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Hig h-Pressure Compounds in 
Methane-Hydrogen Mixtures 

M. S. Somayazulu," L. W. Finger, R. J. Hemley, H. K. Mao 

The effect of pressure on chemical interactions in molecular mixtures is important for 
problems spanning fundamental chemistry, planetary science, and materials science. 
Diamond-anvil cell studies reveal pressure-induced chemistry in the CH,-H, system. The 
system, which has no known compounds at ambient conditions, formed four molecular 
compounds, CH,(H,),, (CH,),H,, CH,(H,),, and CH4H,, at pressures up to 10 gigapas- 
cals. These have been characterized by synchrotron single-crystal x-ray diffraction, poly- 
crystalline x-ray diffraction, Raman spectroscopy, and visual observation. Although 
CH,(H,), crystallizes in the MgZn,-type, hexagonal Laves phase structure, (CH4)H, has 
a body-centered tetragonal structure that is similar to that of AI,Cu. The 1 :1 and 1 :2  
compounds are stable to at least 30 gigapascals. 

Chemica l  interactions in dense materials are 
ilnportant in a hroad range of proble~ns in 
pl~ysical science, and tlie nature of such inter- 
actions in mixtures of s ~ t n ~ l e  molecular sys- 
tems has become tlie focus of ,lttention re- 
cently ( 1 ) .  F~uldamcntally, the stuily of s~lc11 
systems under pressure is important for tlieo- 
sics of honiling in highly conilenseil states, for 
example, the evolution of ho~ id i~ ig  states 
(snch as van dcr Waals, covalent, and metal- 
lic) ~v i th  compression (2).  Tcclinologically, 
i~ir~estigation of such systems, particularly 
those containing hydrogen, is important for 
the design of energetic compoutiils and hydro- 
gen storage m,ltcrials (3). 

A \vide range of pressures (uk? to several 
hundred giga-pascals) call he createil aritli a 
diamond alir~il cell. High-pressure studies 
have been conil~~ctecl to explain how simple 

Geophys~ca Laboratory and Center for H~gh  Pressure 
Research, Carneg~e lnst~tut~on of Washington, 5251 
Broad Branch Road, NW, Washngton, DC, 20015 USA 

'On leave from the High Pressure Phys~cs Div~sion, 
Bhabha Atomc Research Center, Bolnbay 400 085, 
n d ~ a  

gases and llqnids mix ~111der pressure, and 
some earlv observations sho~ved that mixtures 
of h e l i ~ ~ m  and nitrogen fornlcd an unusual 
compounil with tlie formnla He(N,),  , llnder 
pressLlrcs of approximately 8 GPa. Clletnical 
compouniIs that are stable only at high prcs- 
sure Lvere discovered (4) and tcrlned van der 
Waals compounds (5-7). In addition, high- 
pressure H,-H,O (8) and H e - H 2 0  (9) clath- 
rates have been discovered. Here we prcsctlt a 
detailed stnilv of met l ianc-hvi l toc  mixtures , ,-, 

under pressu;e. The  study revealed four near 
solid componnds having H2:CH4 ~llolar ratios 
of 1 :2 ,  2 :1 ,  4 :1 ,  and 1 : l .  

A total of 17 ilifferent compositions in the 
CH4-H, system [verc studieil. The  initial c o ~ i -  
celitratlon of the mixture was fixed ft-om the 
partial pressures of the gases, corrected with 
tlie virial coefficients. Each mixture was load- 
eil in the ilianlotld anvil cell after sufficient 
time for holnogelilzatlon had been allowed 
(typically a week), with a ruby chip for pres- 
sure calibration. T o  minimize reaction of hv- 
drogen, Be-CLI was used as tlie gasket material. 
For all our compositions, it was fo~und that the 
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relative intensities of the C-H stretch and the 
H-H stretch (10) reproduced the ratio of CH, 
and Hz within 3% in the gas and the fluid 
phases. It was thus possible to determine the 
composition of the liquid in the two-phase 
solid-plus-liquid region of the phase diagram, 
and to determine the pressure (P) - compo- 
sition (X) relation of the liquidus. In a typical 
run, P was raised in small steps until the 
liauidus boundarv was crossed. While within 
the two-phase region, the temperature (T) of 
the cell was then raised to revert back into the 
fluid field, and the solid was recrystallized by 
cooling so that a part of the sample chamber 
was free from the solid and consisted of only 
the liquid. These isochoric P-T scans also 
enabled a re~roducible determination of the 
liquidus boundary for each composition. The 
laser line from an Ar+ ion laser was focused to 
about 10 pm, and a spatial filter assured that 
the Raman signals from the two coexisting 
phases could be separated. The H-H peak 
became more intense and narrower in the 
solid phases; typically the line width de- 
creased from about 20 cm-' to 7 cm-'. This 
allowed us to determine the P of the eutectic 
point (Fig. 1). Two eutectic points at 10 and 
30% CH, were observed, as well as peritectic 
points at 60 and 15% CH,. 

A single solid phase was observed to form 
at 5.4 GPa for a starting composition of 20% 
CH,. The minimum in the liquidus at this 
com~osition has been confirmed from the 
observed increase in freezing pressures of 
neighboring compositions (Fig. 1). The stoi- 

1 
0 10 20 30 40 50 60 70 80 90 100 

Hydrogen composition (mol%) 

Fig. 1. The P-X phase diagram of the binary molec- 
ular system H 2 C H 4  at 298 K. The solid symbols 
denote the freezing pressures (liquidus boundary) 
and the pressures at which complete solidification 
(eutectic pressures) is obse~ed. The open symbols 
represent the composition determined from the liq- 
uid in the two-phase solid-plus-liquid regions. 

chiometry of this phase was determined to be 
CH4(H2), (Fig. 2A shows this phase grown 
from a starting composition of 24% CH,). 
The x-ray diffraction pattern of this phase 
indicated a body-centered tetragonal (bct) 
structure; however, we believe this pattern is 
due to the methane substructure. It is possible 
that the diffraction from the H, molecules 
could yield a primitive unit cell, but such 
intensities are below our detection limit. In- 
congruent melting of this phase was observed 
at 6.1 GPa and 298 K, at which pressure the 
solid changes stoichimetry through the reac- 

5.4 GPa , 

-40 0 40 

5.6 GPa : 

-40 0 40 
Relative wave 

numbers (cm-I) 

tion CH,(H,), ( 9  + CH,(H,), ( 9  + L (S, 
solid; L, liquid). At high temperatures, this 
transition was also accompanied by a change 
in dP/dT in the isochoric P-T scans. X-ray 
intensity data for this phase were collected at 
6.2 GPa and indicated a hexagonal ucit cell 
with a = 5.414 (2), c 8.855 (8) A, and 
volume V = 224.8 (3) A3, for a coordination 
number Z = 4. The space group was identified 
to be P6Jmmc. If the equation of state of H, 
(5) and CH, (6) is used, the volume is occu- 
pied by about 4 CH, and 8 Hz, with a 1% 
excess volume of mixing. The structure is that 
of a MgZn, (Laves phase) structure (7). Figure 
3A shows where the H, molecules occupy the 
Zn sites and the CH, molecules occupy the 
Mg sites. Above 6.7 GPa, another solid with 
the composition CH4H2 was formed (Fig. 
2B). It has a hexagonal crystal structure sim- 
ilar to that of CH4(H2),, with a smaller c/a 

Fig. 2. Photorrlicrographs of phases in the sample 
chamber, about 150 pm in diameter, with corre- 
sponding Raman spectra of the H-H stretching 
mode shown for each phase. The spectra are 
plotted relative to the frequency of the Ql(J) vibron 
of pure hydrogen at that pressure (vertical dashed 
line). (A) CH4(H,), at 5.4 GPa. The doublet indi- 
cates that the spectrum was collected from a two- 
phase mixture: solid CH,(H,), and hydrogen-rich 
liquid. (B) CH4H2 at 8.1 GPa in a solid H, medium. 
The Raman spectra were collected from a 50-50 
starting composition. The mode from (CH,),H, is 
shown by a dashed line, and the mode from 
CH4H2 is shown by a solid line. (C) (CH,),H, at 5.4 
GPa. The hydrogen Ql(J) mode occurs at a higher 
frequency in this compound as compared with 
that in pure hydrogen at this pressure. (D) Pure 
methane at 5.6 GPa in the solid medium (CH4),H2. 
The horizontal dashed line is the spectrum collect- 
ed from the pure methane region. 

Fig. 3. (A) Crystal structure of the compound 
CH4(H2),. The H, and CH, molecules are repre- 
sented as spheres because they appear to be 
orientationally disordered at these pressures. This 
phase is stable between 5.8 and 7 GPa, above 
which it continues to be hexagonal but changes 
stoichiometry. (B) Crystal structure of the com- 
pound (CH,),H,. Raman measurements on this 
solid indicate that it is stable up to at least 30 GPa. 
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ratio but lnajor changes in the relative inten- 
sities of the ( loo) ,  (200), and (300) reflec- 
tions, which suggests a different space group 
(1 1).  The  observed unit cell parametersoat 7.9 
GPa are a = 5.30; (2),  c = 8.633 (6) A ,  and 
V = 210.4 (3) A'. A stoichiolnetry of 1 : l  
CH4:H2 yiel~ls a much larger volume of mix- 
ing (12%). The  observed cell parameters and 
cla ratio are consistent with the wurzite struc- 
ture (B4) for this compound. The  spectro- 
scopic signature of this transition is the posi- 
tive shift of the Q,(J) hydrogen vibron with 
respect to the one in the pure solid at this 
pressure (Fig. 2B). R a ~ n a n  measurements of 
the Hz vibron from this phase up to 30 GPa 
showed no changes, indicating that the c a n -  
po~md is stable to at least 30 GPa (12). 

The methane-rich c o ~ n p o ~ n d  (CH4)2H2 
crystallizes as a needle-shaped crystal (Fig. 
2C). X-ray data were collected on a single 
crystal grown from a starting colnposition of 
40% Hz at 5.6 GPa. The  unit cell was bct 
(space groLip 14/mcm) with a = 7:23 1 ( I ) ,  c = 

5.934 (1) A and V = 310.3 (1) A', for Z = 4. 
This structure is similar to the A12Cu-type 
structure (13), with the CH4 lnolecules occu- 
pying the A1 sites and the H2 molec~~les oc- 
cupying the Cu  sltes (Fig. 3B). Based on sim- 
ple considerations of hard sphere packing, thls 
is not surprising because the A12Cu family of 
alloys has a similar atomic (molecular) diam- 
eter ratio In the range 1.13 : 1 to 1.61: 1. For 
compositions above 35% HZ, methane froze 
flrst; and above the peritectic pressure of 4 . j  
GPa, the compound (CH4),H2 formed 
through the perltectic reaction CH4 (S) + L 
+ CH4 (S) + (CH4)2H2 (S). With  a com- 
positloll of 20% H,, the soft (CH4)?H2 medi- 
um provided a quasi-hydrostatic environment 
in which to study the phase transitions in pure 
methane (Flg. 2D). 

Compared to other binary systems such 
as Ar-H, (14) and He-Ne (15),  in which 
only one compound has been observed, four 
solid phases have been documented here. 
Two of the stoicl~lometric solids observed 
fall close to the colnpounds observed 111 the 
Nz-CH4 system (16).  However, in contrast 
to that system, no  unmixing was observed 
in the fluid phase. This comparison reveals 
a number of systematics in the structures of 
these new compounds. T h e  forlnation of 
these van der Waals (molecular) com- 
pounds is essentially dictated by the effi- 
cient packlng of hard spheres (17) used to 
rationalize the  structures of metallic alloys. 
For C H 4 ( H z ) z ,  the structure is similar to 
that of A r ( H z ) 2  (14) ,  as is expected because 
the dianleter ratios are falrly close to 1.22 : 1, 
which satisfies the condition for the forma- 
tion of a MgZn2 (Laves phase) structure (7) .  
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Comparison of Radiative and Physiological 
Effects of Doubled Atmospheric CO, on Climate 

P. J. Sellers, L. Bounoua, G. J. Collatz, D. A. Randall, 
D. A. Dazlich, S. 0. Los, J. A. Berry, I. Fung, C. J. Tucker, 

C. B. Field, T. G. Jensen 

The physiological response of terrestrial vegetation when directly exposed to an increase 
in atmospheric carbon dioxide (CO,) concentration could result in warming over the 
continents in addition to that due to the conventional CO, "greenhouse effect." Results 
from a coupled biosphere-atmosphere model (SiB2-GCM) indicate that, for doubled CO, 
conditions, evapotranspiration will drop and air temperature will increase over the tropical 
continents, amplifying the changes resulting from atmospheric radiative effects. The range 
of responses in surface air temperature and terrestrial carbon uptake due to increased 
CO, are projected to be inversely related in the tropics year-round and inversely related 
during the growing season elsewhere. 

A number of simulation studies have inves- 
tigated the impact of increasing atlnospheric 
CO,  concentration o n  the energy balance, 
p re~ ip i t a t~on ,  and surface air temperature of 
the Earth. A recent assessment of the results 
produced hy different atmospheric general 
c~rculation rnociels IAGCMs) indicates that 
the globally averaged surface air temperature 
could Increase by 1.5" to 4 3 ° C  in response 
to a doubling of atmospheric C02 (1).  In  
allnost all cases, the impacts of increasing 
CO, are conventionallv associated w ~ t h  
cha&es in the ~adiat lon and energy balanc- 
es; pl~ys~ologically induced effects o n  cllnlate 
are ignored. In  this report we investgate the 
potential for additional warnllng over the 

P. J. Sellers, G J Colatz, S. 0 .  Los, C. J. Tucker, Na- 
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continents as a result of the physiological 
response of terrestrial vegetation when ex- 
posed to an  equilibrium doubling 111 atmo- 
spher~c C02 concentration. 

Terrestrial vegetation takes up CO, for 
pl~otosyntl~esis through small pores in the leaf 
surfaces called stornates. A t  the same tlme, 
water vapor from the leaf Interior diff~~ses out 
through the stolnates to the atmosphere 
(transpiration). Plants continuously adjust the 
widths of their stonlatal apertures, apparently 
to enhance C02 uptake for a given evapora- 
tive loss of leaf water (2). Leaf stolnatal con- 
ductance to water vapor transfer appears to be 
sensitive to variations in net photosynthetic 
rate, and hence to light intensity, tempera- 
ture, soil moisture, and atmospheric CO, con- 
centration, as well as to changes in hulnidlty 
and CO,  concentration at the leaf surface. 

Code 923, Greenbelt, MD 20771, USA ~eaf-scale models of net photosynthetic as- 
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silllilation, A, and stolnatal conductance, g<, 
. .  . . .  

belt, MD 20771, USA, have been formulated to describe these rela- 
D. A. Randal, D. A Dazch, T. G. Jensen, Department of tiolls [see, for example, ( 3 ) ] .  
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T h e  physiological effects o n  climate 
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