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Introduction:  Water is the most abundant solid 

molecule in space, and has been observed in various 
astrophysical environments. However, the formation 
mechanism of water molecules in molecular clouds has 
not been determined to date. It has been suggested that 
water molecules are synthesized by atomic reactions 
involving H and O on grains at around 10 K [1, 2]:  

a) O+H→OH, (1) OH+H→H2O  (2) 
b) OH+H2→H2O+H (3) 
c) O2+H→HO2, (4)  HO2+H→H2O2,  (5) H2O2+H
→H2O+OH. (6) 

Hiraoka et al. [3] investigated reactions (1) and (2) 
by spraying D atoms onto O atoms trapped in an N2O 
matrix at 12 K. Although they observed D2O by tem-
perature-programmed desorption spectroscopy, it re-
mains unclear whether D2O is formed at 12 K or dur-
ing heating. For reactions (4) to (6), Klein and Scheer 
[4] performed pioneering experiments on the reaction 
of H atoms with solid O2 at 20 K. However, they made 
no analysis of the products. To investigate the forma-
tion mechanism of water molecules in molecular 
clouds, we focus on reactions (4) to (6), and performed 
H/D addition experiments to solid O2 at 10 K. 

Experimental:  Experiments were performed us-
ing the ASURA system[5,6]. Solid O2 was deposited 
on an aluminum substrate at 10 K in an ultrahigh vac-
uum chamber. Cold atomic H (D) with a flux of 2×1014 
cm−2 s−1 was irradiated onto solid O2. Infrared absorp-
tion spectra of the sample solid during irradiation by 
atoms were measured by FTIR. 

Results and discussion:  We observed the forma-
tion of H2O2 and H2O. No intermediate radicals were 
observed, suggesting that the reaction rate of (4) is 
much slower than that of (5). Figure 1 clearly shows 
that the formation of H2O2 (D2O2) and H2O (D2O) is 
very rapid and efficient; H2O2 and H2O are observed 
even after exposure for 5 s. When H atoms are irradi-
ated onto solid CO at 10 K [5], the production of 
H2CO and CH3OH are observed after 30 s and 1 min, 
respectively. The present experimental results confirm 
that reactions (4) to (6), which were initially proposed 
based on theoretical considerations [1,2], proceed at 10 
K. Since reaction (4) essentially has no barrier [7], it is 
natural that this reaction proceeds very rapidly. While 
reaction (6) has an activation energy of 1800-2160 K 
[8], it has been suggested that this reaction does not 
proceed by an Arrhenius-type reaction at 10 K, but 
proceeds by a tunneling reaction even at 10 K. 

Astrophysical implications:  Our results have 
several implications for ices in molecular clouds. The 
H fluences in a 10-K molecular cloud over 104 and 105 
years correspond to exposure times of 1 and 10 min-
utes in the present experiments, respectively. It is rea-
sonable to say that water formation by reactions (4)-(6) 
occurs very quickly in molecular clouds.  

Although solid O2 is expected to occur on the grain 
surface, no positive detection has been reported so far 
[9]. Present experiments clearly explain why no O2 has 
been observed: if an O2 molecule is formed on grain 
surface it will react very quickly with H to form H2O2 
and H2O within 104-5 years.  

Considering the ratios of kH(4)/kD(4) =1 and kH(6)/kD(6) 
=8 obtained in the present experiments, where kH,D(n) is 
a reaction rate constant of nth reaction, and the D/H 
atom ratio of 0.1 or less expected in molecular clouds, 
deuterium addition to O2 is favorable for producing the 
observed amount of HDO; the observed HDO/H2O 
ratio of 0.03 can be achieved in a time scale between 
104 and 105 years.  
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Figure 1. Variation of products for H2O2 (D2O2) and 
H2O (D2O) with H (D) exposure. 
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