
F O R M AT I O N  D E  H 2 S U R  L E S  
S U R FA C E S   :  R E V U E  E T  P E R S P E C T I V E S

F R A N C O I S  D U L I E U  -  L E R M A
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Q U E L S  M É C A N I S M E S  ?

• Collage (oui mais physisorption 
ou chemisorption) 

• H2 prompt release : quelle 
répartition énergétique H2*? 

• Diffusion (quel mécanisme ? 
physisorption, thermal 
hopping, Q. tunneling, 
chemisorption) 

• Desorption - Induced 
desorption 

• OPR - Nuclear spin conversion



T H E R E  A R E  ( M A I N LY )  
T W O  M E C H A N I S M S

• Eley-Rideal : varies with coverage 

!

• Langmuir- Hinshelwood : is the diffusive process which 
depends on the surface temperature (exponential? ).

R E J E C T I O N  M E C H A N I S M  ( ? ? )  
H O T  AT O M  ( ? ? )
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M O R P H O L O G I E  
T E M P E R AT U R E



Q U E L L E S   S U R FA C E S ?  
Q U E L L E S  É T U D E S  ?

Surfaces Collage Physisorption Chimisorption H Opr

Glaces 
(Am., Por., Crist…) Oui Oui  - - Oui Oui

Graphite ? Oui Oui Oui ?

Carbones Armorphes 
Oignons

Oui 
(Chem) ? Oui Oui (!) ???

PAH/PAH Sigma ? Oui ? ???

Silicates Armorphes 
Crystallins Poreux Oui Oui Non Oui ?

see review by Wakelam et al (Arcachon meeting)

Most of the studies 
italic : <2006 
roman <2011 
bold >2011



Texte

LERMA - Cergy



O U T L I N E

• Sticking  

• Diffusion 

• H2* 

• OPR 

• Perspectives



Versatile, bien 
caractérisable 

La glace d’eau



La glace d’eau

• Très beaux calculs (Senevirathne et al ) 
• Très belles expériences (Watanane et al) 

!
1200 K* 
100 meV 
10 kJ/mol 
2.4 kCal/mol  
834 cm-1



Sticking measurements of H2 and D2



Matar et al JCP 2010

Sticking measurements of H2 and D2

2



Matar et al JCP 2010

Sticking measurements of H2 and D2

2



Sticking measurements of H2 and D2



Sticking measurements of H2 and D2





S T I C K I N G  :  S U M M A R Y

• Sticking on amorphous surfaces is mainly governed by Tgas, and 
mass of species 

• Light species (H, H2, D, D2 He) may have a sticking coefficient 
lower than unity ==> Strong isotopic effect H/D (Chaabouni+ 
A&A 2012, Matar+ JCP 2010) 

• See some astro effects and new calculations (Cazaux+A&A 2011) 

• Heavier species have a sticking coefficient close to unity. (higher 
mass + higher binding energy) (i.e. Acharyya+ A&A 2007, Fillion
+ EPJ web conf 2011)



D I F F U S I O N  O F  H  ( O N  W AT E R  I C E )
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D I F F U S I O N  O F  H  ( O N  W AT E R  I C E )

G
o

ld
 s

ub
st

ra
te

p
o

ro
us

 A
SW

 ic
e

Thin layer of O2, tracer of presence of D (reactivity)

at 10 K
Matar+ A&A (2008)

O2 inside the ice

O2 inside ice

O2 surface

D  I S  A B L E  T O  S C A N  T H E  I C E  P O U R S  N E T W O R K  
M E A N  D I F F U S I O N  I S  E S T I M AT E D  

( E D I F F= 2 2  m E V  ( 2 3 0  K ) )



H mobility

REMPI !
detector

Desorption 
Laser

REMPI!
Laser

Binding sites: ~20 meV and >50 meV 
Watanabe et al. Ap. J. 714:L233–L237 (2010)



D I F F U S I O N  O F  H  ( O N  W AT E R  I C E )

• Manico+ ApJL 2001; Perets+2005 : High barrier diffusion (51 meV) 

• Calculations (Buch&Zhang 1991; experiments : Hornekaer+ 
Science 2003 : H is mobile. 

• Matar+ A&A 2008 (see later) Ediff (D) ==> 22 meV 

• Hama+ApJ 2012, Kuwahata + PRL 2015, Distribution of binding 
energies peaked around 22 meV 

• Calculations : Senevirathne+ submitted : Confirmation of late 
experiments. 

 ! !  H 2  H A S  T O  B E  F O R M E D  O N  G R A I N S  -  H  R U L E S  T H E  
H Y D R O G E N AT I O N  ! !

F O R  H  O N  O T H E R S  S U R FA C E S  S E E  V I D A L I ' S  R E V I E W,  2 0 1 3  
O N E  O T H E R  C O M I N G  S O O N  ?  ( WA K E L A M +  ) .



D 2 P R O M P T  R E L E A S E



D 2*  R E L E A S E D  Q U E N C H E D  B Y  N E I G H B O R S  



D 2*  R E L E A S E D  Q U E N C H E D  B Y  N E I G H B O R S  



S U M M A R Y  H  D I F F  ( A N D  R E A C T I V I T Y )

• H and D can diffuse on ice. 

• There is a distribution of barrier to diffusion  

• a typical value of 22 meV can be used 

• On time scale experiments, H self-react in H2. If the 
surface is not porous, and free of H2 ==> Excited H2 is 
promptly released.



H 2 *

• Graphite : medium v, high J, insensitive to surface 
temperature 

• Presence of co-adsorbed H2 ‘kill’ the H2* 

• Porosity or bulky material , ==> no internal energy



I S O T O P I C  S H I F T  — >  I S O T O P I C  S E G R E G AT I O N  

F E R M I - D I R A C  S TA T I S T I C S :  
T E S T  C A S E  O F  I S O T O P E S

(c) Amiaud et al PCCP 2015



F E R M I - D I R A C  S TA T I S T I C S :  
T E S T  C A S E  O F  D I F F E R E N T  J  S TAT E S

M O L E C U L E S  I N  J = 1  S TAT E S  H AV E  H I G H E R  B I N D I N G  E N E R G I E S  !

See also poster by D. Ivanov (H2 on Pd)



C O N C L U S I O N  O N  A D S O R P T I O N  A N D  D E S O R P T I O N  
P R O C E S S E S  

!
- D I S T R I B U T I O N  O F  B I N D I N G  E N E R G I E S  
- I N F L U E N C E  O F  O T H E R S  A D S O R B AT E S  
- S M A L L  D I F F E R E N C E S  I N  B I N D I N G S  E N E R G I E S  C A N  M A K E  

O R D E R S  O F  M A G N I T U D E  I N  D E S O R P T I O N  R AT E S  AT  A  
G I V E N  T E M P E R AT U R E  

!
!

!



N U C L E A R  S P I N  C O N V E R S I O N  O F  D 2 ( A N D  H 2)  O N  A S W   
I N  P R E S E N C E  O F  O 2 T R A C E S

O 2 T R A C E S  S P E E D - U P  T H E  N S C

(c) Chehrouri et al PCCP 2011
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E N J E U X  :  L I E N S  E N T R E  T O U S  L E S  
M É C A N I S M E S  ?

T gas

Efficacité intégrée

1 Physisorption

100K 1000K

Chemisorption

T grains

1
Physisorption
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Chemisorption
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O U R  L A B  I S  H E R E !  ( 5 0 k m … )
Famous ?



Merci !                      	 	 	 	 	      Juin 2014

Collaborations: S. Cazaux, J. Noble, P. Theulé  + Pirronello et al,  
Linnartz et al, Loison, Parent&Laffon… 

FP 7 ITN LASSIE



B E A M  D I S S O C I AT I O N  E F F I C I E N C Y



B E A M  I N T E R N A L  E N E R G Y  O F   
O  A N D  N  D I S C H A R G E S



D E S O R P T I O N  O F  M I X E D   H
2
O / H

2
O

2
 L AY E R S

H 2O / D 2O 2 M I X T U R E  ( 9 5 / 5 % )  M A D E  F R O M  [ O 2+ D ]  O N  H 2O  L AY E R S  

Y E S ,  D I S M U TAT I O N  O C C U R S  AT  1 5 5  K ,  A N D  C O M P L E T E *

2 H2O2  —> 2 H2O + O2.

H2O
silicates

D2O2/D2O



D E S O R P T I O N  O F  M I X E D   H
2
O / H

2
O

2
 L AY E R S

Y E S ,  D I S M U TAT I O N  O C C U R S ,  A N D  I S  C O M P L E T E  AT  T H E  V E R Y  E N D  
O F  WAT E R  D E S O R P T I O N

It is possible that 7% of  initial H2O2 release 3.5 % of O2 
just after the final desorption of water ice 



O 2  I N  T H E  I S M  ?!

!

O2 and H2O2 is/was over predicted 
O2 and H2O2 are sparsely detected 
!

H2O2 only detected where O2 is detected (see 
Parise et al 2014)

Goldsmith et al 2011



• Many new molecules have been synthesized at low T 
on amorphous surfaces 

• Reaction networks are looping, and an experiment is 
only the measure of a chemical equilibrium 

• Complex organic molecules can be form, but how 
and how much is the current problem 

• Ongoing efforts to couple reasonable models to 
experimental facts 

• Desorption is more complex than previously thought 

• Isotopic effects, nuclear spin conversion (OPR), also 
happen in the solid phase …



D 2  P R O M P T  R E A L E A S E



D 2*  R E L E A S E D  Q U E N C H E D  B Y  N E I G H B O R S  



D 2*  R E L E A S E D  Q U E N C H E D  B Y  N E I G H B O R S  



D 2  T P D :  A  V E R Y  S E N S I T I V E  T O O L  T O  P R O B E  T H E   
W AT E R  I C E  M O R P H O L O G Y



P O R O S I T Y  R E D U C T I O N  D U E  T O  D  
R E C O M B I N AT I O N




