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buffered by marble chips. At all SO04/2Al(III) 
ratios, we found substantial amounts of Al(0)4 
and Al(O)5 in the flocs after separation from the 
marble chips. 

A close genetic link between Al13 and 
solid aluminum hydroxides has been postu- 
lated (17, 18). However, the All3 species is 
difficult to observe in nature because the pH 
window between formation and aggregation 
is small and because mixing of polluted and 
unpolluted waters is usually rapid and episod- 
ic. All of our results support the hypothesis 
that the aluminum flocs commonly found in 
polluted streams originate mainly from con- 
densation of Al13 molecules that form rapidly 
and then aggregate as pH of the effluent 
increases to more than 5. 

These results are important because A113 is 
phytotoxic (5, 19) and is probably responsible 
for the decline of fish populations in rivers 
polluted by mine drainage and acid rain (20). Its 
longevity and chemical affinity for heavy-metal 
cations, such as Pb2+, Cu2+, or Zn2+ (table S1) 
(21), suggest that dissolved Al13 and suspended 
aluminum flocs can transport metals down- 
stream over considerable distances. 
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Hydrogen Clusters in 

Clathrate Hydrate 
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Russell J. Hemley,2 Maddury Somayazulu,3 Yusheng Zhao4 

High-pressure Raman, infrared, x-ray, and neutron studies show that H2 and H2O 
mixtures crystallize into the sil clathrate structure with an approximate H2/HO2 
molar ratio of 1:2. The clathrate cages are multiply occupied, with a cluster of two 
H2 molecules in the small cage and four in the large cage. Substantial softening and 
splitting of hydrogen vibrons indicate increased intermolecular interactions. The 
quenched clathrate is stable up to 145 kelvin at ambient pressure. Retention of 
hydrogen at such high temperatures could help its condensation in planetary 
nebulae and may play a key role in the evolution of icy bodies. 
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Hydrogen-bonded H20 frameworks form a re- 
markable number of pure ice phases (1-3) and 
can build polyhedron cages around guest mol- 
ecules to form solid clathrate hydrates, thus 
trapping the guest molecules at temperatures 
and pressures at which they would otherwise 
exist as free gases (4-9). With each cage singly 
occupied by a guest molecule, clathrates at 
ambient pressure are limited to a guest/H20 
molecular ratio R - 1/6 (Villard's rule). Re- 
cently, multiple occupancy of the large cage in 
sl clathrate by small molecules has been rec- 
ognized in high-pressure experiments (10-12) 
and theoretical simulations (13, 14). Dyadin et 
al. (12) suggested the possibility of R as high as 
1/3. Hydrogen and water are by far the most 
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abundant gas and ice components in the solar 
system, but with a diameter of 2.72 A, hydro- 
gen molecules were thought to be too small to 
support a clathrate structure. Instead, hydrogen 
molecules were found to fill small cavities in 
ice II and ice Ic (15) at high pressures. 

Here we report the synthesis of a hydrogen 
hydrate with the classical sil structure (HH-sII) 
with R = 0.45 ? 0.05 (16). This requires that 
the small cages be doubly occupied and the 
large cages be quadruply occupied by clusters 
of hydrogen molecules. HH-sII is stable (or 
metastable) to ambient pressure and low tem- 
perature after initial synthesis at a moderate 
pressure. In a diamond anvil cell (DAC), we 
compressed a mixture of H2 and H20 to pres- 
sures of 180 to 220 MPa at 300 K. The samples 
were clearly separated into two regions: a H2 
bubble and liquid water. Upon cooling to 249 
K, the two fluids were observed to react and 
form a single, solid compound. These phases 
were monitored in situ using a variety of 
probes. Using energy-dispersive x-ray diffrac- 
tion (EDXD) at the X17B beamline of the 
National Synchrotron Light Source (NSLS), we 
observed 21 diffraction peaks at 220 ? 30 MPa 
and 234 K (table S1). The EDXD patter in 
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Fig. 1 can be indexed with a face-centered 
cubic unit cell with a = 17.047 ? 0.010 A, in 
excellent agreement with the archetypal slI 
clathrate (17). Time-of-flight neutron diffrac- 
tion data collected at the High Intensity Powder 
Diffractometer instrument at LANSCE on a 
D2-D20 sample in an aluminum cell confirmed 
the x-ray results of sIl structure, but showed a 
slightly larger unit cell (a = 17.083 + 0.018 A 
at 180 MPa and 220 K) due to the isotope effect 
and slightly different pressure and temperature 
(P-T) conditions. In the sll unit cell (Fig. 2), 
136 H20 molecules form frameworks around 
eight hexakaidodecahedron (51264) and 16 pen- 
tagonal dodecahedron (512) cages (17). For 
R = 0.45 + 0.05 (16), the 24 cages must be 
multiply occupied by H2 clusters to accommo- 
date the 61 ? 7 H2 molecules (18). For close- 
packed clusters of two, three, four, five, and six 
H2, the cluster diameters are 5.44, 5.86, 6.05, 
6.57, and 6.57 A, respectively, all smaller than 
the free cavity diameter of the 51264 cage (6.67 
A) but larger than that of the 512 cage (5.02 A). 
However, the hydrogen molecules in the cluster 
are unbonded to one another, and the 512 cage 
could be considered as two separate cages each 
having a free cavity diameter of 3.27 A that 
could easily accommodate a hydrogen mole- 
cule if the cluster axis is aligned toward oppo- 
site pentagonal faces (bimolecular cluster or- 
dering) (Fig. 2). We attribute two H2 to each 512 

cage and four H2 to each 51264 cage-that is, a 
total of 32 H2 in 512 and 32 H2 in 51264 per 136 
H20 (19). In these cages, the intermolecular 
distances of H2 are not shortened but length- 
ened. 

We used Raman spectroscopy to character- 
ize bonding changes. At the formation of the 
clathrate, broad liquid water OH peaks at 3000 
to 3600 cm- transformed to sharp peaks typical 
of sll clathrates. Meanwhile, hydrogen roton 
peaks appeared at 300 to 850 cm-1 and vibron 
peaks at 4100 to 4200 cm-1 (Fig. 3). Hydrogen 
rotons, S0(0), So(1), and So(2), in the clathrate 
were similar in frequency to those of pure hy- 
drogen, indicating that the hydrogen molecules 
in clathrate cages were still in free rotational 
states. H-H vibrons of the new clathrate, on the 
other hand, are distinct from those of other 
known phases in the H2-H20 system. In high- 
pressure H2-filled ices, such as ice Ic (15), ice II 
(15), and ice Ih (20), the vibrons shift to higher 
frequencies relative to those of pure hydrogen; 
such a result indicates that the hydrogen mole- 
cules are squeezed in the small cavities and that 
the hydrates are only stable under confining 
pressures. In contrast, vibrons of HH-sII appear 
at 4120 to 4150 cm-' (Fig. 4), which is below 
the dominant QI(l) vibron at zero pressure 
(4155 cm-'). This softening arises from in- 
creased intermolecular vibrational coupling 
within the H2 clusters and a substantial gas-to- 
crystal frequency shift (21). Attractive interac- 
tions between the hydrogen molecules and the 
host (even transfer of electron density) could 

d-spacing (A) Fig. 1. EDXD pattern of H2-HO2 at 
220 MPa and 234 K; 20 = 4.50?. The 
Miller indices hkl are marked on 
each peak. Because of the coarse 
crystallinity of the sample, peak in- 
tensities vary widely and cannot be 
used for structure refinement. 
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Fig. 2. (A) The sll crystal structure consisting of 
51264 and 512 building blocks (17). (B) A tetrahe- 
dral cluster of four hydrogen molecules in the 
51264 cage. (C) A cluster of two hydrogen mole- 
cules oriented toward opposite pentagonal faces 
in the 51264 cage. The H20 frameworks define 
the edges of the polyhedrons, with an oxygen 
atom at each corner and a hydrogen atom on 
each edge. The 51264 and 512 cages are drawn 
to scale relative to the enclathrated hydrogen 
molecule (sphere) of 2.72 A diameter. 

result in additional stabilization of the clathrate 
without confining pressures. Once HH-sII was 
synthesized at 200 MPa, it showed remarkable 
stability (or metastability) and persisted to 280 
K upon warming. Along another P-T path, it 
was cooled to 78 K, and then pressure was 
released completely. The sample at 78 K was 
exposed to the vacuum (-10 kPa) in the cryo- 
stat, and the clathrate remained. 

Vibron spectra (Fig. 4) of the clathrate dis- 
play two groups of multiplets of nearly equal 
intensities, supporting our assignment of two 
equal populations of hydrogen molecules in 
eight 51264 and 16 512 cages. We tentatively 
assign the lower frequency group at 4115 to 
4135 cm-' to the loosely fitted tetrahedral mo- 
lecular cluster in the 51264 cage and the higher 

Fig. 3. Full-range Raman spectra showing the 
hydrogen molecular rotons So(0), So(1), and So(2) 
at 355, 590, and 815 cm-'; the first- and second- 
order peaks from the diamond anvil at 1336 
cm-' and 2200 to 2600 cm-1, respectively; the 
OH peaks at 3000 to 3600 cm-'; and the hydro- 
gen molecular vibrons at 4100 to 4200 cm-1. 

frequency group at 4135 to 4155 cm-' to the 
bimolecular cluster ordered in the 512 cage. 
Warming up from 78 K at 10 kPa, the higher 
frequency vibrons gradually vanished above 
115 K while the lower frequency vibrons and 
the sll crystal structure persisted to 145 K. The 
observation is consistent with the above peak 
assignment, as the sIl structure is known (6) to 
remain stable with filled 51264 cages and empty 
512 cages (e.g., SF6.17H20). Above 145 K, the 
lower frequency vibrons gradually disappeared 
and the crystal structure collapsed. The multiple 
peaks within each group contain detailed infor- 
mation on the extent of intermolecular vibra- 
tional coupling, including configurational infor- 
mation (22). 

Similar to the Raman vibron frequencies, 
infrared spectra of HH-sII also showed a 
hydrogen vibron peak at 4145 cm-' and a 
weak peak at 4120 cm-1 (Fig. 5). Unlike the 
Raman vibron intensity, which is essentially 
intrinsic to the hydrogen molecule, the infra- 
red vibron intensity is highly sensitive to the 
environment. Being a homonuclear molecule, 
the free hydrogen molecule does not have a 
permanent electric dipole moment and thus 
does not absorb infrared radiation. In a solid, 
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Fig. 4. Raman spectra of the hydrogen 
clathrate in the hydrogen vibron re- 
gion. The vertical dashed line marks l - ....- 10 kPa, 150 K, TT 

Q,(1) = 4155 cm-1 for free hydrogen 
I 

molecules at ambient conditions. The .i 10 kPa, 144 K, Tt 
bottom spectrum shows 200-MPa / 
Q1(0), Qj(1), Q1(2), and Q,(3) peaks, T 
of fluid hydrogen at 4166, 4158, SE 
4148, and 4130 cm-1, shifted to high- > A 
er energy relative to ambient condi- 20-MPa, 99 K, Ti i TL rr- T% / \ I\2 00 MPa, 99 K, T$4 tion peaks. The sequence of five spec- 
tra upward shows the P-T evolution of 
HH-sll spectra: At 234 K and 200 MPa, 200MPa, 234 K, TI 
vibrons consist of a low-frequency 
group at 4115 to 4135 cm-' and a I Free H2,200MPa, 282 K 
high-frequency group at 4135 to 4155 
cm-1; cooling down to 99 K, each 4100 4120 4140 4160 4180 
group shifts to slightly lower frequen- Raman shift (cm1) 
cies, sharpens, and displays clear trip- 
lets; decompressing to the low pressure of the cryostat (-10 kPa), the vibrons do not change; 
warming to 144 K, the high-frequency group vanishes and the low-frequency group broadens and 
shifts to higher frequency; eventually the low-frequency peak diminishes at 150 K. 
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Fig. 5. Infrared spectra of the molecular hydro- 
gen in clathrate. The vertical bar is an absor- 
bance unit for a sample 400 pIm thick. 

the hydrogen electron density can distort and 
exhibit collision-induced infrared absorption. 
The relatively strong 4145 cm-'1 peak is co- 
incident with the Raman mode assigned to 
the bimolecular cluster in the 512 cages; the 
4120 cm-1 peak is also close to an observed 
Raman mode assigned to the tetrahedral clus- 
ter. Upon changing P-T conditions, the infra- 
red vibrons behave similarly to the Raman 
vibrons of the clathrate. 

The first direct evidence (23) of molec- 
ular hydrogen frozen in interstellar ices was 
discovered in the IR spectrum of WL5, a 
deeply embedded protostar in the p Ophiu- 
chus cloud complex. A weak absorption 
feature at 4130 to 4150 cm-' in the WL5 
spectrum was attributed to molecular hy- 
drogen created by irradiation and frozen in 
situ into amorphous ices (23). The present 
infrared peaks of HH-sII (Fig. 5) match the 
WL5 spectra and provide an alternative 
explanation. Direct condensation of pure H2 
requires temperatures < 3 K (24), far below 
those of dense, molecular clouds (10 to 40 

K). Practical models of hydrogen retention 
involve co-condensation with ices. For in- 
stance, experimental simulation reached a 
H2/H20 ratio up to 0.63 at 10 to 12 K (23, 25, 
26). Most of the trapped hydrogen (80%) in 
the amorphous ice, however, escapes above 
30 K. HH-sII provides a much more stable 
host for a large quantity of hydrogen to high 
temperatures. Because its synthesis pressure 
(>180 MPa) is within the range of interior 
conditions of small, icy satellites, HH-sII 
could potentially hold hydrogen to high tem- 
peratures in bodies previously thought to be 
incapable of retaining hydrogen. 

The kinetics of possible in situ formation 
HH-sllI at low-pressure interstellar conditions 
has not yet been explored. However, consider- 
ing the large hysteresis at low pressure, it is 
conceivable that this clathrate can be grown 
epitaxially on substrates of other sil clathrates 
or by annealing hydrogen in amorphous ices. 
Enclathration would also help to store hydrogen 
in larger bodies, from which it could be released 
gradually to form the hydrogen-rich atmo- 
sphere proposed for life-sustaining planets in 
interstellar space (27). The intriguing physics 
and chemistry of filling large cages with clus- 
ters of small molecules also opens new direc- 
tions in clathrate and ice research. Finally, 
confining hydrogen molecular clusters in 
cages provides a new means for studying 
novel interactions and quantum effects, such 
as the proposed superfluidity and Bose-Ein- 
stein condensation of hydrogen molecular 
clusters [e.g., see (28-30)]. 
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