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Clathrat ee Hydrate s in the syste m H20-Ar at 
pressure ss and temperature s up to 3 GPa 

C C 

2.11 Introductio n 

Clathratee hydrates (clathrates) are a special class of inclusion compounds in which hydrogen 

bondedd water molecules form a polyhedral cage-like structure (the host lattice) around 

nonpolarr or weakly polar molecules (the guests). In the case of argon hydrates, this solid 

phasee can be formed above 88 bar (the pressure at the lowest quadruple point) at 

temperaturess above and below the melting line of ice, but it does only occur in mixtures. 

Stabilityy of clathrates requires a minimum occupancy of the cages by the guest molecules. 

Thee cages are stabilized by van der Waals forces' but the interaction with the guest 

moleculess is very weak. 

Eachh structure consists of two or more different fundamental cages. The structure to be 

formedd mainly depends on the size of the guest molecule and is not strictly stoichiometric, 

inn the sense that the composition is not strictly unique, since the fractional occupancy of the 

cagess is somewhat dependent on pressure and temperature. The structures discussed in this 

chapterr are of type CS-I (consisting of 512 and 5l262 cavities, see Figure 1.1) and CS-II (51" 

andd 51264 cages, see Figures 1.1 and 1.2). The thermodynamic stability of clathrate hydrates 

hass been explained by van der Waals and Platteeuw'. Clathrates have been extensively 

investigatedd both experimentally3'4 and by using computer simulations5,6. Recent studies 

includee the crystal structure7,8 and the thermodynamic stability9,10 of clathrates. 

Thee present study is concerned with the determination of the decomposition curve of 

argonn clathrate hydrates and the 3-phase lines separating the different clathrate structures. 

Thiss system has been chosen for the comparison it offers with results on nitrogen 
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hydratess ". Nitrogen and argon have about the same diameter but differ in orientational 

degreess of freedom. In addition, the results of measurements up to 1.5 GPa by Dyadin et 

al.al. ' on several systems gave rise to the expectation that argon clathrates might exist at 

relativelyy high pressures and temperatures. 

2.22 Experimenta l method s 

Thee experiments have been carried out with a diamond anvil cell (DAC)14 connected to a 
temperaturee control device14. Under the microscope, the stainless steel 301 gasket was 
loadedd with a droplet of dei'onised water and an air bubble. After mounting the cell in a 
pressuree vessel, the air was purged and replaced by pure (99.999%) argon gas. On the basis 
off  the size of the argon bubble, only a rough estimation of the composition could be made; 
alll  the sample mixtures used during the p-T scans consisted approximately of the same 
compositionn (same bubble size) and contained much more water than argon. 
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Figuree 2.1 p-T scan at the clathrate hydrate decomposition curve of the 

systemm H20-Ar. The solid line represents a part of the measured decomposition 

curve:: liquid -clathrate-gas (L-C-G). 
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Too investigate the phase behavior three kinds of techniques have been used: 

1)) The quasi-isochoric scanning technique1 (p-T scans). With this method 2-phase lines 
inn pure systems and 3-phase lines in binary mixtures can be detected by a discontinuity 
inn the pressure or by a sudden increase of the pressure (pressure jump) if a sufficiently 
largee volume change occurs. A typical p-T scan at the clathrate decomposition curve at 
aboutt 1.4 GPa and 70 °C is shown in Figure 2.1. The phase transition takes place 
gradually,, so that there is a range of pressures where the three phases coexist and the 
pressuree and temperature follow the 3-phase line. 

2)) Visual observation through a microscope (see Figure 2.2). A phase transition can be 
detectedd visually by a change in the color, or structure (solid-solid transition) or by the 
meltingg of a solid phase (solid-liquid transition). At points on the transition line, the 
pressuree has been measured. 

3)) Determination of the vibrational spectrum of the water molecules in the different 
clathratee regions. 

Figuree 2.2 Image of the sample cell (diameter 200 um) with the mixture H20-

Arr at a point on the 3-phase line just above Q4 (see Figure 2.3). The phases can 

bee distinguished visually: the clathrate hydrate phase (upper half of the cell, fairly 

transparent),, the solid argon phase (at the lower right, darker), and the liquid 

phasee (mainly at the right and the center of the cell, totally transparent). The dark 

spott at the left is the ruby chip. 
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Forr the p-T scans the cell was filled at 200 bar after which the DAC was mounted on a 

framee for further pressurization. The pressure in the DAC was determined using the ruby 

fluorescencee technique with the scale of Mao et a/.16 and the temperature correction of Vos 

andd Schouten17. The ruby chip was illuminated by the 488 nm line of an argon-ion laser at 

beamm intensities of 1 mW. At pressures below 0.5 GPa, the beam was passed through a gray 

filterfilter  to prevent heating of the chip. The ruby signal passes the entrance slit (100 urn) of a 

BM1000 single monochromator and is detected by an Optical Multi Channel Analyzer. To 

avoidd disturbance of the pressure measurements by plasma peaks, a short wave pass filter 

wass used. First, the sample cell was pressurized and set at the desired temperature. After 

stabilization,, the cell was heated in steps of 2 °C. Twenty minutes following each 

temperaturee step, the pressure was measured. Before and after each quasi isochoric 

temperaturee scan, the spectrograph was calibrated using the argon line at 696.54 nm, 

resultingg in an accuracy of 0.1 cm"1. The absolute uncertainty in the pressure is estimated to 

bee 0.03 GPa below room temperature and up to 0.05 GPa at temperatures up to 170 °C. The 

relativee accuracy, within one scan, is better (about 0.015 GPa). The temperature was 

measuredd with a calibrated copper-constantan thermocouple with an uncertainty of 0.1 °C. 

Forr the visual method, the same setup has been used. The cell was heated in steps of 

11 °C with intervals of about 5 minutes. Only at points on the transition line, the pressure was 

measured.. In this case, the accuracy also depends on the amount and the clarity of the solid 

involvedd and is generally less compared to p-T scans. Therefore this method has only been 

usedused at low pressures, when the volume change was not large enough to be measured with a 

quasii  isochoric scan, and also to give a quick indication about the position of the transition 

lines. . 

Thee Raman experiments have been performed using 400 mW of laser power. In order 

too reduce the strong liquid H20 signal and to get the maximum amount of clathrate we used 

aa filling  pressure of 0.2 GPa for the argon gas. The detection system consists of a double 

monochromatorr (entrance slit 200 ^m, instrumental width 1.5 cm ') and a charge coupled 

devicee (CCD) detector. All measurements have been performed using forward scattering. 

Beforee each measurement the spectrograph was calibrated, using the neon line at 576.44 

nm.. The Raman spectra of the coupled O-H oscillations of the two clathrate structures are 

dominatedd by the simultaneous presence of the liquid water signal. For the determination of 

thee main peak position of the clathrate spectra we used a Gaussian fit. First, the part of the 

liquidd water signal that overlapped the clathrate spectra was accounted for by fitting a linear 

functionn through points on both sides of the main clathrate peak and subtracting this linear 

fitfit  form the signal. Of course, with this method the calculated frequency might be shifted 

withh respect to the true value. Since the liquid H20 signal does not change much as function 
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off  pressure18 and temperature19 and since the amount of clathrate and liquid H20 is constant 

withinn a pressure scan, the subtraction will only introduce a relative error in the peak 

position.. The goal of this investigation - the pressure and temperature dependence of the 

frequencyy - is hardly affected by this procedure. 

2.33 Result s and discussio n 

2.3.11 Determination of the clathrate hydrate decomposition curve 

Thee results of a detailed study of the phase equilibria in the water-argon system at pressures 

betweenn 0.07 and 2.8 GPa and temperatures between 14 and 133 °C are presented in Figure 

2.3.. The experimental data of the argon clathrate hydrate decomposition curve, obtained 

fromm the p-T scans, is given in Table 2.1. The results are in good agreement with 

measurementss up to 0.4 GPa by Marshall et al20 and up to 1.5 GPa by Dyadin et al.n. In the 

temperaturee range investigated (up to 200 °C and 3.0 GPa) the water-argon system shows a 

demixingg of the fluid phase. At temperatures above the decomposition curve and pressures 

beloww the melting line of argon, two separate fluid phases are visible through the 

microscope:: a liquid and a gas phase. The liquid phase is water rich and the gas phase is 

argonn rich. In the low pressure region, the clathrate phase can be obtained from this liquid-

gass phase. When the temperature is lowered down to the decomposition temperature, the 

formationn of the clathrate is hindered by metastability of the liquid and gas phases. E.g., 

althoughh at about 0.4 GPa the clathrate hydrate is the stable phase below 32 °C, the sample 

hass to be cooled much further and only at about 2 °C the hydrate forms. 

Inn the region above 0.5 GPa, the clathrate phase is only obtained from one of the ice 

phases;; when cooling down from the liquid-gas equilibrium, ice VI or ice VII will form 

insteadd of clathrate. To obtain the clathrate phase the cell was heated from the ice region in 

question.. At the ice-liquid transition, the hydrate starts to form. In the region below 1.0 

GPa,, p-T scans have been performed at 0.2, 0.4, 0.6 and 0.8 GPa. None of those scans 

showedd a pressure jump at the 3-phase line liquid-clathrate-gas (L-C-G), although the 

clathratee phase was visible at the beginning of each scan. Results of Marshall et al.20 

showedd a relatively small pressure jump of 14 bar at 500 bar. This is too small to be 

detectedd in a DAC. The relative uncertainty in the pressure is about 150 bar. Therefore, only 

pressuree jumps of about 150 bar and larger can be detected. If the slope of the transition line 
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inn the p-T projection, dp/dT = AS/AV, is small, the change in the entropy AS is relatively 
small,, or the volume change AV and thus the pressure jump is relatively large. Considering 
thee small value of AV, the change in entropy at 500 bar must be very small. For the 
decompositionn line between 0.4 and 0.8 GPa this need not be the case since the different 
slopess on both sides of the second and third quadruple points (Q2 and Q3) are much steeper 
inn this area. At about 0.6 GPa the 3-phase line shows a temperature maximum above which 
AVV is probably even negative. 
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Figuree 2.3 p-T projection of the phase diagram of the water-argon system, 
togetherr with phase transitions in the pure systems. Solid lines: pure H20 
transitions,, dotted line: melting line of pure Ar, dash-dotted line: clathrate 
hydratee decomposition curve, Dyadin et al.n, triangles: clathrate hydrate 
decompositionn curve, Marshall et a!.10, circles: p-T measurements of the clathrate 
hydratee decomposition curve, this work, stars: visual observation measurements, 
thiss work. 
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Inn the region above Q3 the isochoric scanning method worked out very well and p-T 

scanss at 1.2, 1.5, and 1.9 GPa revealed large pressure jumps of about 0.4 GPa. Therefore, 
thee volume change at the 3-phase line in this area must be considerable, compared to lower 
pressures.. Since, at the transition line, the clathrate-liquid equilibrium transforms into the 
liquid-gass equilibrium, as in the low pressure cases, this suggests that the density of the 
correspondingg clathrate hydrate structure is higher than that of the low pressure structures. 

Abovee 2 GPa, i.e. above the new quadruple point (Q4), the pressure jumps are less 
profoundd but still considerable: 0.25, 0.25, and 0.30 GPa at 2.1, 2.2, and 2.5 GPa. At 2.7 
GPaa the clathrate hydrate decomposition curve could not be detected with this method. 
Instead,, starting in the ice VII region, the pressure and temperature follow the 3-phase line 
relatedd to the melting line of pure ice VII . In comparison with pure water, the transition line 
inn the mixture is not shifted within experimental accuracy, as can be seen in Figure 2.4 

--

-- ice VL 

icee VII 

/ * & & 
''

p> > 

solidd Ar 

cmjpnP"^ ^ 

fluidd Ar 

-r^-r^  1 1 1 1 1 
755 100 125 150 175 200 

) ) 

Figuree 2.4 Melting lines of the pure components and the corresponding 

3-phasee lines in the mixture. Solid lines: part of the phase diagram of pure water, 

openn triangles: corresponding 3-phase lines ice VII-liquid-clathrate (IVn-L-C) and 

icee VII-liquid-solid argon (IVn-L-SAr) in the mixture, solid squares: p-T 

measurementss of the melting line of pure Ar, open squares: p-T measurements of 

thee corresponding 3-phase line L-G-SAr and of the clathrate decomposition curve 

(L-C-SAr)) in the mixture. 
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(triangles)) and we can conclude that argon does not dissolve or hardly dissolves in ice VII . 

Withh the scan beginning at 2.1 GPa two phase transitions were detected; one at 110 °C, in a 

directt line with the clathrate decomposition curve and another phase line at 2.3 GPa and 160 

°C.. Now there are two possibilities: 

1)) The first transition line is the clathrate decomposition curve (L-C-SAr) and the second 

transitionn line is the 3-phase line related to the melting line of pure argon; liquid-gas-

solidd argon (L-G-SAr). 

2)) The first transition line corresponds to a change in the clathrate hydrate structure and 

thee second transition line is the extension of the decomposition curve of another new 

clathratee structure. In this case, the 3-phase line L-G-SAr still has to be located. 

7*(°C)) p(GPa) 7TC) p(GPa) 7(°C) p (GPa) 7(°C) p (GPa) T(°C) p (GPa) 

57.69 9 

59.65 5 

61.63 3 

63.63 3 

65.65 5 

67.59 9 

69.56 6 

71.46 6 

73.54 4 

75.59 9 

1.216 6 

1.237 7 

1.264 4 

1.294 4 

1.325 5 

1.348 8 

1.374 4 

1.397 7 

1.422 2 

1.456 6 

77.52 2 

79.13 3 

81.53 3 

83.53 3 

85.46 6 

87.48 8 

80.07 7 

82.08 8 

84.09 9 

86.21 1 

1.488 8 

1.503 3 

1.547 7 

1.580 0 

1.610 0 

1.636 6 

1.526 6 

1.561 1 

1.591 1 

1.624 4 

88.21 1 

90.23 3 

94.28 8 

96.38 8 

98.44 4 

100.5 5 

103.4 4 

104.4 4 

105.5 5 

106.5 5 

1.662 2 

1.709 9 

1.795 5 

1.825 5 

1.854 4 

1.896 6 

1.955 5 

1.980 0 

1.990 0 

2.016 6 

107.5 5 

108.5 5 

109.5 5 

110.6 6 

111.6 6 

112.6 6 

113.6 6 

114.7 7 

116.7 7 

117.7 7 

2.035 5 

2.057 7 

2.069 9 

2.086 6 

2.108 8 

2.123 3 

2.138 8 

2.164 4 

2.212 2 

2.284 4 

118.7 7 

119.7 7 

120.5 5 

122.5 5 

124.8 8 

126.8 8 

128.9 9 

130.9 9 

132.9 9 

2.313 3 

2.307 7 

2.363 3 

2.425 5 

2.531 1 

2.589 9 

2.668 8 

2.724 4 

2.787 7 

Tablee 2.1 Experimental data of the argon clathrate hydrate decomposition 

curve,, obtained from the p-T scans. 
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Too investigate the second possibility - another, new clathrate hydrate phase - several 
extraa p-T scans at higher pressures have been performed to detect the transition line L-G-
SA,-,, but with no result. In addition, since in literature only measurements of the melting line 
off  argon up to 1.8 GPa are mentioned, an extra p-T scan has been performed with a sample 
off  pure argon. The results are also plotted in Figure 2.4 (full symbols). From the figure it is 
noww clear that the second pressure jump indeed corresponds to the argon melting line. 
Since,, within experimental accuracy, the transition line is not shifted with respect to the 
puree system, we may conclude that at the most a very low solubility of water in argon 
occurs.. Based on these results the new quadruple points L-C-G-SAr (Q4) and IVn-L-C-SAr 

(Q5)) can be positioned at 105 °C, 2.0 GPa and 136 °C, 2.9 GPa respectively. Figures 2.5 (a) 
andd 2.5 (b) show the schematic T-x cross sections just below and above Q4. For the sake of 
simplicity,, the argon mole fraction of the clathrate structure indicated in the figures is fixed 
att about 0.15. 

Inn cross sections just below this quadruple point pressure, the 3-phase lines C-G-SAr 

andd L-C-G form the borderlines of the C+G area below and above this region respectively. 
Forr cross sections even closer to Q4. the 3-phase lines move towards each other and up to 
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Figuree 2.5 Cross sections of the phase diagram at constant pressures just 

beloww and above quadruple point Q4. Solid lines: 2-phase lines, dashed lines: 3-

phasee lines. 
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ii "1  1  1 ' 1  1 

-200 0 20 40 60 
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Figuree 2.6 p-T projection of the phase diagram of the H20-Ar system. Dotted 
lines:: 3-phase lines that mark the different clathrate structures. The points on 
thesee 3-phase lines indicated with diamonds are obtained by visual observation. 
Squares:: Raman measurements, structure Q, circles: Raman measurements, 
structuree C2. 

higherr temperatures until they coincide at the quadruple point. Meanwhile the area C+G 
becomess smaller and vanishes in Q4. In cross sections at pressures just above Q4 a new area 
forms:: L+SAr marked by two new 3-phase lines: L-C-SAr below and L-G-SAr above the new 
area.. The same can be said about cross sections at constant temperature below the 
quadruplee point. Only now the marking 3-phase lines have changed places: the upper phase 
linee is now the lower one and vice versa. The fact that the remaining 3-phase line (C-G-S )̂ 
emanatingg from Q4 could not be detected with the scanning method nor by visual 
observationn - although the starting point for all experiments was the ice boundary - is an 
indicationn for the composition of the mixture; from Figure 2.5 it is clear that, for all the 
mixturess with argon fillin g pressures of 200 bar, the argon mole fraction must be small; for 
mixturess with argon mole fractions less than 0.15 the transition C-G-SAr does not exist and 
forr fractions a littl e higher than 0.15 the amount of argon that melts at the transition line 
resultss in a pressure change too small to be detected with this method. 
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2.3.22 Raman investigations and clathrate structures 

Inn Figure 2.6 a part of the p-T projection of the phase diagram is shown with quadruple 
pointss Q2 and Q3 positioned at the two breaks'2: 31.5 °C, 0.72 GPa and 37.5 °C, 0.96 GPa. 
Givenn that a quadruple point is the point of intersection of four 3-phase lines and the fact 
thatt both argon and water are in the fluid phase in this region, this is an indication that there 
mustt be three different clathrate types in this area with separating 3-phase lines at the lower 
breakk Q2: L-CrG and L-C2-G (the decomposition curves), CrC2-G and L-CrC2 (the 
transitionn lines that mark the clathrate types). The remaining transition lines starting at the 
upperr break Q3 are C2-C3-G, L-C2-C3, and L-C3-G. 

Ass a result of the small pressure change at the transition line, the 3-phase lines that 
separatee the different clathrate types could not be detected with the isochoric p-T scanning 
method.. However, through the microscope, the rearrangement and formation of small pieces 
off  solid could be observed. The points obtained are denoted with a diamond in Figure 2.6. 
Thee proposed locations of three of the transition lines are indicated with dotted lines. The 
upperr transition line (L-C2-C3) marking the C2+C3 and C3 areas could not be detected this way. 

/\m^\/\m^\k k 

2900 0 3000 0 31000 3200 

v(crrf1) ) 

3300 0 3400 0 

Figuree 2.7 Typical Raman spectra at -10 °C of C] at 3089 cm"1 (lower signal, 
0.477 GPa) and C2 at 3077 cm'1 (upper signal, 0.74 GPa). The shoulders at about 
32600 cm"1 belong to the liquid. 
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Figuree 2.8 Peak positions of the O-H stretching vibrations in the clathrate 
structuress C, and C2 at -10 °C (squares) and 24 °C (circles), this work. The 
dashedd lines represent measurements by Van Hinsberg" on nitrogen clathrate 
hydratess at room temperature. 

Thee Raman spectra of Q and C2 have more or less the same shape, as can be seen in 
Figuree 2.7. Therefore, the only indication for a structural transition is a small frequency shift 
andd a change in the slope of the v-p plot. The pressure and temperature dependence of the 
vibrationall  frequencies of C, and C2 have been determined for the range from 0.2 to 1.4 
GPaa and -10 to 24 °C (see Figure 2.8) and are respectively -100  5 cm'/GPa and 0.95
0.055 cm '/K for C, and -45  2 cm'/GPa and 0.90  0.02 cm '/K for C2. The slopes of the 
linearr fits are assumed to be independent of temperature. Due to the weakening intensity 
withh increasing pressure and temperature, the C3 signal could not be detected. 

Aboutt the possibility of the formation of an amorphous phase in this p-T region, the 

followingg can be said. First of all there is no indication for yet another quadruple point 

betweenn Q3 and Q4 or between Q4 and Q5. This means that in the case of any amorphous 

(mixed)) phase, the third clathrate structure C3 would not exist and would actually be the 

amorphouss phase. So, up from Q3, we then would have measured the decomposition curve 

off  the amorphous phase. However, this is very unlikely, since the determination of the 

3-phasee line is reproducible for different compositions. Secondly, the mentioned phase is 

formedd out of a solid (ice) during heating via melting at the melting line of ice and not out 

30 0 



chapterchapter 2 

off  a fluid (amorphous) phase during cooling. In conclusion, although the C3 signal could not 
bee found in this p-T region, no indication was found for the formation of an amorphous 
phase. . 

Itt is interesting to compare these results with experiments on the mixture H20-N2 by 
vann Hinsberg et al.'n, since argon and nitrogen have almost the same diameter (3.85 and 
4.099 A). In the low pressure range up to 0.9 GPa the clathrate decomposition curves in both 
systemss bear close resemblance. Both systems are assumed to form CS-II in the low 
pressuree region21"23 (for the water-argon system this has been confirmed experimentally) and 
aree assumed to form CS-I in the area between the second and the third quadruple 
point12'21'24.. Further, for both systems, the pressure at the local temperature maximum and 
alsoo the pressure at the second quadruple point is roughly the same, as is the slope above Q2 

upp to 0.9 GPa. The important difference between the two systems is that, for nitrogen 
hydrates,, the decomposition curve is slightly shifted to higher temperatures. This could be 
duee to the small difference in diameter. After all, the volume in the clathrate phase is the 
samee for both systems, since in both cases CS-II is formed and because the molar volume of 
nitrogenn is larger than that of argon in the fluid phase, therefore the volume change AV at 
thee transition must be somewhat larger in the nitrogen system. This implies a somewhat 

Figuree 2.9 Optical image of a single crystal. The small dark spot at the lower 
leftt side of the crystal is the ruby chip. After following the decomposition curve 
(nearr Q5) until almost all of the clathrate phase was melted, the heating was 
turnedd off and the cell slowly cooled down to room temperature. During the 
cooling,, the crystal was grown. At this pressure and ambient temperature ice VII 
iss stable but since this phase shows a major metastability on cooling, it is 
assumedd that the single crystal is of clathrate structure C3. 
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smallerr slope of the transition line in the nitrogen case and consequently a shift to higher 

temperaturess compared to the argon system. 

Att higher pressures, above Q2, the location of the transitions is quite different in the 

twoo systems. In the nitrogen case, the curve goes up rather steeply and intersects the ice VI 

meltingg line at 1.4 GPa (Q3). In the argon case, the decomposition curve indeed increases 

steeplyy up to 1.0 GPa (Q3) but then it moves up to much higher temperatures, intersecting 

thee argon melting line at 2.0 GPa (Q4) and intersecting the ice VII melting line at 2.9 GPa 

(Q5).. Considering the much larger volume change above 1 GPa, this significant difference 

inn phase behavior can be explained by a much denser clathrate phase or by an increase in 

argonn concentration in the clathrate phase. In the latter case, double occupancy of the large 

cavitiess could account for the volume change. The rotation of nitrogen, which is less 

spherical,, is probably frustrated in the clathrate phase at higher pressures, resulting in a 

lowerr concentration. Because of this, the dissociation temperature is expected to be lower 

andd the change in entropy at the transition line is expected to be larger. Therefore, the slope 

mustt be steeper in the nitrogen system. 

Itt is interesting to note that the triangular shape as well as the size (-100 p.m) of the 

singlee crystal shown in Figure 2.9 is common in CS-II hydrates25. Since the single crystal 

wass grown, cooling down from a point on the decomposition curve just below Q5, C3 would 

thuss be of the CS-II structure. At first sight, this seems unlikely, as this phase occurs in the 

loww pressure region (C|). However, the large cavity of CS-II (51264) is larger than that of 

CS-II  (51262). Therefore, it is well possible that at high pressures indeed CS-II is formed and 

that,, in contrast to low pressures, the large cages are now doubly occupied. 

Fromm the shape of the Raman spectra no distinction can be made between C] and C2. 

Therefore,, the pressure dependence of the main peak position has been determined for both 

structures.. The vibrational frequencies of the C| lattice are a littl e shifted compared to those 

off  the water-nitrogen system (see Figure 2.8) but the pressure dependence is roughly the 

same.. However, in the water-nitrogen system", the pressure dependence of the vibrational 

frequenciess for both clathrates is almost equal: -0.82 cm'/GPa for C| and -0.89 cm'VGPa 

forr C2. Further, the main peak position in C2 is shifted 20 cm ' upwards compared to that in 

C],, whereas in the argon system the shift in the main peak position is not constant because 

thee pressure dependence on the frequency is quite different for C| and C2. Thus, we can 

concludee that the C2 lattice in argon clathrates is less compressible than the C2 lattice in 

nitrogenn clathrates. This is remarkable, since in both cases CS-I is assumed and because the 

diameterr of nitrogen is a littl e larger than that of argon. 
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2.44 Summar y 

Studiess of the binary mixture H20-Ar - by means of a quasi-isochoric scanning method -
havee revealed the range of stability of clathrate hydrates in the high pressure and high 
temperaturee region. The results obtained show an extension of the decomposition curve 
abovee the melting curve of pure argon and up to the melting curve of pure ice VII . At low 
pressuress the argon decomposition temperature first increases, then decreases and then 
increasess again with pressure, showing a local maximum and minimum temperature. At 
higherr pressures the slope of the decomposition curve remains positive but undergoes three 
moree breaks. Two new quadruple points have been determined: at 105 °C, 2.0 GPa (Q4) and 
att 136 °C, 2.9 GPa (Q5). In the lower region (below 1.0 GPa) the decomposition curve 
showss two breaks; at 31.5 °C, 0.62 GPa (Q2) and at 37.5 °C, 0.96 GPa (Q3), indicating that 
threee different clathrate structures are formed in this region. It is argued that at pressures 
abovee 0.8 GPa (C3) the system stabilizes in CS-II as is the case in the region below 0.5 GPa 
andd that in the high pressure CS-II structure the large cavities are doubly occupied. The 
positionss of the 3-phase lines separating the two clathrate structures at lower pressure could 
bee obtained via Raman spectroscopy since the pressure dependence of the vibrational 
frequenciess is different for each structure. 
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