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Introduction 
 The water-hydrogen system is of 
fundamental interest primarily because it is 
composed of the most abundant substances in the 
universe. Molecular hydrogen frozen into ice is 
even found in interstellar dust [1]. A DTA 
investigation [2] revealed anomalies in the curve of 
decomposition of the H2O-H2 solid phase at a 
pressure of 1 kbar. A hypothesis was proposed that 
a clathrate phase of hydrogen hydrate is formed in 
the pressure interval 1 to 4 kbar. A clathrate phase 
with an sII structure was recently synthesized from 
liquid at a pressure of 2 kbar and a temperature of 
–24°C [3,4]. The neutron diffraction investigation 
[4] estimated the composition of that phase as 
H2O/H2 = 136:(32+Х), where X can vary from 0 to 
16 depending on the pressure and temperature. 

The present work was aimed at studying the 
direct and reverse transition of hexagonal ice Ih to 
the clathrate phase, and also at studying the 
transition of the liquid phase to the clathrate one. 
The points of transitions were located by tracing 
changes in the solubility of hydrogen in H2O at 
pressures from 0.2 to 1.8 kbar. The experimental 
technique and the calculation methods used are 
described in [5]. 

 
Results and discussion 
 The specific volumes of different phases of 
hydrogen hydrate are known from literature 
[3,4,6]. This allows an in situ determination of the 
hydrogen content of different phases of water. In 
our experiments, we measured the stationary value 
of pressure that was reached after varying the 
temperature or the total amount of hydrogen in the 
measuring unit. The drift of pressure ceased after 
about 5 minutes in the absence of phase transitions, 
after about 1 hour in the course of the Ih  sII and 
sII  Ih transitions, and after about 3–5 minutes 
when the sII phase was synthesized from liquid. 

The solubility of hydrogen in the Ih phase of 
ice at T = –22°C increased from 0.1 wt.% at  
P = 0.5 kbar to 0.3 wt.% at P = 1 kbar, right before 
the transition to the sII clathrate phase took place 
(Fig. 1). After this transition, the content of 
hydrogen in the sII phase was about 1.2 wt.%. 
Further increase in pressure to 1.8 kbar led to the 
increase in the hydrogen solubility to 2 wt.%. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Hydrogen solubility in H2O at a temperature 
of –22°С. Solid triangles – at increasing pressure; 
open triangles – at decreasing. 
 

On lowering the pressure at each temperature 
studied, a gradual decrease in the hydrogen content of 
the clathrate phase was always observed. At  
T = –22°C, for example, the hydrogen concentration 
decreased from 2 wt.% at Р = 1.8 kbar to 1.2 wt.% at 
Р  0.8 kbar, a transition to the Ih phase of ice 
occurring at a lower pressure. 

Fig. 2 presents an isobar of the hydrogen 
solubility in liquid water and in the sII phase at  
Р = 1.3 kbar. The amount of hydrogen dissolved in 
the liquid increased from 0.2 wt.% at +16°C to  
0.4 wt.% at –18°C. After the transition to the 
clathrate phase, the hydrogen solubility rose to  
1.9–2.0 wt.%. 

Fig. 3 shows a portion of the Т-Р diagram 
constructed according to the results of our 
measurements. The transition pressure of ice Ih to 
the sII clathrate phase is around 1 kbar and weakly 
depends on temperature. The pressure of the 
reverse transition of the sII phase to ice Ih 
decreases with decreasing temperature from  
0.9 kbar at –18°C to 0.5 kbar at –36°C. The 
synthesis of the clathrate phase from liquid occurs 
by 5 to 7 degrees below the melting temperature of 
ice Ih at the same pressure.  

 
 
 
 



Proceedings of IX International Conference “Hydrogen Material Science and Chemistry of Metal Hydrides”, Ukraine,  
September  5-11, 2005, http://www.ichms.org 

 
 
 

 253 

15 10 5 0 -5 -10 -15 -20
0.0

0.4

0.8

1.2

1.6

2.0
P = 1.3 kbar

H2O-H2

 

 
 C

(H
2),

 w
t.%

T, 0C

15 10 5 0 -5 -10 -15 -20
0.0

0.4

0.8

1.2

1.6

2.0

P = 1.3 kbar

H2O-H2

 

 

 C
(H

2), 
w

t.%

T, 0C

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Hydrogen solubility in H2O in the course of 
lowering the temperature at a pressure of 1.3 kbar. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Т-Р diagram of the H2O-H2 system. Solid 
circles indicate the points of the Ih  sII phase 
transition; open circles – the sII  Ih transition; solid 
triangles show the points of synthesis of the sII phase 
from liquid at decreasing temperature. The dashed 
line presents the decomposition line of the sII 
clathrate phase determined in [2]; the solid line gives 
the melting temperature of ice according to [6]. 
 
Conclusions 

A phase transformation between ice Ih and the sII 
clathrate phase is first discovered and the pressures 
of the Ih  sII and sII  Ih phase transitions are 

determined in the temperature interval from –18  
to –36°C. A line of synthesis of the sII clathrate 
phase from liquid is constructed in the pressure 
interval from 1.0 to 1.8 kbar.  

Temperature and pressure dependences of the 
hydrogen solubility in the sII clathrate phase have 
been also determined in situ for the first time. The 
minimum hydrogen content obtained was 1.2 wt.% 
and corresponded to the ratio H2O/H2 = 136:15. 
This result contradicts the estimate  
H2O/H2 = 136:32 of Ref. [4] for the minimum 
hydrogen concentration necessary for the stability 
of the clathrate structure. 
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