffusive: CH; + HCO —» CH;CHO

(very slow at low temps)

* Non-diffusive (3-body reaction, 3B):
H+ CO — HCO
CH; + HCO —» CH,CHO

[initiating reaction]
[follow-on reaction]

= only H needs to move!

» Non-diffusive (photodissociation-induced, PDI):

[initiating process] HZCO + hv — HCO (+H)
CH, + HCO — CH,CHO

[follow-on reaction]

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

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

COM production shifted to much
earlier times / lower temperatures.
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Glycine forms via Dark Chemistry
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R InterCat: Shedding Light on the Formation of the
[ Building Blocks of Life in Space

Investigation of peptide bond formation 3-Aminoaspartic

Acid

1) Hydrogenation/Deuteration of Gly on cold grain analogs
Deuterium exchange observed
Formation of larger species
2) 1keV e irradiation of Gly H R T
3) 20 keV H* irradiation of Gly Asn-Cac Mg
Lol 4) 1 MeV H* irradiation of Gly H O R H
Alfred Hopkinson Peptide-like bonds
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CRs and electron irradiation of ice material relevant to ISM & Solar System

ICA
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® Effusive Cell

AQUILA

P < 1x10° mbar

Teurs = 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
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El-Abd et al., ApJ (2019)



Formation of MF Isomers in space
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Formation of M

F Isomers in space
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Observation (literature)
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No. Experiments T;;lmlﬂe Ratio Fluxco+cuzom Fluxy Fluxyy Time
(K) (CO:CH30H) (cm_zs_ ') (em~2s™ b (cm_zs_ ]) (s)
1 CO+ CH30H +H 14 4:1 1.2E13 6.0E12 - 3600
2 CO + CH3OH + hv 14 4:1 1.2E13 - 4.0E12 3600
3 CO + CH;0H + H + hv 14 4:1 1.2E13 6.0E12 4.0E12 3600
No. Control experiments Tsample Ratio Fluxco+cHzom Fluxy Fluxyy Time
(K) (CO:CH3;0H) (cm~%s~h) (em~2s™ 1) (em~2s 1) (s)
1.1 CO + CH3;0H + H» 14 4:1 1.2E13 - - 3600
1.2 CO+ CH30H +H 14 4:1 2.0E12 1.0E12 - 21600
1.3 CO + CH30OH +H 14 4:1 2.0E12 6.0E12 - 21600
3.1 CO + CH30H + H» 14 4:1 1.2E13 - - 3600
32 CO + CH30H + H»>(100%) + hv 14 4:1 1.2E13 - 4.0E12 3600
3.3 CO + CH3;0H + H»(70%) + hv 14 4:1 1.2E13 - 4.0E12 3600
4.1 CO + CH3OH + Ar(100%) + hv 14 4:1 1.2E13 - 4.0E12 3600
4.2 CO + CH3OH + Ar(70%) + hv 14 4:1 1.2E13 - 4.0E12 3600
4.3 CO + CH30H + Ar(30%) + hv 14 4:1 1.2E13 - 4.0E12 3600

Chuang et al., MNRAS (2017)
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MF formation after + 1 keV e @ 20 K

MeOH-rich + | keV e-
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H,CO-rich + | keV e
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Formation of MF Isomers in space

GA formation after 1 keV e @ 20 K
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Formation of MF Isomers in space
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MF formation after 1 keV e @ 20 K

GA formation after 1 keV e @ 20 K
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VUV and UV-vis spectroscopy of ices and electron irradiation
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Center for Interstellar Catalysis

Rotary manipulator
Temperature controller % '4/ which allows 360°

rotation of substrate
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VYUY 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. A

04 —

03 —

dP(A)/dA (nm™1)

.01

LASP INAF-Catania
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Formation of MF Isomers in space
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LISA Is open to internal and external users:

Selective IRFEL-induced Changes in Ices

Simulating: IR radiation, exothermic surface reactions,
CRs heating, ice grain collisions, and shocks

Selective IR-induced Phase Changes in Ices

Selective IR-induced Diffusion of Molecules

Desorption Induced upon Vibrational Excitation

Selective IR-induced Chemistry in PAHs

(India)
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N IR Photodesorption
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Fig. 4. The radiation field inside a giant molecular cloud, located
at Do=5kpc and with a visual extinction to its center of
Ay, =200mag. ISRF refers to the radiation field at far distances
from the cloud, 4, =0 is the radiation field at the surface of the
cloud, 4,=3, 5, 10 etc. is the radiation field inside the cloud at
distances A, =3, 5, 10 etc. mag from the surface of the cloud

IR Photodesorption

Desorption Mechanisms

& HFML =

Science in High Magnetic Fields

Table 2. Comparison of the estimated fluxes, desorption rates, and desorption efficiencies of CH;OH and CO species induced by IR and

UV photons.

Interstellar flux Rate Estimated efficiency
(photonscm™2s~!)  (molecules photon™)  (moleculescm=2s7!)
co IR >3 x 10° @ <(1.1 £0.3) x 1073 ~3.3 % 10!
uv ~1 x 10*® ~(0.14-8.9) x 1072@ ~(1.4-89) x 10!
IR >4 x 103@ <3+ 1)x 10780 ~1.2% 10
CH:OH ~1 x 104® ~1x1075@ ~1.0 x 107!

References. “Mathis et al. (1983). ®Cecchi-Pestellini & Aiello (1992). ©'This work. @Oberg et al. (2007); Muifioz Caro et al. (2010); Fayolle
et al. (2011); Chen et al. (2014); Paardekooper et al. (2016). ®Bertin et al. (2016); Cruz-Diaz et al. (2016).

Santos et al. (2023)



Conclusions

JWST is revolutionizing our understanding of star formation in the ISM

New systematic and consistent set of lab data are
needed! The Evolution of Infrared Space Telescopes

Complementary VUV/IR/THz techniques at large
scale facilities can help understand the evolution of

ices in space. ’ »

‘ v i T 7.
. r

& " ‘.‘-ﬁ-

. g g

WISE W2 4.6 pm Spitzer/IRAC 8.6 ym JWST/MIRI 7.7 pm

.
External users and new ideas are welcome! .
-

Credit: Andras Gaspar
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