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-  Fundamental for life on Earth 
 

What is its origin and  
how was it delivered to the Earth? 

 

  Water in space 

GAS PHASE 
REACTIONS 

 

No efficient cold gas-phase routes 

SOLID PHASE 
REACTIONS 

 

Formation on dust grains 
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  Interstellar ice chemistry 
  Carbonaceous/Silicate Grains 
   

T = 10-20 K 
n > 102 cm-3 

< 1 µm 

REACTION 

DESORPTION 
DIFFUSION 

ADSORPTION 



T = 10-20 K 
n > 102 cm-3 

< 1 µm 

 

  Interstellar ice chemistry 
  Carbonaceous/Silicate Grains 
   

van de Hulst, RAOU (1946) 



ICE FEATURE LOW MASS HIGH MASS BACKGROUND 

H2O 100 100 100 

CO 29 13 31 

CO2 29 13 38 

CH3OH 3 4 4 

NH3 5 5 

CH4 5 2 

XCN 0.3 0.6 

 
Trans-Neptunian Ice in Protoplanetary Disks 

McClure et al., ApJ (2015) 

 

  Ice Observations 

Öberg (2009) 



 

  Interstellar water ice 
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Tielens & Hagen, A&A (1982) 
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  Interstellar water ice 
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  Interstellar water ice 

      Miyauchi et al., CPL (2008) 
 
 

                  Ioppolo et al., ApJ (2008) 
 
 

          Matar et al., A&AL (2008) 



O + H 

O2 + H 

O3 + 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 

Mokrane et al. 2009; Romanzin et al. 2011 

 

  Interstellar water ice 
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 Space               Lab ATOMIC BOMBARDMENT 

(Top-view) 

    Experimental Procedure 
Pre-deposition Experiments 
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Pre-deposition Experiments    Ioppolo et al., RFAL (2011) 

Pre-deposition:  
35 ML  of  O2 ice 
  
  

Temperature: 
T = 25 K 
 
  

H-atom flux: 
2.5x1013 cm-2 s-1 
 
 

H-atom fluences: 
(a)  4x1015 atoms cm-2 
(b)  4x1016 atoms cm-2 
(c)  7x1016 atoms cm-2 
(d)  1x1017 atoms cm-2 

(e)   2x1017 atoms cm-2 

    Surface Hydrogenation of O2 
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 Space               Lab LAYERING 

(Top-view) 

O2 

    Experimental Procedure 
Co-deposition Experiments 
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Co-deposition:  
O2 + H ice 
  
  

Temperature: 
T = 20 K 
 
  

H-atom flux: 
2.5x1013 cm-2 s-1 
 
 

H-atom fluences: 
3x1017 atoms cm-2 

Co-deposition Experiments    Cuppen et al., PCCP (2010) 
    Surface Hydrogenation of O2 



 Space               Lab NEW SPECIES FORMED 

(Top-view) 

REFLECTION  
ABSORPTION  
IR SPECTROSCOPY 

ABSORPTION  
IR SPECTROSCOPY 

    Experimental Procedure 
Analytical Tools 



 Space               Lab THERMAL PROCESSING TEMPERATURE  
PROGRAMMED  
DESORPTION 

(QMS) 

(Top-view) 

    Experimental Procedure 
Analytical Tools 



    Hydrogenation of O Atoms 
Transition from Diffuse to Dense Clouds (Av ∼ 1–5) 
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D + 18O on water ice (10K) 

D + 16O on bare grain analogs (15K) 

Dulieu et al., A&A (2010) 

Jing et al., ApJL (2011) 



    Hydrogenation of O2 
Dense Molecular Clouds (Av > 5)   Miyauchi et al., CPL (2008) 
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Formation rates are temperature 
independent           linear behavior. 
 

Very high final yield, temperature 
dependent. 
 

At low temperature, in agreement 
with Miyauchi et al. (2008) (10 K). 

    Hydrogenation of O2 
Temperature Dependence   Ioppolo et al., ApJ (2008); PCCP (2010) 



Competition 
 
Competition between reaction H + O2       
(T independent) and diffusion of H 
atoms into O2 ice (T dependent). 

Au 
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    Hydrogenation of O2 
Temperature Dependence    Ioppolo et al., PCCP (2010) 



    Hydrogenation of O2 
Incomplete Reaction Scheme   Ioppolo et al., PCCP (2010) 



OH is formed together with H2O2 

H H 

    Hydrogenation of O2 
New Reaction Scheme    Cuppen et al., PCCP (2010) 



Monte Carlo Simulations    Lamberts et al., PCCP (2013) 
    Hydrogenation of O2 



-  Key reactions for the O2 channel are in red 

-  Slow destruction of H2O2 explains its high 
accumulation 

-  High H diffusion rate reproduces large 
penetration depth of H into O2 ice 

-  Diffusion of radical species (OH and H) is a 
key parameter 
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Monte Carlo Simulations    Lamberts et al., PCCP (2013) 
    Hydrogenation of O2 

H + O2  →  HO2 
H + HO2  →  products 

H + OH  →  H2O 

H + H2O2  →  H2O + OH 

OH + OH  →  products 



T = 25 K 
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    Hydrogenation of O3 
     Romanzin et al., JCP (2011) 



    Selected Reactions to Water 
Solid H2O2(15K) + H Solid H2O2(15K) + D 

-  Large activation barrier in gas phase (>2000 K) 
 

-  Large isotope effect (reaction rate H >> D atoms) 

-  Reactions proceed through quantum tunneling  (10-30 K) 

H2O2 + H     Oba et al., FD (2014) 

(Thanja’s Talk) 
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OH + H2      Oba et al., ApJ (2012) 
H2O fragments(10K) + H2 

-  Large activation barrier in gas phase (2100 K) 
 

-  Large isotope effect (H2O form >> HDO form) 

-  Reactions proceed through quantum tunneling 
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    Selected Reactions to Water 



O + H2      Lamberts et al., A&A (2014) 
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CO2:O2:O + H2 

CO2:O2:O 

H2 

Blank 

(800:8:1 + 1100) TPD 
(m/z = 20) 

-  Large activation barrier in gas phase (3000 K) 
 

-  Reaction is endothermic by 960 K 

-  Combined classical & tunneled reaction mechanism 

-  <11% of water in MC formed through O + H2 channel 

    Selected Reactions to Water 



    Modelling Grain Surface Chemistry 
The Effect of Exothermicity    Lamberts et al., FD (2014) 

-  Exothermal reactions with two or more products lead to diffusion and desorption  
 

-  Exothermicity also leads to compaction of the ice 

-  Excess energy used to overcome chemical reactions (unclear mechanism) 

-  Kick-out mechanism unexplored here 

H + HO2 
(%) products DIRECTIONALITY 

off 
off 
on 

OH+OH 
       H2O2 
           H2+O2 
               H2O+O 



    Modelling Grain Surface Chemistry 
The Effect of Exothermicity    Lamberts et al., FD (2014) 

-  Final amount of produced H2O is similar to the one found in Cuppen & Herbst, ApJ (2007) 

-  Results in good agreement with observations 

-  Main differences between the two studies are the formation routes for water ice 

-  Consequences for the deuterium fractionation of ice species at low T 



    Before Thermal Desorption 
Thermal H/D Exchange    Lamberts et al., MNRAS (2015) 

-  Activation energy for H/D exchange (3840 ± 125 K) 
 

-  Proton/deuteron swapping also in water ice mixtures (OH, NH groups) 

-  Reactive timescales (< 104 years at T > 70 K) relevant to interstellar environments 

Crystal structure   Ionic defect       L-defect 

Hop-and-Turn mechanism 



70 YEARS 

-  Laboratory work fundamental to investigate water formation in space   
 
-  Bottom-up approach highlighted a more complex surface reaction pathway  

-  Simulations can push results beyond laboratory possibilities 

FUTURE CHALLENGES 
 

Design new experiments to:            (Daniel Paardekooper’s Talk) 
-  Better understanding of fundamental mechanisms (reaction, diffusion, desorption) 
-  Obtain more accurate surface reaction rates 
-  Investigate proton transfer and energy relaxation in ices in more detail 

    Take Home Message 


