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Introduction

Clathrate hydrates are crystalline compounds that are formed by physically stable interaction between water and relatively small guest molecules. At high pressure and low temperature conditions water molecules are connected by hydrogen bonds and form various structures of cages. These nonstoichiometric crystalline compounds are divided into three distinct structures I, II, and H, which differ in cavity size and shape. Although these three hydrate structural families having a natural gas components as guest molecules were widely known, the new mixed structure consisted of alternating stacks of structures II and H was reported in the recent studies and the highly complex structure that does not have 512 (D) cage and contains two unusual cages, Structure T hydrate had been also reported as new structure. The various structural characteristics of Clathrate hydrates should remain unknown and is likely to be identified its detailed characteristics.

Here, we report a mixed structure consisted of structure I and II hydrate. At specified temperature and guest composition, structure I hydrate was found to be formed after forming of structure II hydrate and this phenomenon affected also the cage occupancies of D cages in both structure I and II. Ternary methane, THF, and water mixtures were the system showed these unusual structural characteristics.

Results and Discussion

3. THF itself can play a role in forming structure II hydrates as guest molecules and occupy only the 51264 (H) cages because of its size. Furthermore, the mixed hydrate formed from THF and methane was also verified as structure II. The pressure and temperature trace representing the nucleation, growth, and dissociation steps was shown in Figure 1. Double CH4+THF hydrate formation begins at 298.66 K and 50.8 bar and showed rapid pressure reduction to 43 bar. After the complete conversion of aqueous 5.6 THF mol% solution to hydrate, the system pressure continues to decrease linearly with temperature for a number of days and there was no pressure reduction representing the hydrate formation. When the temperature was elevated to near the phase boundary for double CH4+THF hydrate, hydrate dissociation began so that the pressure increased at first slowly and then sharply along the steep dissociation line. Finally, the hydrates are completely dissociated at 298.88 K and 50.2 bar. The hydrate sample was obtained at point A in Figure 1 and 13C NMR spectra was obtained to identify the structure type and cage occupancies of guest molecules. Figure 2 was the 13C NMR spectra of double CH4+THF mixed hydrate. The resonance line of methane appeared only at –4.5035 ppm, which means that methane molecules were occupied in the small cages of structure II hydrate, but not in the large cages. However, THF molecules were captured in the large cages and identified by two resonance lines, one from its (C(C( at 256.8506 ppm and the other from its (C(O(C( at 68.0030 ppm. Although the stoichiometric ratio of small to large cages appear to be 2:1 in the unit cell of structure II, the relative integrated intensities of 13C NMR spectra represents that the absolute cage occupancies were 
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. These NMR spectroscopic results suggest that THF molecules almost exclusively occupy the large cages thus preventing the complete filling of methane molecules into small cages. 

4. However, the unusual P-T trace can be observed when we used aqueous 3 mol% THF solution. The rapid pressure reduction representing the formation of hydrate was showed as decreasing the temperature lower thane the phase boundary for double CH4+THF hydrate. But, the other pressure reduction was observed as decreasing the temperature lower than phase boundary of pure CH4 hydrate. This second reduction can be verified as hydrate formation step and showed different mechanism with that of double CH4+THF hydrate. The sharp increasing of pressure indicating the dissociation of hydrate could be also showed as two steps and each dissociation points was consistent with phase boundaries of pure and double hydrates. These results suggested that the pure CH4 hydrate should formed after forming of double CH4+THF hydrate. The 13C NMR spectra obtained at point B and C provided indications of mixed structure consisted of structure I and II. Figure 4 was 13C NMR spectra obtained at point B, which was just higher temperature than phase boundary of pure CH4 hydrate. THF molecules were occupied in the large fraction of large cages and methane molecules were only captured into small cages like double hydrate formed form 5.56 mol% THF solution. But, the NMR spectra obtained at point C. This system showed other two resonance lines. One is at –4.338 ppm and the other is at –6.668 ppm. The chemical shift of these two resonance lines were identified as the chemical shift of methane captured into small and large cages of structure I hydrates, respectively. The relative integrated intensities of small to large cage NMR spectra also appeared to be 1:3, which was the stoichiometric ratio of small to large cages of structure I. Therefore, we can conclude that the structure I hydrate was formed and coexisted with structure II hydrate at point C. The 13C NMR spectra was shown as three different resonance lines that assigned as structure I D cages, structure II D cages, and structure I T cages. We can also suggest that the D cages in structure II is larger than that in structure I because the chemical shift of methane in structure II D cages, -4.529 ppm was appeared at up field than that of structure I D cages, -4.338 ppm. The formation of structure I hydrate also affected to the cage occupancies of methane in structure D cages. The relative integrated intensities of structure II D cage peak at point C was much higher than that of structure II D cage peak at point B. This means that the mixed structures is denser than the normal structure II hydrate.

The number ratio of THF molecules to water molecules in structure II hydrates appears to be stoichiomerically 5.56 mol % under full occupancy. However, at lower ratio, the large fraction of structure II H cages were remained as unreacted water molecules and this molecules were likely to be formed structure I hydrate with methane molecules when the system pressure and temperature were met with phase boundary of pure CH4 hydrate. The significance of this mixed structure that it must be considered the guest molecule compositions and phase boundaries with the structure types.
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Figure 1. The pressure and temperature graph representing the nucleation, growth, and dissociation steps
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Figure 2. 13C NMR spectra of double CH4+THF mixed hydrate
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Figure 3. The pressure and temperature graph showing experimental pathways
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Figure 4. 13C NMR spectra obtained at point B, which was just higher temperature than phase boundary of pure CH4 hydrate
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