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1.11 Introduction 

Thiss thesis presents a high pressure study on molecules confined in a matrix of a different 
substance.. However, these systems investigated can also be seen as binary systems in which, 
forr some mixtures solubility occurs, while other mixtures show complete phase separation. 
Fourr systems have been studied: argon clathrate hydrates, nitrogen in nanopores, and 
nitrogenn in binary mixtures with a noble gas (argon and krypton). In the first mixture, 
clathratee hydrates, argon atoms are trapped in water cages. The confinement is illustrated in 
Figuress 1.1-1.3. The second system, nitrogen confined in porous material (Figure 1.4), can 
bee seen as a mixture for which complete phase separation exists between the nitrogen 
moleculess and the pore material. The last two systems investigated (Figure 1.6 shows one of 
thee high pressure solid phases of nitrogen), N2-Ar and N2-Kr, both show mutual solubility in 

Figuree 1.1 Three cavities in clathrate hydrate structures. All shown cavities 

consistt of 12 pentagons and additionally from left to right 0, 2, and 4 hexagons. 

Thee guest atom is situated in the cavity center. 
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thee solid phases and the components can therefore be looked upon as confining media. 

AA considerable number of investigations on these systems at ambient pressure have 
alreadyy been carried out by other investigators but data at elevated pressure are scarce or 
completelyy lacking. At higher pressures, not only a variety of new phases will occur but 
also,, as will be shown, the systems will exhibit a number of new phenomena, due to the 
increasedd importance of the repulsive forces. Moreover, certain phenomena can be studied 
betterr as a function of pressure than as a function of temperature. The phase behavior has 
beenn studied by performing Raman spectroscopy, visual observations and quasi-isochoric 
pressure-temperaturee scans. Information on a molecular scale has been obtained by 
analyzingg the experimental Raman frequencies and linewidths using molecular dynamics 
simulations.. In particular, the composition dependence of these properties provide insight in 
bothh the orientational and translational behavior of the molecules. 

Figuree 1.2 One of the two common clathrate hydrate structures (CS-II). The 
unitt cell consists of 16 small and 8 larger cavities (16-512 and 8-5l264, see Figure 
1.1).. In the figure, only the small cavities are depicted. 
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Figuree 1.3 Hydrogen bonds between the water molecules. Each water 

moleculee is attached to four others, accepting two and donating two hydrogen 

bonds.. The four surrounding water molecules are arranged tetrahedrally around 

thee central molecule. 

Onee of the extraordinary properties of water is that the molecules can form open cage 
structuress (Figures 1.1-1.3), the so-called clathrate hydrates or clathrates. This solid phase, 
whichh is stable up to temperatures far above the melting temperature of pure ice, can only 
bee formed in mixtures in which the second component consists of atoms or molecules that 
aree small enough to fit  into the cavities. Clathrate hydrate formation has long been known as 
aa problem to the natural gas industry for the blocking of gas transmission lines at 
temperaturess above the ice point. Nowadays clathrates are seen as an energy source since 
thee discovery, in the nineteen seventies, of tremendous amounts of CH4 clathrates in oceans 
andd in land deposits, worldwide. Also in outer space (in Saturn's rings, in the polar deposits 
off  Mars, in the comet Halley) clathrates occur. Another possible application that has been 
investigatedd lately is the storage and disposal of C02 in hydrate form. 

Entirelyy different types of confinement are provided by porous media. In general, the 
phasee behavior of the confined molecules is strongly affected by the restricted geometry, 
especiallyy when the pore diameter is of the same order of magnitude as the dimensions of 
thee molecules inside. Up to now, most investigations concern freezing and melting 
transitions.. In the confined systems, these transitions are not only shifted but are also 
smearedd out over a more or less wide temperature range, depending on the pore size. In this 
thesis,, not only fluid-solid, but also solid-solid transitions have been investigated. Special 
attentionn has been paid to the effect of the pore diameter on these transitions. The 
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Figuree 1.4 Nitrogen in a confining medium. The figure represents a snapshot 
off  the nitrogen molecules forming the contact layer in a cylindrical pore with a 
diameterr of 17 A at ambient temperature, at a density of 65 kmol/m3. The figure 
hass been provided by E. P. van Klaveren who studied nitrogen in cylindrical 
nanoporess by Monte Carlo simulations. 

experimentss on nitrogen in porous media are divided into two parts. Firstly, the data have 
beenn collected at increasing pressure at room temperature. In this way, it is possible to 
exploree large regions - the fluid, the p and the 8 phase of neat nitrogen - in a relatively short 
time.. Secondly, in order to obtain more detailed information about the occurrence of 
coexistingg phases, since temperature steps are better controllable than pressure steps, we 
alsoo performed a series of measurements at increasing temperature along a quasi-isobar. For 
bothh types of experiments the same phase regions have been investigated. 

Inn contrast to most pure systems, the study of binary mixtures is usually very complex, 

duee to the extra degree of freedom, the composition. A method to obtain insight in the 

effectss on the phase behavior that occur when a second component is added consists of the 

measuringg and the construction of the phase diagram. Although the knowledge of the 

individuall  components is used in constructing the phase diagram, the behavior of the 

mixturee may be very different and the properties of the phases may change radically. 
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samplee space 

Figuree 1.5 The diamond anvil cell. The diameter of the sample space is 200 

p.m,, the thickness of the metal gasket is about 100 urn. 

Transitionn lines can shift drastically and even new structures may occur while phases that 

aree present in the pure systems may not be formed in the mixture. In this thesis, three 

differentt binary mixtures have been investigated: water-argon, nitrogen-argon, and nitrogen-

krypton. . 
Concerningg the motivation for the choice of the systems, the following can be said. 

Nitrogenn plays an important role for several reasons. Firstly, the molecule is Raman active. 
Secondly,, nitrogen has been the subject of many studies, experimentally as well as by 
computerr simulations and the phase diagram is known in a wide temperature range and up 
too high pressures. Further, since the molecule is very simple, calculations are relatively 
uncomplicated.. In the choice for the second component, a noble gas, special attention has 
beenn paid to the effect of the diameter ratio of the noble gas with that of the nitrogen 
moleculee on the phase behavior. The binary systems investigated previously concerned 
mixturess with nitrogen where the second component differs substantially in size with 
nitrogen. . 

Forr N2 in Ne (Ne is considerably smaller than N2) and N2 in Xe (Xe is much larger 
thann N2) the vibrational frequencies of the molecules are red and blue shifted respectively, 
whilee for both mixed systems Van der Waals compounds have been reported. For the 
mixturess studied in this thesis the size of the second component is more comparable with 
thatt of nitrogen: Ar is only slightly smaller than N2 and the Lennard-Jones radius of Kr is 
similarr with that of N2 at 300 K. The latter system is particularly interesting since it 
explicitlyy shows the effect of the small asphericity of the nitrogen molecule on the 
microscopicc properties and on the phase behavior. Although for these systems no Van der 
Waalss compounds have been found, the phase diagram is very rich and the phase transitions 
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showw an enormous shift in pressure. Moreover, while investigating the system N2-Kr it was 

foundd that, in the solid phase, the spectral linewidth is extremely composition dependent. 

Molecularr dynamics (MD) simulations provide information on the dynamics of the 

system,, which is reflected in the time dependent autocorrelation functions and in the 

differencee between the amplitude of modulation and the linewidth. This technique is an 

essentiall  tool for unraveling the mechanisms that account for the vibrational frequencies and 

thee linewidth. In this thesis, MD simulations have been applied to the nitrogen-krypton 

system,, in order to obtain more insight in the extreme line broadening as a function of the 

compositionn and the pressure in the solid phase. 

Itt may be clear that, in order to experimentally study the above mentioned phenomena, 

ann extensive temperature and pressure range needs to be investigated. Therefore, all 

experimentss have been performed in a so-called diamond anvil cell (DAC), shown in Figure 

1.5.. This apparatus consists of a metal frame in which two parallel aligned diamonds are 

fixed,fixed, holding a metal disk-shaped gasket in between. A small hole in the center of the 

gaskett contains the sample. By pressing the diamonds towards each other, pressures up to a 

feww hundred giga Pascal can be reached. 

Thee fillin g procedure for the water-argon mixtures is described in chapter 2. For all 

otherr systems, the DAC is placed in a pressure vessel that is connected with a gas loading 

system.. In order to reach high pressures, the pressure at which the DAC is loaded should be 

sufficientlyy high. Therefore, the pressure in the vessel is raised up to about 0.3 GPa before 

fillingfilling  the cell. The composition of the binary gas mixtures investigated is determined at low 

pressuree using the virial series expansion. The DAC is equipped with a temperature control 

device.. The main body of the DAC is provided with a platinum resistance thermometer for 

temperaturee measurements. Copper-constantan thermocouples are attached near the upper 

andd lower diamond and in the main body to detect temperature gradients. For experiments 

beloww room temperature, the copper inner housing of the DAC is connected to a cold finger 

thatt is placed in a liquid N2 dewar. In this way, temperatures between 130 and 400 K can be 

obtained.. The pressure is determined using the ruby fluorescence technique: a small ruby 

chipp is placed in the sample cell and by measuring the red shift with pressure of the Rt and 

R22 fluorescence lines that are emitted by Cr3+ ions in the sapphire A1203 lattice, the pressure 

cann be calculated. 

Thee simplest way to obtain information on the melting and freezing of phases while 

changingg the temperature or pressure of the sample is by visual observation. Through the 

microscope,, the melting and freezing of phases can be monitored and recorded on tape. 

Isochoricc pressure-temperature scans are very useful in the detection of 3-phase lines in 

binaryy systems. By increasing the temperature in small steps and measuring both the 
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pressuree and the temperature after each step, part of the transition line can be recorded as 

thee pressure follows this line until the transition is completed. 

Thee information about the microscopic behavior and also most information about the 

phasee behavior has been obtained by Raman spectroscopy'. With this technique, a molecule 

iss exited by a photon with an arbitrary but well known energy. After the inelastic scattering 

hass taken place, the change in the energy of the exited molecule corresponds to the energy 

differencee of the vibrational and/or rotational levels and a photon is created with an energy 

equall  to the original photon minus the vibrational (and rotational) energy. After measuring 

thee frequency of this photon, the Raman frequency of the molecule can be deduced. Raman 

spectroscopyy is a particularly useful tool for studies of molecular interactions. By 

measurementss of the vibrational frequencies of the molecule, changes in the bond length 

withh respect to that of the isolated molecule can be traced while the spectral line shape and 

inn particular the linewidth provide information about the dynamical behavior. 

1.22 Outline 

Thee second chapter deals with argon clathrate hydrates\ We have chosen to study this 

particularr type of hydrates since a comparison of low pressure experiments on clathrates 

reportedd in literature3"4 points argon hydrates as the most promising candidate for hydrate 

formationn at both high pressures and high temperatures. Further, the system also allows for 

comparisonn with nitrogen hydrates. Since argon and nitrogen have about the same size, the 

effectt of the orientational degrees of freedom in the nitrogen case can be explored. The 

studyy concerns the determination of the decomposition curve of the argon clathrates and of 

thee 3-phase lines that separate the distinct clathrate structures. 

Chapterr 3 concerns nitrogen in confining media. During the last decade, considerable 

attentionn has been paid to the thermodynamic properties of various substances in restricted 

geometries.. In general, the phase behavior of a substance changes drastically when confined 

inn a porous material. Moreover, for the molecules close to the pore walls (the adsorbate) the 

behaviorr is different from those in the pore center (the condensate). It is clear that crystal 

structuress can not be formed if the diameter of the cylindrical pore is just a few times the 

sizee of the molecules. However, even if the pore diameter is larger, the wall curvature, the 

restrictedd space and the interactions with the wall play an important role in the phase 

behaviorr of the confined substance. Low pressure Raman spectra5 6 and X-ray diffraction 

patterns788 revealed that the adsorbate shows an amorphous character. One of the fascinating 
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Figuree 1.6 Crystal structure of the 8 phase of solid nitrogen. The unit cell 
consistss of 2 distinct sites: the molecules at the corners and in the center are 
sphericallyy disordered, while those in the faces of the cell are disk-like 
disordered.. The figure has been provided by E. P. van Klaveren. 

questionss is whether the amorphous phase takes part in the phase transition of the 
condensate,, or shows a phase transition of a different kind or does not transform at all. So 
far,, all the experiments reported were restricted to low pressures (< 0.01 GPa). At high 
densityy the structural order of the adsorbate is dominated by the short-range repulsive 
forces.. Moreover, at high pressures geometrical aspects play an important role in the 
formationn of solid structures so that the geometry of the confining medium might have more 
influencee on the liquid-solid and solid-solid transitions. The effect of the confinement in the 
poress on the phase behavior of both, the capillary condensed state and the amorphous state 
off  a fluid might therefore be quite different at elevated pressures. 

Simplee binary mixtures, such as nitrogen with a noble gas, are interesting systems to 

obtainn knowledge about the thermodynamic properties, in particular about mutual solubility 

inn mixed solids and about the dynamical behavior of the molecules. By varying the size of 
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thee second substance (the noble gas), the influence of the diameter ratio of the two 

componentss on the dynamics and on the phase behavior can be studied. Previously, the 

binaryy systems N2-Xe and N2-Ne have been investigated as a function of the composition by 

Kooii  et al.9. For both systems, the diameter sizes of the components differ significantly, 

sincee Ne is considerably smaller than N2 while Xe is much larger. In this thesis, the 

influencee of the nitrogen/noble gas diameter ratio on the crystal structures is investigated 

furtherr with the systems N2-Ar (chapter 4) and N2-Kr (chapter 5). For these mixtures the 

mentionedd ratio is closer to unity (argon is only slightly smaller and krypton is comparable 

inn size with nitrogen). Therefore, especially the latter system provides information about the 

influencee of the orientational degrees of freedom on e.g. the mutual solubility. In spite of 

thee similar sizes, the phase diagrams of the two systems differ substantially on several 

points.. Moreover, for the latter system the linewidth shows a tremendous increase with 

concentrationn and with pressure. From earlier MD calculations, it was shown that for binary 

fluidfluid mixtures the increase in the linewidth towards equal mole fractions is due to an 

increasee in the correlation time. To investigate whether the same is true for the solid phase 

wee also performed molecular dynamics simulations on this system. The MD results are 

presentedd in the last chapter. It turned out that, in the solid phase the correlation time 

obtainedd from the calculations is not a suitable parameter. Instead, the calculations have 

beenn focused on the broadening effect due to diffusion. 

References s 

11 D. A. Long, in Raman Spectroscopy (McGraw-Hill International Book Company, London, 

1977). . 
22 E. D. Sloan, in Clathrate hydrates of natural gases (Marcel Dekker, Inc., New York, 

1990). . 
33 Y. A. Dyadin, E. G. Larionov, D. S. Mirinski, T. V. Mikina, and L. I. Starostina, 

Mendeleevv Commun. 1, 32 (1997). 
44 Y. A. Dyadin, E. G. Larionov, T. V. Mikina, and L. I. Starostina, Mendeleev Commun. 2, 

74(1997). . 

17 7 



GeneralGeneral introduction 

55 J. De Kinder, A. Bouwen, and D. Schoemaker, Phys. Lett. A. 203, 251 (1995). 
66 J. De Kinder, A. Bouwen, and D. Schoemaker, Phys. Rev. B. 52, 15872 (1995). 
77 P. Huber, D. Wallacher, and K. Knorr, J. Low. Temp. Phys. I l l , 419 (1998). 
88 P. Huber, D. Wallacher, and K. Knorr, Phys Rev. B 60, 12666 (1999). 
99 M. E. Kooi and J. A. Schouten, Phys. Rev. B 60, 12635 (1999). 

18 8 


