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Abstract 

We have carried out Raman spectroscopy and X-ray diffraction to 60 GPa of the 1 : 1 H20: H 2 clathrate hydrate, which 
has water molecules in an arrangement similar to pure ices I c and VII. The pressure dependence of both the Vo_ n frequency 
and the intermolecular distance do_m..o is significantly larger than in pure ice: unexpectedly, both dependencies can be 
mapped onto those of pure ice by doubling the pressure. Nevertheless, the correlation between Vo_ H and do_s. ,.o is the 
same as in pure ice, making the clathrate a model system for ice at pressures reduced by a factor 2. Thus, the transition to a 
phase with symmetric hydrogen bonds probably occurs in the range 30-40 GPa, which is significantly lower than that 
for H 20. 

1. Introduction 

The structural and dynamical properties of hydro- 
gen-bonded systems, especially water, are crucial to 
numerous problems in biology, chemistry, geology 
and physics [1]. Of  particular interest is the behavior 
of the OH stretching mode v o_ H in response to the 
decreasing nearest neighbor intermolecular oxygen-  
oxygen distance do_H.., o. The general correlation 
between ~'O-H and do_H.., o is well known and has 
been established on the basis of  many different 
hydrogen-bonded compounds [2-4], see Fig. 1. The 
frequency Vo_ H decreases with reducing do_n.., o 
distance due to the increased a~action of the proton 
by the non-bonded oxygen ion, as shown in Fig. 1. 
The resulting frequency shift is small at large 
do_H.., o beyond 2.9 A, but clearly increases at 
distances below 2.9 ~.  The frequencies as a function 

of distance have been interpreted with simple empiri- 
cal potentials (see Refs. [3-5]). Consequently, it is 
believed that the reduced frequency shift correlates 
with an increase of the hydrogen bond length d o_ H 
upon the approach of the non-bonded oxygen ion [5]. 
At do_•.., o distances in the range 2.45-2.55 ~,  the 
(originally) non-bonded ion has moved in closely 
and the hydrogen bond length d o_ H has stretched so 
that the proton occupies the midpoint between the 
oxygen ions and thus the hydrogen bond has become 
symmetric [4]. Indeed, the first compound observed 
to have a symmetric hydrogen bond is chromous 
acid (HCrO 2) with a distance do_H...o ffi 2.49 ~ [6]. 

Application of external pressures allows continu- 
ous tuning of intermolecular distances and vibra- 
tional frequencies of  a given compound, such as 
those containing hydrogen bonds. High pressure ex- 
periments have been done on the ices VII and VIII 
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Fig. 1. Frequency of the O-H vibrational mode as a function of 
oxygen-oxygen distance do_n.. ,  o. The upward Iriangles are our 
results for the C 2 clathrate and the downward triangles are for ice 
VII (data from Ref. [1 I D. The open circles are data for com- 
pounds at ambient pressure compiled by Pimentel and Sederholm 
[2], and the squares by Ratajczak and Orville-Thomas [3]. 

up to 50 GPa by Raman spectroscopy [7-9] and up 
to 128 GPa by X-ray diffraction [10,11] i. From the 
data, Pruzan [13] has compiled a similar correlation 
between v o_H and d o_ H...O as mentioned above 
(see Fig. 1) clown to about 2.5-2.6 ,~. Neutron 
diffraction experiments [14,15], however, have re- 
vealed that the hydrogen bond length d o_ a is nearly 
pressure independent up to 10 GPa, contrary to the 
expectation based on the atmospheric pressure be- 
havior. This result was reproduced in calculations by 
Ojam~e et al. [16] and Besson et al. [15], which 
confirms that early descriptions [17,18] in terms of 
empirical potentials are only qualitatively correct. 
Moreover, further analysis [13] suggests that the 
do_H.., o distances at which the proton would oc- 
cupy the center point of the hydrogen bond are 
considerably shorter than mentioned above: 2.29- 
2.37 ,~. This corresponds to pressures in the range 
80-100 GPa [9,13]. Experimental evidence for such 
a symmetrization transition in H20  and D20 at 
60-70 GPa has been obtained very recently by syn- 
chrotron infrared spectroscopy [19]. 

Fig. 2. Crystal structure of the C 2 clathrate, obtained from single 
crystal X-ray diffraction data, see Ref. [20]. The origin of Fd3m is 
set at the 43m site. The H 2 molecules are shown as light 
dumbbells in two orientations; however, due to the quantum 
nature of their rotations, they have an approximately spherical 
charge distribution. Similarly, the protons (small dark spheres) 
associated with H20 are shown in ordered positions; however, 
X-ray data indicate that are disordered over two of  the four 
possible positions that are tea'ahedrally located --- 1 /~ from the 
oxygen ions (large dark spheres). The hydrogan bonds between 
different water molecules are indicated as thin dark lines. 

We have reported two novel hydrogen-water 
compounds (clathrate hydrates) C~ and C 2, the sec- 
ond of which has an unusual stoichiometry near 1 : 1 

[20,21]. The C 2 compound is stable beyond 2.3 GPa 
at room temperature and it consists of two interpene- 
trating diamond lattices, one for H 2 0  and one for 
H2, see Fig. 2. It can thus be regarded either as ice 
VII [12] with one H 2 0  sublattice replaced by H2, or 
as the metastable low temperature ice I c in which the 
interstitials have been filled up with H 2. We find 
that the pressure dependencies of v o_ H and d o_ H.. O 
are in excellent agreement with those of ice VII, if 
the pressure is scaled down by a factor of two. 
Moreover, the relation between Vo_ H and do_H... 0 
is very similar for both C 2 and pure ice VII, hence 
we propose that C 2 can be regarded as a model 
system for ice VII at half the pressure. In particular, 
the C 2 phase is a prime candidate to study symmet- 
ric hydrogen bonds in water-bearing materials. 

I Ice VII is the cubic high-temperature, high-pressure phase, 
that consists of  two interpenetrating diamond lattices. The hydro- 
gen bonds are not symmetric and the protons are randomly 
oriented along body diagonals. Ice VIII is the low-temperature 
te~agonal distortion of ice VII with the protons in antiferroeleclri- 
cally ordered positions. See Ref. [12]. 

2. Experimental 

Nine different compositions of H 2 and H20,  in- 
cluding one with D20, were studied with Mao-Bell 
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single crystal and megabar diamond anvil cells [22], 
with T301 and BeCu gaskets. The experimental tech- 
niques are described in Refs. [20,21,23,24]. The 
variations in pressure are about 0.2 GPa below 10 
GPa increasing to 3 GPa at the highest pressures of 
60 GPa. The accuracy in composition is about 5-10  
tool%. All experiments were performed at room 
temperature (295 + 5 K). The samples were probed 
by several techniques. X-ray diffraction was done on 
the polychromatic synchrotron beam line X17C at 
NSLS, Brookhaven [25]. Raman spectra were mea- 
sured with an Ar laser, a Dilor triple spectrometer 
and a CCD detector. In addition, visual observations 
were performed with a high magnification micro- 
scope and recorded on video tape. 

3. Results 

Because of the cubic symmetry of C 2 (see Fig. 2), 
the do_H.., o distance in the compound is given 
directly by the lattice parameter a as: do_H.., o 
= ¼V~'a. The pressure dependence of do_H.., o ob- 
tained from X-ray diffraction is shown in Fig. 3. The 
intermolecular distance decreases strongly with pres- 
sure, from about 2.8 A to less than 2.3 A at 60 GPa. 
No systematic difference is observed in the experi- 
ment with D20, in agreement with earlier findings 
for ice VII [26]. The solid curve is a weighted fit 
with the Birch-Murnaghan equation [27] to volume 
versus pressure, with zero pressure volume 304 ,~3, 
bulk modulus 15.6(2) GPa, and the derivative of the 
bulk modulus 4.3(6). Although the value of do_H.., o 
for C 2 and ice VII start out at the same value at low 
pressure, the one of C 2 decreases much more rapidly 

• o 

and is more than 0.1 A shorter at 60 GPa. The scatter 
in the data increases beyond 30 GPa. There are 
indications that structural changes may take place 
beyond 30-35 GPa in the C 2 phase: in several of the 
runs we observed a splitting of the 220 diffraction 
lines, which suggests a distortion of the cubic struc- 
ture. 

The Raman spectrum of the C 2 phase in the 
region of the O - H  stretching modes reveals a strong 
band [20]. On the basis of polarization measure- 
ments, we assign the strong band at 3200 cm- 
(2350 cm- i  for O-D,  see Fig. 4) to the symmetric 
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Fig. 3. Oxygen-oxygen distance do_R.., o as a function o f  pres- 
sure. The squares are our experimental X-ray diffraction data for 
C 2. The solid curve is a fit with the Birch-Murnaghan equation 
[27] to volume versus pressure, with parameters V o = 304 ~3, 
K o ffi 15.6(2) GPa, and K~ = 4.3(6). The dashed curve is the 
equation of state for ice VII of  Hemley et al. [10] up to 128 GPa. 
The dashed-dotted curve is a theoretical result for C 2 by Xu and 
Ching [30]. The cross-hatched horizontal bar indicates the range of 
d o - a  ...o distances at symmetrization of Pimentel and McClelland 
[4], and the hatched horizontal bar indicates the prediction for ice 
VII (Refs. [9,13]). 

vibrational mode (v l) of A symmetry. Because the 
shape of the spectrum is similar to ice VII and VIII, 
the shoulders are likely O - H  stretching vibrations of 
different symmetry. At about 13 GPa,  the O - H  
mode overlaps with the two-phonon region of the 
diamond windows, which form a broad band around 
2500 cm -m. It was expected that Vo_ H would be 
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Fig. 4. Raman spectra of  the O - D  vibrations of tbe  C 2 clathrate at 
several pressures. The data have been normalized to the counting 
time and incident laser power. The spectra at 16 and 18 GPa have 
been multiplied by 4 and the one at 20 GPa by l0 and shifted 
upwards for clarity. The strong band at 1400 c m -  ~ that reaches to 
about 1000 coun t s /W s is the diamond one-phonon band. 
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Fig. 5. Squared vibrational frequencies as a function of  pressure. 
The circles indicate the O - D  modes of  the C 2 claflu'ate. The O - H  
modes (frequency2/l.3742) are indicated with triangles. The 
drawn lines are linear fits (v~_o(cm -2)  ffi 5.91(8)× 106 - i.42(5) 
X 106p(GPa) and V~_H(Cm -2)  = 1.104(38)X 107 --3.51(6)X 
106p(GPa)). The daslugl-dotted curve indicates the translational 
lattice modes of  the C 2 clathrate. The dotted curves are the 
squared O - D  and O - H  (divided by 1.374) frequencies of ice VII 
by Pruzan et al. [8,9,13], which have been extrapolated. Note that 
the O - D  modes frequency of ice VIII by Hirsch and Holzapfel [7] 
(not indicated) are in good agreement with the data of  Pmzan 
etal .  

observed again at higher pressures, however, we 
were unable to detect it. A similar decrease of inten- 
sity has been observed for ice VII and VIII [7,8]. 
Although this may arise from increased stress gradi- 
ents in the sample, there is also a significant decrease 
in Raman cross section, possibly due to charge trans- 
fer from the H ions to the O ions [28]. The squared 
frequency of the O - H  mode as a function of pres- 
sure is plotted in Fig. 5. It strongly decreases with 
pressure as expected for a hydrogen-bonded system. 
It is interesting to note that the frequency decreases 
at a much faster rate with pressure in the C 2 phase 
than in ice VII or VIII [7-9]. 

In order to follow the stretching vibrations to 
higher pressure, measurements were performed on 
the clathrate formed from D20, because the O - D  
mode has a much lower frequency (! 'o-9 = 
vO_H/1.374), and hence the two-phonon band of the 
diamond windows is avoided. The high-frequency 
O - D  Raman band of the C 2 phase ( D 2 0 - H  2) was 
followed to about 20 GPa pressure (Fig. 4). The 
band weakens continuously and was not observed 

beyond this pressure. Moreover, the frequency 
reaches the range of the one-phonon band of the 
diamond windows, which is much stronger than the 
O - D  mode. The v o_ v frequency shift with pressure' 
of  the C 2 phase is shown in Fig. 5. It also strongly 
decreases with pressure similar to the O - H  mode, 
yet at a slightly lower rate. 

In Fig. 4, it is seen that a second peak develops at 
ffi 20 GPa, indicating a possible change in the hydro- 
gen bond. No ~oncomitant change was observed in 
the X-ray diffraction experiments, which probe the 
oxygen sublattice. 

4. Discussion 

In Fig. 3, we compare the do_ . . . .o  distance of 
the C 2 phase to that of pure ice VII (dashed curve). 
For ice VII, the X-ray diffraction results of Hemley 
et ai. [10], Fei et al. [11], and results obtained in the 
present experiment are all in excellent mutual agree- 
ment. Interestingly, the curves for the two materials 
match if the pressure scale for ice VII is reduced by 
a factor of two. A simple interpretation is that the 
external pressure is taken up by only one H 2 0  
sublattice in C 2 phase compared to two in pure ice 
VII (compare Fig. 2). This implies that the H2-H 2 
and H 2 0 - H  2 interactions contribute only little to the 
pressure. This is not unreasonable for the H2-H 2 
interaction, because the distance between the H 2 
molecules is much larger than in pure H 2 at the 
same pressure [29]. For the H 2 0 - H  2 interaction, we 
propose that it contributes little because the different 
species are not nearest neighbors. The dash-dotted 
curve in Fig. 3 indicates a theoretical calculation by 
Xu and Ching [30]. It is systematically offset to 
lower do_H.., o distance by about 0.1 ,~ and the 
theoretical bulk modulus is about 50% higher. 

There are several possible explanations for the 
structural distortions that appear near 30-35 GPa. 
They can be ascribed to increased pressure gradients 
of  the stiffening C 2 structure, which could explain 
the increased scatter in the data points in Fig. 3. 
Another possibility is that the crystal structure dis- 
torts away from cubic symmetry. To investigate this 
in greater detail, experiments should be done on 
samples with excess hydrogen, which could then act 
as a hydrostatic cushion for the C 2 compound. 
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The squared frequency of the O-D  mode as a 
function of pressure is plotted in Fig. 5 as open 
circles and compared to the results for ices VII and 
VIII (dotted line, Refs. [7-9]). Again the data of 
both the C 2 phase and the pure ices are in close 
correspondence, if the pressure scale for ices VII and 
VIII is reduced by a factor of two. In Fig. 5, we also 
compare the squared frequencies of the O - H  mode 
divided by the ratio of reduced masses (1.374) to that 
of the O- D  mode. The two data agree well at low 
pressure, but at higher pressure, the O - H  mode has a 
smaller frequency than the O - D  mode at the same 
pressure and correspondingly same do_H.., o dis- 
tance. This observation can probably be explained by 
the lighter mass of the proton compared to the 
deuteron causing its energy levels to be higher in the 
potential well. As a result, protons will tunnel at a 
faster rate between the double well in the potential 
and thus experience effectively a higher anharmonic- 
ity. This notion has been invoked to explain the 
Raman data on ice VII [9,13]. Moreover, at the 
higher energy levels, the protons will experience 
more of the anharmonicity associated with the shape 
of potential well. 

From the compressibility (Fig. 3) and the fre- 
quency shifts with pressure (Fig. 5), the correlation 
between the O - H  frequency and the do_H.., o dis- 
tance can be determined. In Fig. 1, we compare the 
results for the C 2 phase to those of ice VII [11]. 
There is excellent agreement for both phases in the 
region of overlap. This indicates that the O - H  fre- 
quency shift is only determined by the sublattice in 
which the H 2 0  molecules are located, and not by 
another non-hydrogen-bonded sublattice (consisting 
of H 20  molecules in the case of ice VII and H 2 in 
the case of C2), which seems at variance with a 
recent theoretical study [31]. Apparently, the main 
contribution to the shift is caused by forces along the 
hydrogen bond, which is exactly the direction of the 
nearest neighbors in a diamond structure (distance: 
1 / 2  times ¼V~'a, see Fig. 2); forces in other direc- 
tions have less influence, because they are associated 
with molecules which are at a distance ¼~/3"a from 
the protons. This is in agreement with the observa- 
tion mentioned earlier that the scaled pressure depen- 
dencies of the do_H. ..O distance are the same for 
both the C 2 phase and ice VII. Therefore, we con- 
clude that it is meaningful to compare the properties 

of H 2 0  molecules in C 2 with pure ice VII. Thus, 
with respect to the hydrogen-bonded lattice, the 
properties of C 2 at a given pressure are a model 
system for H 2 0  at approximately twice that pres- 
sure. In addition, the relation between Vo_ H and 
do_H.., o for different chemical compounds [2-4] is 
in qualitative agreement with the present results. 
This is not surprising, because this relation was 
obtained from data on different chemical compounds 
at ambient pressure whereas the present data are 
from one compound at different pressures. More- 
over, the relation of Refs. [3-5] was determined 
from infrared (IR) frequencies, whereas the present 
data are of Raman modes, which are in general 
associated with different force constants. 

The covalent hydrogen bond would no longer 
exist at a symmetrization transition, therefore, the 
O - H  (or O-D)  stretch mode should behave as a soft 
mode with a frequency v that varies as v 2 a ( p  - Pc) 
[32]. As shown in Fig. 5, the squared frequency of 
the O - D  stretch mode has a linear dependence on 
pressure (solid line), that is consistent with soft-mode 
behavior. If the symmetrization transition is assumed 
to occur at the pressure where the vibrational fre- 
quency tends to zero, a value of about 40 GPa is 
obtained. We also compare the pressure dependence 
of the translational lattice modes [20]. If symmetriza- 
tion is assumed to occur when the O - D  frequency 
reaches that of the lattice modes, the transition pres- 
sure is reduced to about 36 GPa. The dashed curve in 
Fig. 5 is the dependence for O - D  in pure ice of 
Pruzan [13]. As mentioned above, it closely tracks 
the dependence of the C 2 phase if the pressure for 
ice is scaled down by a factor of two. Thus, it can be 
seen that the extrapolation to zero frequency occurs 
at double the pressure ( =  80 GPa) for ice VII [13]. 

Similar behavior is seen in Fig. 5 for the O - H  
mode of the protonated C 2 phase: the squared fre- 
quency also follows a linear pressure dependence. 
Due to the increasingly lower frequency of the O - H  
mode compared to the O - D  mode, it tends to zero or 
to the frequency of the translational modes at a lower 
pressure than for the deuterated C 2 phase. This is 
consistent with the prediction of Pruzan et al. [ 13] for 
ice VII, and the recent observations of Goncharov et 
al. [19]. It is also consistent with the observation at 
ambient pressure that HCrO 2 has a symmetric hy- 
drogen bond, in contrast to the deuterated compound 
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DCrO 2, which does not [6]. It is expected that 
DCrO 2 will symmetrize at high pressure. 

It is possible that changes arise in the hydrogen- 
bonded network as signalled by the second peak that 
develops in the Raman spectrum near ~, 20 GPa. We 
do not believe, however, that this is a symmetriza- 
tion transition, because the O - D  vibration frequency 
is far from degenerate with the lattice mode frequen- 
cies, and because the Raman cross section should be 
zero for protons in a centrosymmetric position be- 
tween the oxygen ions, assuming an ideal (symmet- 
ric) structure. On the other hand, a transition at 20 
GPa to a structure with lower symmetry cannot be 
ruled out. 

the protons, using the newly developed synchrotron 
or neutron sources. 
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5. Conclusions 

X-ray diffraction and Raman experiments on the 
1:1 H 2 0 : H  2 clathrate hydrate up to 60 GPa pres- 
sure reveal that the pressure dependence of both the 
intermolecular distance d o _ H  o and the Vo_ . fre- 
quency is significantly larger than in pure ice. It 
appears that both relationships are in close agree- 
ment with those of ice VII at twice the pressure. 
Interestingly, the correlation between Vo_ H and 
do_n.., o is very similar, which suggests that Vo_ n 
is mainly determined by nearest neighbor interac- 
tions within a hydrogen-bonded network. Moreover, 
it indicates that the clathrate serves as a model 
system for ice at pressures reduced by a factor of 2. 

From the do_n.., o distance (cf. Fig. 3), we infer 
that the transition to a phase with symmetric hydro- 
gen bonds takes place between 20 and 50 GPa. The 
O - H  vibrational frequency extrapolates to the region 
of the translational lattice modes or to zero fre- 
quency, indicating a hydrogen bond symmetrization 
transition near 32 GPa for the protonated clathrate 
and near 40 GPa for the deuterated clathrate. A 
change is observed in the vibrational spectrum near 
20 GPa; however, this is not thought to be a sym- 
metrization transition. Beyond 30 GPa, structural 
changes may appear in the oxygen sublattice. It is 
thus possible that the transition to a state with sym- 
metric hydrogen bonds is more complex than previ- 
ously thought. Therefore, additional evidence should 
be obtained from IR spectroscopy and from diffrac- 
tion experiments that are sensitive to the positions of 
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