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Ice Grain Chemistry
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Formation Routes of Water lce
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Interstellar Water lce

T=10-20K
n> 102 cm3

L <tm




Interstellar Water lce
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Interstellar Water lce
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Interstellar Water lce
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Experimental Techniques
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Experimental Techniques
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Experimental Procedure

Pre-deposition Experiments
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Surface Hydrogenation of O,

Pre-deposition Experiments

loppolo et al., RFAL (2011)
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Experimental Procedure

Co-deposition Experiments
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Surface Hydrogenation of O,

Co-deposition Experiments

Co-deposition:
O, + Hice

Temperature:
T=20K

H-atom flux:
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Hydrogenation of O Atoms

Transition from Diffuse to Dense Clouds (A, ~ 1-5)
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Hydrogenation of O,

Dense Molecular Clouds (A, > 5)

Detected in 2011 and 2012
Bergman, Parise et al.

Miyauchi et al., CPL (2008)
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o-m-m  Hydrogenation of O,

& Dense Molecular Clouds (A, > 5)
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Miyauchi et al. 2008; loppolo 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




Surface Hydrogenation

Pre-deposition Experiments

Deposition:
30 ML of COice

Temperature:
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H-atom flux:
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Surface Hydrogenation of CO
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Formation of CO, in Space
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Formation
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Simple Molecules form via Dark Chemistry

Dark Chemistry = Atom/Radical-Addition Surface Chemistry
= No photons involved in chemistry, no light!
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Can COMs form via Dark Chemistry?

Charmnley etal. A&A (2001)
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Surface Hydrogenation of CO

Co-deposition Experiments (CO+H)

Fedoseev et al., MNRAS (2015)
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COMs formed via Dark Chemistry 2

CH;0H

Watanabe et al., ApJ (2004)
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COMs formed via Dark Chemistry

Fedoseev et al., MNRAS (2015)
Chuang et al., MNRAS (2016)

Chuang et al., MNRAS (2017)

Fedoseev et al., ApJ (2017)
Qasim et al., A&A (2019)
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COMs formed via Dark Chemistry

Simons et al., (2020)
He et al., (2021)
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COMs formed via Dark Chemistry

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)




COMs formed via Dark Chemistry

A non-diffusive reaction mechanism at 10 K

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

First models of hot cores to use

« Diffusive:  CH, + HCO —» CH,CHO Qﬂf &*@i :h
{very siow at iow lemps)
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«  Non-diffusive {3-body reaction, 3B):
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e . ’ , COM production shifted to

(follow-on reaction]  CHy + HCO — CH,CHO much earlier times / lower
= only H needs to move! temperatures.

. e e i
+  Non-diffusive (photodissociation-induced, PDI}: L

[initiating process]  H.CO + hv - HCO (+H) -
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Credit R. Garrod



Sugars form via Dark Chemistry
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Can Glycine form in a water-rich ice?

NH,CH,COOH
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Qasim et al., Nat. Astron. (2020) loppolo et al., MNRAS (2011a)
Fedoseev et al., MNRAS (2015) loppolo et al., MNRAS (2011b)

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



N

Ty

e N\ —"

Surface Glycine Formation

Testing the reaction channel (loppolo et al., Nat. Astron. 2020)
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Surface Glycine Formation
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Beyond Experimental Limits: Model |

Microscopic kinetic Monte Carlo model (see Cuppen & Herbst, 2007)

2 x 10"
2 x 10"
2 x 10"
0+H — HCO 2x 1073

H+H— CH, 2 x 101"

+H— CH, 2 x 101"
H, +H — CH, 2 x 101"
H, + OH — CH, + H,0 5 x 102
NH, + CH, — NH,CH, 2x 10"

; 2 x 101"
NCH, + H — NH,CH, 2x10"

Ol O] ©
- +
x
(@]
x

ol ©

=
=5
+
o
==
=

NH,CH, + H — NCH, + H, 9x 10"

NH,CH, + OH — NCH, + H,0 4x10°
CO — NH,CH,COOH 2 x 10"
S H,0 +H 2% 108

o| ©
+| =
(o) +

X
i 5
=

HNO + 0 — NO + OH 2x10M
2x 10"

+H 2x10M

0 +NH— HNO
N+NH > N,

=
=25
+
=
X
U

=
+
==

3 2% 101

2

2x 10"

)
+
o
U

(=]
o

(2]
X
'

+ OH — CH,0H 2x10"

HCO +H — H, +CO 0.67 0,+H— HO, 110"

< covon—Foco  LAELCRY
HO-CO +H — CO, +H, 2x10" 05 3x1o4

NH, +H — NH, 2x10" HNO + H — H,NO 2x 10" 0.5

2 x 10" HNO +H — NO + H, 05



Beyond Experimental Limits: Model 2

Full gas-grain astrochemical kinetics model

Density,s = 3x10%to 2x10° cm=3in 9.3x10°yrs
Tyue = 16 to 8K

(see Garrod, 2013; Jin & Garrod, 2020)

Total ice thickness (ML)

1 10 100
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3 ROSETTA'S COMET CONTAINS INGREDIENTS FOR LIFE

Rosina-DFMS

WA LA Int

Altwegg

et al.

. Sci.

Adv. (2016)

Ewrapesn Space Agency



Beyond Experimental Limits:

Model vs Obs

Summer hem. low n, high n prestellar
100 100 100 100 100 100
el 967 (<3)-85 2.7 8.0 17.3 19.7
14-43 12-50 2.5 4.0 6.9 9.3
e < 1)-12 (<1)-25  0.31 4.0 2.4 35.9
NH, 3 3-10 0.06 8.6 5.6 21.3
CH, B 1-11 0.13 3.6 3.0 0.65
HCOOH [ (<0.5)-4  0.008 0.44 0.69 0.35
NH,CH; 0-0.16 2.9 18 0.65
NH,CH,COOH <0.32 0-0.16 0.04 0.07 3.5x10°

aUpper limit for the massive young stellar object W33 A from Gibb et al., (2004)
Bkg Stars and LYSOs from Boogert et al., (2015)
67P/CG from Altwegg et al., (2016) & Le Roy et al., (2015)



In Prestellar Cores

water-rich ice

&tar Formation Process

—_—
30 000 AU
This work
Hot core Collapsing envelope Pre-collap
10° 107 108 108 104
ni

:

CO-rich ice

———

30 000 AU

Glycine forms via Dark Chemistry

loppolo et al., Nat. Astron. (2020)

heating and
UV processing

dust settling to
cold dark midplane

»

50 AU

Credit: M. Persson
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Bernstein et al., Nature 416, 401 (2002)

UV photolysis of interstellar a

analogues

H,0:CH;0H:NH4;:HCN = 20:2:1:1

Y




Amino acids formation via Dark Chemistry

Oba et al., CPL (2015) showed R‘ H

is sequence of a chain of amino acids
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Formation of proteinogenic a-amino acids? H OH
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Amino acids formation via Dark Chemistry

Oba et al., CPL (2015) showed R‘ H
H-abstraction on R-group H\l}l/q\ﬁ:&
Formation of proteinogenic a-amino acids? H OH
a-glycine R
&
a-alanine %’
2
&) .
a-serine
9




A few minutes break
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Cometary chemistry

Comets are thought to have formed in the outer part of the disk which
formed our Solar System

Comets contain the least-modified original interstellar material
Early optical observations probed mostly daughter molecules
(CH, CN, C,, CO*, OH, OHH, ...).

IR and (sub)mm observations provide direct information on parent
molecules, i.e., original composition of ices

Lots of data from comets Halley, Hyakutake, and Hale-Bopp



Comparison young disk - comet

LOH) (IRAS 16293-2422 B)

n(X)n(CH

10¢

10°

10°

107

O-bearing

| | | T
r=1.00
p =088 H,O0™ ™
), i
(aGg'+gGg" - (CHOH). ,:
CH,OCH.OH co
CH,OH
H.CO
HCOOCH+ %
+CH,OHCHO- C.H.OH+CH,OCH,
~“CH,.COOH ¥
r HCO(.?FE', ?.'17 CHO -+ .'.'.; O+CH.CHOH'
f—"ﬁ
" NH.CHO
?( Aveine
- I L l ' | A 1 L
—4 -2 0 2
10 10 10 10

n(X)/n(CH,OH) (67P/C—G)

Comet somewhat richer in COMSs than young disk

10*

Drozdovskaya et al., (2019)



Meteorites

= Most of the material formed at the same time

as the Solar System. Australia 1969, 100 kg
~092 amino acids
= However, there are small inclusions that have 8 important for life

Isotopic anomalies indicating a presolar and

interstellar origin. ~20 different sugar groups

RNA base - Uracil

= These include SIC grains, graphite grains,
diamonds, and larger organic carbon-based
molecules (Kerogens — soot).

Credit: Rodney Start, Museums Victoria



Delivery of extraterrestrial material to Earth

= Solar System: ~4.6 Gyr
The period of heavy cratering or heavy bombardment ended ~4 Gyr ago

= Today:
Total influx: ~3,000 - 50,000 tonnes/year
Influx of coal-based material: ~300 tonnes/year

= During the "period of heavy bombardment”:
Total influx: ~500,000 tonnes/year

Influx of coal-based material: ~50,000 tonnes/year

LCG AGCRETION RATE Dh THE MO0k [2Rakas | 10%9vRs)

T
= T
1k I 'l."l ] .

= ~50% of water on Earth may be from comets

MGE GF TIHC SCLAT SWSTEM
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Chirality

NHyp i HoN
O E \ CH
3 "\\ C/'____ H H o ____,,...--' 3
G~ -G
HO” ~~oO o oM
L-alanine D-alanine

= Life on Earth is based on left-handed amino acids
and right-handed sugar groups in RNA and DNA

= Enantiomeric specificity: a prerequisite for or a
result of life?



Chirality

Circular Dichroism (CD) spectroscopy

PMT detector

Optically active
sample

CD Signal = A, -Ag HV

-50ﬂikHz

r“<

| '.
L Alternating left \

PEM :
hv " and right CPL
- Photo Elastic
Monochromatic  yodulator
light

Meinert et al., Met. & Plan. Sci. (2022)

CD Signal (mdeg)

g 8 & o

| L-alanine

D-alanine
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Wavelength (nm)




Ice Chemistry in Star Forming Regions

Hot core Collapsing envelope Pre-collapse
108 107 106 105 104
< b + $ + | n(cm?)
| | T (K)
300 100 30 10

( H,O evaporation ) ( CO evaporation ) ( CO freeze-out )

Glycine

Complex
organics

~10000 AU

H,O-rich
Grain

Prebiotic
species

Star Formation Process

Aetad sz gmission

Dark Chemistry can explain formation of
Simple and Complex molecules in the
early stages of Star Formation

Energetic Processing still important in the
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Racemic amino acids from the

ultraviolet photolysis of
interstellar ice analogues

Max P, Bemstain ', Jasen P, Dworkin® |, Scoft & Sandford |,
Ganrge W, Gooper: & Louis L Allamandnola

PR, STiam i YVirH Lasngnme
b RASA- Aows Reseorch Cerner, AGll Srop 2456, Ml Bekd,
175 ¥l A

UV photolysis of interstellar ice analogues:

H,0:CH;0H:NH5:HCN = 20:2:1:1

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



HOCHZCH# " CH,CH,OH
lCHZOH

(CH,OH),

Oberg etal., A&A (2009)



UV Photolysis Studies

Vacuum chamber
detail

Oberg, CR (2016)



UV Photolysis Studies

dP(A)/dA (nm~')
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Cruz-Diaz et al., A&A (2014)



Cosmic Rays Processing Studies

LASP INAF-Catania

polarizer

Vacuum chamber
detail
N\
rotatable

= Ultra High Vacuum (UHV) chamber (P<10-° mbar)
» Cryostat (15-300 K)

* lon implanter (Danfysik-200 kV)
= UV lamp (Lyman-alpha)
* [R, UV-Vis-NIR, and Raman spectrometers




CEBRECERN

|~

HUN-REN ATOMKI

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

Laboratories of Atomki: Tandetron (animation)

ICA

P <1x10° mbar

Ty =20 - 300 K

Eions = 200 keV — 4 MeV H*

H+, He*, He**, C+, C++, O+, O++, S+, S++
Current = nA - pA

¢ 2keV electron gun

® Effusive Cell

ECR lon Source (ECRIS

AQUILA

P < 1x10° mbar

Tt =20 300K ek eu r@ PLANET
Solar Wind: H, He, C, O, Si, Fe, Ni ions

High charge state of ions SOC' ETY

Positive/negative ions or molecular ions
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Ilce Chamber for
Astrophysics/Astrochemistry (ICA)

Systematic investigation of CR-induced chemistry and spattering in space relevant ices

P < 1x10° mbar

Ty =20-300K

E.ne = 200 keV — 4 MeV H*

H* He* He**, C* C* O*, O* S* S+
Current = nA - yA

® 2keV electron gun

® Effusive Cell

Herczku et al., Rev. Sci. Inst. (2021)



Ice Chamber for
Astrophysics/Astrochemistry (ICA)

L CH,OH + 1 MeV H'
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g 05f 2H
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0.1

0.0 | CO,
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L — i CHe'.]

Methanol (CH;OH) ice

Temperature: 20 K Projectile: H*, S**
Deposition: Background H* Energy: 0.2 - 1 MeV
Ice thickness: ~ 0.5 pm S Energy: 6 MeV Herczku et al., Rev. Sci. Inst. (2021)



Absorbance
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lce Chamber for

Ice thickness: ~ 0.5 um

S* Energy: 6 MeV

Herczku et al.,
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Ice Chamber for
Astrophysics/Astrochemistry (ICA)

1.2 9
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Mifsud et al., Eur. Phys. J. D (2021)
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Ilce Chamber for
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Astrophysics/Astrochemistry (ICA)

lce Chamber for

':I .E i i i 1 i i i
CH.OH
054 | - | L
DA eHOH oy i
L CO |
i '
ok i H?ﬂ"—",cH, [
v Ir b on |
oa4— “—ik el Foaes 1 8
."-'-
.7 || i L
3 ) |I L
- ' |
".hl vl
1 %
T ey
Armapipdeones OH DE
] 1 ] 1 ] T ]
i i L i L i L 1 ] L
1.2 4 -
1| | GHyOH
1.0 £, i CH,OHL
|.| | D yea
/ ! r |
s | *
- ot Al il
L5 5
llll
0.4 - I -
lI
| |
07 | FL L
|| = W LJ VJNJ
0o - Vbl sl — o 2
L".'E.JIH'E LH "'“I-'
G000 30 3300 2800 MO0 20400 1633 ‘E'II EII}I.‘-

S EnUmBer (S ']

2 LEHITH

oo
a a—— TR
E s
S BER - ail
E " g L b —"
5 F L=
] L4 o
E‘;l:l:"ﬁn:ﬂ'. L
'E' L ow
Ed
& « amorphous CH;OH
zmoesmind | .
3 { crystalline CH;OH
f
0E+]80 T T T ]
GOOEHAN  2SSEME SINEYNE TEGESOW 1 GEeT
Flsancs (akecimng o)
1 BOE4D1T - Weo
= o
n " '-\.
ﬁ L] .
L HEHIT + | -,
:] | .,
x .
5 %%
g I *
.EEI:EE-{'IE |
E I. T a——F i W
Elrrn T 1
8 {/
1LEHHD |- =TT ¥ ' —— -
OOOEWOO0  250E401R  SOOESOME  TEOESOMS ) OOEeO0T

Fhsance (alacirnng o)

2EEHNE
] &0,
£ il .
E:r;ﬂ::l-’.] ._.-"'
g
-
d y .
1 50Eg 3 - —
: ¢t
Pt i r
e [y
8 130E+E !
& :
2l 4
E L
é-r.:u LE
R I0E +0iN] : 1 !
bifa S 1] 250 i 5 {30E Wil A0E B L GEIIF
Fluanoa [slacinons om )
2 D0E A
GH,
':5 i
L | o
§1_|§E+_Il]- l__.___. i
| i —il
i &
g i
= IEHE ] |
iy
"
[ ]
=
=]
éw‘r:-.n
HHEHDN] 1 == T — T T i
[LODE OO T8 T = 00E 38 7 A0ET IR I CEOIT

Fluania [slacEons cm ]

Mifsud et al., PCCP (2022)




lce Chamber for

Astrophysics/Astrochemistry (ICA)
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lce Chamber for .
Astrophysics/Astrochemistry (ICA) “
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Ice Chamber for
Astrophysics/Astrochemistry (ICA)
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Atomki QUeens Ice chamber for
Laboratory Astrochemisty (AQUILA)

Set-up ideal for studying solar wind radiation physics and chemistry

ECR lon Source (ECRIS) Laboratory

E = 100s eV - 10s keV

ions
All known components of the solar wind can be
produced by ECRIS: H, He, C, O, Si, Fe, Ni.

ECRIS can produce reasonably high charge state of
ions.

ECRIS is able to produce certain negative ions or
molecular ions of H, C, O, OH, O,, and single
charged, positive molecular ions of H,, H;, OH,
H,O, H;0, O,.




Atomki QUeens Ice chamber for
Laboratory Astrochemisty (AQUILA)




Atomki QUeens Ice chamber for
Laboratory Astrochemisty (AQUILA)




Atomki QUeens Ice chamber for

Laboratory Astrochemisty (AQUILA)
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Atomki QUeens Ice chamber for
Laboratory Astrochemisty (AQUILA)
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Detection of prebiotic molecules in GMC
RNA-world scenario for the origin of life

Molecular cloud G+0.693-0.027

9 new interstellar molecules detected in the last 3 vears
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Figure 1: New interstellar molecules detected towards the molecular cloud G+0.693-0.027 using a deep
unbiased spectral survey conducted with the Yebes 40m and IRAM 30m telescope.



Detection of EtA in the ISM

Discovery in space of ethanolamine, the simplest
phospholipid head group
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IR and VYUYV spectroscopic investigation

Survivability of EtA ice in space
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IR and YUYV spectroscopic investigation of ion,
electron, and thermally processed EtA ice
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IR and YUYV spectroscopic investigation of ion,
electron, and thermally processed EtA ice
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Absorbance

IR and YUYV spectroscopic investigation of ion,
electron, and thermally processed EtA ice
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IR and YUYV spectroscopic investigation of ion,
electron, and thermally processed EtA ice

1 b I L 1 i I . 1 N 1 : I Ly 012 b 1 bl ] N 1 d T d 1 b L

9 Fradaton doses |6V 100 == (B85 == 103 - 588 14
EIA 1/ pe - 568 194 = £82

A Pure EtAice exposedto 1 keVe] | of dewomd w1 |
Exponential decay fit i Bk o S A SN Aed 7,00
- 3 .l\‘  y / S 5(‘ 4
oy '

U A 1

1l & Y ——~ WA desincy | ’ ]
Rl e VP WA S TRt S

)

(@)
T
1

—

(=]
—_

w
~
1

w
N
T T
=
o
T
”~
=
-
N -
-
-0

>

.....

w
(=
—

Absorbance change
(=
o
=
B

N
Qo
—

é’
;.
|
4
3
|

- A — A
p r’ . - y 4
_ w A R =
0. N ! A 1 A 1 a L " 1 a L :

N
fo)
——

4000 5 3000 2500 2000 1500 1000

7727 T T T T T T 2 7 7 2 Warseumbae oo
LA AHA S ALT LT LSS AT AL b

e e e i T e e e e e T e e i e e T e e e i Tl

S

Column Density (x10" molecule/cm?)

0 100 200 300 400 500 600 700
Dose (eV/16u)

N
N
T

H,0, H,0,, CO,, OCN-, CO, CN-, HCHO, C,H,, C,H-OH, NH,, CH,OH



IR and YUYV spectroscopic investigation of ion,
electron, and thermally processed EtA ice
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IR and YUYV spectroscopic investigation of ion,
electron, and thermally processed EtA ice
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IR and VUV spectroscopic investigation of ion,
electron, and thermally processed EtA ice
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Does Surface Chemistry drive the formation of
the building blocks of cells?
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Astrochemistry at Large-Scale Facilities
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Summary

Simple and complex organic molecules
formed on dust grains via Dark Chemistry

UV, CR, electrons, and heat change the
physicochemical composition of ice grains

Building blocks of life can survive star
formation process

Laboratory Astrochemistry needs to
strengthen link to Astrobiology
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