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The life cycle of the interstellar matter
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Accretion of atoms and simple molecules

dn v, speed of iesi

i . speed of species i
- — VI * Ud * nd * SI(T? 7-9) * n,- o4 geometrical cross-section of the grain
dt k —~ Y n4 grains density n,~1.33 107" x NHcm_3

acc
K

S, sticking coefficient of species i

H, He other species (H,0, CO, N,, ...), charged species
for H on a amorphous (on a neutral or charged surface)
ice surface:
Matar et al. JCP2010 for H,O: D
1+ﬂ1 Batista et al. Phys.Rev.Lett., 2005 *
S-/ T\ = ‘S) T, Hundt et al. J.Chem.Phys., 2012
( )_ 7Y ( =100%)
1+T0 for CO, N, :

Bisschop A&A 2006 (87% a 14 K)
So=1, p=2.5, T,=52 K

S,,(10K) =95%
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The ice mantle build-up

early and late
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The ice mantle build-up

surface reactivity involving atoms (C, N, O, H) or small molecules

accretion desorption
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The interstellar ice CNO budget

C budget

CO, CO,, OCN", H,CO, CH,0H, HCOO", CH,

8-15 % wrt C,
14-27 % wrt C

volatile

O budget

H,0, CO, CO,, OCN", H,CO, CH,0H, HCOO"

12-16 % wrt O,
25-34 % wrt O

volatile

N budget

NH,, NH,*, OCN-, ?

10-12 % wrt N
10-12 % wrt N

total

volatile
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The zeroth generation molecules



The ice mantle build-up

C

The formation of CH,

+H
C »CH, Hiraoka et al., ApJ 1998
The formation of carbon chains
+H
C, > CH, > CH, 2 CHg Hiraoka et al., ApJ 1999, ApJ 2000

N

The formation of NH,

+H
N - NH; Hiraoka et al., ApJ 1995



The ice mantle build-up

O
The formation of H,O

+H
0> H,0

+H
0, > H,0
+H
O; 2 H,0
3 2 +2H

OH + OH —>H,0, > 2 H,0
0 +H, >H,0

OH +H, >H,0+H

The formation of O,

0+0 20, E < 1.25 kJ.mol?
The formation of O,

O+0, 20, E <1.25 kl.mol?

Hiraoka et al., ApJ 1998, Dulieu etal., A&A 2010,
Jing et al. AplL, 2011

loppolo et al., ApJ 2008, Miyauchi CPL, 2008
Romanzin JCP 2011, Mokrane AplJL, 2009

Oba et al., PCCP 2011

Lamberts et al., arXiv 2014

Oba et al., ApJ 2012, He and Vidali ApJ 2014

Minissale et al. ,J. Chem. Phys 2014

Minissale et al., J. Chem. Phys 2014



The ice mantle build-up

C/O

The formation of CO,
CO+0 - CO, E=5.2 1.5 kl.mol?
CO+0OH - CO,+H

The formation of more complex molecules

CO +OH ->HCOOH

+H
CO, - nothing

+H
HCOOH - nothing

+H
CH,CHO - C,H.OH, CH,, H,CO, CH,OH

Roser et al. ApJ 2001, Madzunkov PRA 2006,
Minissale et al., A&A 2013

loppolo et al., MNRAS 2011 a

loppolo et al., MNRAS 2011 b
Bisschop et al., A&A 2007

Bisschop et al., A&A 2007

Bisschop et al., A&A 2007



The ice mantle build-up

N/O
The formation of hydroxylamine
NO +9HNH20H Congiu et al., ApJ, 2012

NH; + OH - NH, OH » talk by Lahouari Krim

The formation of nitrogen oxides

Minissale et al., Chem. Phys. Lett., 2013
NO + O, - NO,, N,0;, N,O,

NO + OH -> HONO, NO,, N,O, HNO, HNO, Joshi et al., MNRAS, 2012

C/N

HCN +H - CH, NH
CH,NH +H +H - CH;NH,

Theule et al., A&A, 2011

CN +H, - HCN Borget et al., to be submitted



The ice mantle build-up

hydrogenation by molecular hydrogen

OH+H, 2H,0+H Oba et al., ApJ 2012
O+H, 2H,0 Lamberts et al., arXiv 2014
CN +H, 2 HCN Borget et al., to be submitted

activation energy vs abundance of the H, reactant (H/H, = 104) ?

effect of an H, coating on grain surface and the radical life time ?
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Purely thermal reactivity

photons flux

ice desorption 4
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Purely thermal reactivity

GO H,O CO CO, NH; CH, OCS H,CO CH;OH HCOOH HNCO
molecules
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Purely thermal reactivity J.‘J
J

;»J IR and mass spectra of NH,CH,OH
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Purely thermal reactivity

G, molecules:

acid:
HCOOH, HNCO, HCN
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Thermal reactivity in the ice mantle

H,0

HOCH,OH

H,0*OCN"

co co,

NH,COOH

NH, CH, OCS H,CO

HOCH,OH
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Purely thermal reactivity

molecules composing the refractory organic residue
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nucleophile addition reactions

NH,
HCOOH
CH,=0 NH,CH,OH | —
CH,NH,
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H(CH,)NCH,OH

NH,*CN
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elimination/cyclisation/polymerization

N*H, HCOO"

<III[IIII

N
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acetaldehyde
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Purely thermal reactivity

a solid-state chemical sub-network of purely thermal reactions

o L4 interval,
& reactions
generation 0 gemeration O generation 1
Ha0 + HNCO -+ Hy0* OCN (3 10*, 20)[110K-130K] [Raunier ot a). K200t [Thoule ot al. f2011a]
NMs + HeoOOH —» N": Neoo %%’
NH; ¢ HINCO + NI, OCN™ (41077, 0.4) [SK 40K)| Dermyk et al [{1698]; [Raunier et al.|f2003] |
R T SInEL ¢l al "22[2
NH3 + HCN . NH; CN~ (1.6 1072, 2.7)[00K-108K) “lutter T i [Noble et al. in prep.]
peneration 1 rencration O gencrntion 2
N COoON +  NHy ~+ NG NNy OO0 M‘%
Clly NHCOON + CH NI v Clly NI, Clls NHOOO™ Bossa et al
nucleophilic additions
peneration 0 rencration O genceration 1
COy ] Nily ’ Nil COON Lt sune l%l‘;lliu-n et ul,"m‘
CO3 +  CH3NMy -+ ClyNHCOON
HCO + H;O . HOCH; 01 Noble oL al. "
H,CO + NHy . NH;CHON (81073, 4.5)[80K- 100K LssA 0t /)
HzCO ’ CHyNI v CllyNHCI; Ol (2 1072, 1.1)|30K-120K] 2a
CHLCHO + Nlly —+ Ny CH(CHs)ON (7 10", 33)[115K-125K) uvernay of &
generation 1 gemmration O genscntion 2
NHTeN + CHaNH -+ NMaCHaCN %%‘lﬁl
NH}ON- L HZC0 v HOCH;CN b NHy (2.8 10", 3 8)[50K-130K] anger ot nl.
elimination reaction
generation 1
NNy CllaON + HCoon ’ CHg=NlI t ;o 4 HCOOH 012 b
N3 CHCTIy )OI + OO -» CilyCH-NII + ;O + noeoon
CHy NHCHyON + HCOON —» Clby = NCH + 1,0 + HCOON [ N

Theule et al. Adv. Spac. Res. 2013



Purely thermal reactivity

Thermal condensation reactions

Reactants Products References

The formation of POM"

H.CO + HXO » HOCH>OH Noble et al. (2012)

H.CO + HOCH.OH »  HOCH.OCH-OH Noble et al. (2012)

H,CO + HOCH,OCH,OH » HOCH,OCH,OCH,OH Noble et al. (2012)

H.CO + HO(CH, O)., H +» HO{CH,O0),-H Noble et al. (2012)

or

H.CO + NH4'CN »  NCCH>OH NH, Danger et al. (2012)

H,CO + NCCH,OH »  NCCH,OCH,OH Danger et al. (2012)

H,.CO + NCH(CH> O),.;-H — NCH{CH-»0),-H Danger et al. (2012)

or

H.CO + NH, "HCOO — HCOOCH,OH NH; Vinogradoff et al. (2012)

H.CO + HCOOCH,OH s HCOOCH,OCHyOH Vinogradoff et al. (2012)

H.CO + HCOO (CH: O),., - HCOO-(CH,O0),-H Vinogradoff et al. (2012)

H

The formartion of PMI®

CH-.NH + WNHs'CN — NCCH->NH- NH; Danger et al. (2011)

CH.NH + NC(CH>NH).H —»  NC(CH:NH).H Danger et al. (2011)

or

CH>NH + NH. ' HCOO — HCOOCH>NH-> NH; Vinogradoff et al. (2012)

CH:NH + HCOO(CH:NH), H - HCOO{CH>;NH) . H Vinogradoff et al. (2012)

The formation of HMT®

CH>NH + HCOOH +» CH>NH>"HCOO Vinogradoff et al. (2012)

CH>NH,"HCOO + CH.NH t —  C3N3;HH "HCOO Vinogradoff et al. (2012)

CiN;HH"HCOO + CiN3HH'"HCOO —  CgHjaNg4 (HMT) 2 Vinogradoff et al. (2012)

NH, "HCOO

The formartion of AAT®

CH;CHNH + HCOOH +» CH;CHNH,*HCOO Vinogradoff et al
(2013a)

CH;CHNH. ' HCOO + CHCHNH 4 +  CgH;sNi (AAT) HCOOH Vinogradoff et al.
(2013a)

The formation of FMT®

CH>NCH; + HCOOH — [CH>NHCH,]*HCOO Vinogradoff et al.
(2013a)

[CH>NHCH,;]' HCOO + CH>;NCH,; + » CgH,sN; (FMT) HCOOH Vinogradoff et al

(2013a)




Reaction dynamics
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diffusion limited reactivity
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» next talk by Pierre Ghesquiere



Absorbance
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The reaction
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A desorption

I

The diffusion coefficient D(T)

T fixed

diffusion

I

1/T(K)

20

25x10°

Xin ASW N o
x=0 S~ \"‘..““
m ~ < _ _'_“_“:-:._c.:.:,:':..!_,z...!..t..t‘.t..‘,..*.._,...,_,_,_ .
Mispelaer et al., A&A 2013
on &°n
- S-DmsClo
26 "'.‘ €0 @l‘ 822
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2 H P D(Tfyed)



The isotopic H/D exchange

N. Watanabe, A Kouchi/ Progress in Surface Science 83 (X08) 439 459

what is the deuteration pathway ?

»
DCo

# r/f‘-\\ e v/ -\\
[6£9l [Feco)

P ’
s / s
’ s s
= 'l ”

CHDOD CH,DO CH
cD CD-0D e 2 | CH,0
D40. cD,00 CHD0. €0 CHDOH THA00 CHOH, CHy

,'/ \ f, \ // \ ,’/ \
» ;/ p/ L
CD,0D m CHD,00 |CHD OH|cu4;co [CH DOHIDw ﬁ,| M

How can we use the D/H ratio as a chemical clock ?

the deuteration of methanol in star-formation regions, the CH,DOH / CH,OD ratio

» talk by Mathilde Faure
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Photochemistry photons flux

ice desorption 4

, , : uv : : I
generation 0 ——> generation 1 ——» generation2 __1_5 organic residue /

| | | |

UV produced COMs

_——=M e e e e e - - ———

t=0 purely thermal reactions tfinal water free chemistry
on refractory species



Photochemistry

v’ Formation of COMs from complex molecules irradiation

H H O CH;
H \ / CHs \ L/ | 4
A }é) \N o - NI N
P — - +
J CH .~ H H 0

O

50 K h _ .
CO, +2CH,;NH, —  NH(CH,)COO'CH,NH,* - NH,CH,COO CH;NH,

a way to form glycine

Bossa, J.B.; Duvernay, F.; Theule, P.; Borget, F.; d'Hendecourt, L.; Chiavassa, T. A&AS 2009



Photochemistry

v" destruction of COMs (photodissociation) and photo equilibrium

0)
o )—C=N
> H
*H H H [15] formyleyanide
1 s
HN=C=CH, =~~~ HO><C\
ketenimine .()l | = N 3
\

[10] hydroxyacetonitrile 75) H2C=0 + HCN

formaldehyde hydrogen cyanide
@)
}—CEN — CO+HCN
H

j\ A - A o Danger et al., A&A, 2013

H” H
2H"

JHON ~2» N=C—C=N
‘OH

Co _\Y CO,
H*
HN=C=CH, === H;C—C=N

» talk by Jean-Baptiste Bossa
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heavy-ion beams to mimic solar and stellar winds or galactic cosmic-rays

ice analogues bombardment by ions C3*, Q9% Fed*, S9*, Nid*, Zn9* with (g=1, 2, 3,...11) at kev- GeV

v" destruction of molecules (dissociation cross-sections)
v’ production of molecules (production yields)

v'sputtering yields ( heavy ions induced desorption)

* Dissociation cross-section ~ electronic stopping power 3/2,
de Barros et al. MNRAS 2014

* Heavy ions induced chemistry

Lv et al. A&A 2012, Andrade et al. MNRAS 2013, Mejia et al. MNRAS 2013,
Bordalo et al. ApJ 2013, Ding et al. Icarus 2013, de Barros et al., MNRAS 2014, Lv et al., MNRAS 2014
Baratta and Palumbo et al.,,A&A 2014

* lon bombardment products roughly similar to those by photons, protons or electrons,
Munoz Caro et al., A&A 2014

* Compactification of the ice by ion bombardment
Dartois A&A 2013



Electron induced chemistry

v’ chemical reactions

dissociative electron attachment AB + e > AB*-> A" +B =

Formation of O; from 5 keV electron bombardment of solid oxygen
Bhalamurugan et al., ApJ 2007, Bennet and Kaiser, ApJ 2007

Electron bombardment of ice analogues and formation of COMs
Brant et al. ApJ 2014, Zhou et al., ApJ 2014, Surajit and Kaiser ApJ 2013, Kim and Kaiser, ApJ 2012, Kim and Kaiser, ApJ 2011

Role of low-energy electrons (few eV) in ice chemistry through resonant dissociative electron attachment
Lafosse et al., Surface Science, 2009 Bertin et al., PCCP 2009, Martin et al., Int.J. Mass Spec. 2008

v’ charge transfer review in Baragiola R, Nuc. Inst. Meth.Phys.Res. B., 2005

v’ electronic desorption (sputtering) by dissociative attachment or Auger desorption
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Thermal desorption

the Wigner-Polanyi equation

d_X — _kdean
dt

E

a

kdes (T): Ve ol

>

(V, Edes)

n=0,1

v~ 1012-1013 st

i) Multilayers H2CO
E =31 kd/mol

ii) Sub-layer of H2CO on water
E =27 kdJ/mol
Y L )

cessee e
se®ce s
8@ cse0e
peesp e

iii) sub-layer of H2CO on
silicates E= 31 kJ/mol

X

iv) H2CO in water : reaction
cesecef®eee
LA A A N X N
e oo s s
gooO 00 ®

250¢10°

200+

150

100

. 2 1
desorption rate ¢ (molecules.cm ".s )

crédit : F. Dulieu

(a) on water ice

Noble A&A 2012

(b) on silicate

I
80 100 120 140
temperature (K)

F. Dulieu, E. Congiu, Cergy-Pontoise



Thermal desorption

in the monolayer regime (surface coverage 6 < 1)

v dependence on the surface nature

(silicate, non-porous ice, crystalline ice)

v dependence on the surface coverage 0

Mol. Surface E@®) /K
E(0.1) E(02) E@©035 E09) E(1.0)
I!QO(,‘P: 1161 1082 972 028 014
Oz H,0., 1149 1092 1017 975 Q69
10, 1255 1146 1019 945 930
Ilzo(n’: 1307 1247 1135 ang 863
CO H20.) 1330 1288 1199 1086 1009
S0, 1418 1257 1045 896 867
1120(,.,,: 2346 2258 2197 2197 2236
CO, H20,,, 2514 2451 2364 2341 2361
S:0, 3008 2768 2487 2317 2271

Molecule Surface Calculated values®
v P:ﬂda
10%® molec ern—2s—1 K
H20,., 6.9 §98(30)
Os H20(c) 7.0 936(40)
S0, 6.9 895(36)
Au 6.9 912(15)"
925(25)"
H20,,..) 7.1 828(28)
H20(c) 7.1 849(55)
co S0, 7.1 831(40)
Au 7.2 858(15)"
s26(24 )4
855(25)°
H30(,..) 9.3 2267(71)
H20,,, 9.5 2356(83)
CO2 Si0. 9.3 2269(80)
porous ASW 2690(50)f
HOPC 2982(. 8

formation of islands

Noble et al., MNRAS 2012



QMS signal (mbar)

Thermal desorption

in the multilayer regime (surface coverage 0 > 1)

=>the diffusion is slowing down the desorption

diffusion + desorption

$

iv) H2CO in waterZreaction
cesecedece
(AN B L XX N
e s0e 00O

diffusion-desorption (DD) trapping go0s 000 @
<€ ) ( |
5x10° —
4 — H,0 o
S S
I | C -
2COH0 1:10 (g
o |
H,CO:H,0 1:3
(b)
1—
H,CO:H,0 1:1
(@
0_ e
[ I I I I I
100 120 140 160 T y

temperature (K)

Noble et al., A&A 2012



Thermal desorption

Lattelais et al. A&A 2011
Bertin et al. J.Phys.Chem. 2011

in the multilayer regime (surface.coverage 0 > 1)

a
) /\
< HCOOCH,
-'_é) . overfayer
w
8
' ' CH,COOH
. J @
110 120 130 140 150 160 170 180
3 b
= \
E| |
& ',
g |HOsubstrate L

110 120 130 140 150 160 170 180
Sample temperature (K)
methylformate HCOOCH,

Eye,= 37.4 [14.2 kl.mol

acetic acid CH;COOH
E, .= 68 kl.mol? (calc.)

Temperature (K)

dimethyl ether CH;0CH,

Eyo.= 34.0 (14.2 kl.mol

ethanol CH;CH,OH

E

des

=57 k.mol? (calc.)

I T
M=45
CH;0CH,
_ !/\‘ M=3]
2| @ / \
g \
| \
& [CH;CH,OH L \
':_D L ; T L T M T L M T N T b T
R7 110 120 130 140 150 160 170 180
=
=
(b) '0.
H,0 substrate - \
b I 2 I I ' I . I 1 N ! I
100 110 120 130 140 150 160 170 180

] the most stable isomer interacts more efficiently with the water ice than the higher energy isomer
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Non-thermal desorption

problem in accounting for the presence of COMs in cold media

v’ collisions with cosmic rays ( heavy ions m > m.,)

v’ chemical desorption

v'photodesorption



< Chemical desorption

’c_; ; Potential Engergy Vs
E 2 ‘, Internuclear Distance
5 E‘ Between Two Atoms
<+ | Bpnd length
] <+ >
=
g . o @
= 5
= &
- H
g3 8
QO =
a £

L ee

Internuclear Distance (pm)
Chemical desorption efficiency of different reactions the exothermicity of the chemical bond

in the monolayer regime (surface coverage 6 < 1)

Fraction released

Reachion Exothermicity (eV) in gas phase
OD + D - DO 5.2 >90%
O; + D - DO, 2.3 <10%
DO, + D— D0, 3.7 <10%
DO, + D—-OD + OD 1.6
D202 + D — 020 + OD 3] ‘:]0%
0+0-0; 5.2 60% Dulievetal. in prep.
0O +0;-0; 1.1 =10% Minissale et al. in

prep.

Dulieu et al. Nature Scientific Reports, 2013



Photodesorption

a wavelength dependent mechanism Ly o

Energy/nm

SOLEIL/DESIRS
170 160 150 140 130 120 110 100 9o VUV light source

10F ()6 'z 4« 6610 | o=
[ : fo%
I b <
the solid CO < : iy
. p | {12
photodesorption spectrum § i i
at 18 K g : 1 E
b : 28
: : 18
3
02
. " L
:
I
|
¢ |
: |
the solid CO £ 10f i .
absorption spectrum 2 1 |
at 10 K e J : f
L 1
0.0 : .

é (') IID Il.l' 1I2 IIS
s Fayolle et al., ApJ Letters 2011
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=>» Desorption Induced by Electronic transition (DIET)



Photodesorption

a mixture-dependent mechanism

the photodesorption spectrum is the sum of its components photodesorption

Photodesorption rate (molecule/photon)
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=» the desorbing molecule is not necessarily the one which absorbs
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Photodesorption

DIET : a three-step mechanism Bertin et al. PCCP 2012
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a : a sub-surface CO molecule is promoted into it AIT state by a resonant VUV photon

b: the photodesorption efficiency depends on the energy distribution through:
- intramolecular vibrational energy relaxation (IVR)
- dissociation (w/o indirect desorption)

- intermolecular energy relaxation (EVR)

c : a surface CO receives enough kinetic energy and is ejected from the surface



Photodesorption

photodesorption rates are wavelength dependent
104 — 102 molecules /UV photons
photodesorption from Lya. not efficient for CO, N,, CO,

differential photodesorption yields available for any distinct insterstellar regions

photodesorption and photochemistry interconnected (CO,, COMs ?)

» poster by Mathieu Bertin



Conclusion

atoms/ simple molecules ice grain complex organic molecules
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Conclusion

» increasing contribution of laboratory experiments and theoretical studies

» still a lot of work, but we are making progress in understanding solid-state chemistry

» efforts in quantifying each competing process ( activation energies, cross sections,...)

» challenge to input the microphysics in a gas-grain code with the required level of details



