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1

Introduction

1.1 Pressure: how to obtain a high-temperature solid of
weakly interacting molecules

In everyday life, a large number of substances appear in the solid state. The plastic
keyboard on which this thesis is written, or a metal hammer with which a computer can
be smashed in case of frustration, are both made of solid material. As a common-or-
garden definition of solids, one may speak of ‘those substances that can be transported
without containers’. However, although both hammer and keyboard are solid materials,
there are significant differences between metals and plastics. Usually, solid metals contain
long range order, whereas solid plastics do not: solid metals belong to the class of solids
that are crystalline. The nature of the crystallinity of a substance may, however, also need
further specification. For instance, liquid crystals are crystalline in the sense that the long
range orientational order of the building blocks (the molecules) is preserved, while there
is only short range positional order. On the other hand, plastic crystals have long range
positional order, but the orientations of the building blocks are disordered. The solid
phases discussed in this thesis all involve a plastic crystal type, in the sense that they all
have (partly) orientational disorder.

For mixtures, the situation becomes more complicated. For instance, molecules of a
substance B may dissolve in the crystal lattice of substance A. In such a solid solution, the
B molecules may either be located between the A lattice sites, i.e. dissolve interstitially,
or the B molecules may occupy A lattice sites, i.e. dissolve substitutionally. In particular
for the latter case, the underlying lattice still exhibits positional long range order, but
this does not mean that it is a priori known whether a crystalline position contains
molecule A or B. For instance, A and B may form a pattern (a superlattice) or the
molecules may be completely randomly distributed over the lattice sites. If it is possible
to change the composition of the mixture without altering the crystal structure, such a
random distribution directly leads to an increase in configurational disorder. Of course,
it is also possible that the two molecular species do not mix at all; in that case, phase
separation occurs. Finally, the mixed solid may form a new structure that is not present
in either of the pure substances A or B. Such a crystal is called a compound. In most
cases, the composition of such a compound is fixed and determined by the intermolecular



2 1. Introduction

interactions.
The properties of a (mixed) solid, e.g. whether they are plastic crystals or not, or

whether there is configurational disorder or not, are determined by the interactions be-
tween the atoms or molecules that constitute the solid. Therefore, crystals can be charac-
terized by the type of interaction of its constituting building blocks. Roughly, the interac-
tions can be divided into four categories, although the boundaries between them are not
strict. These categories are: metallic crystals, covalent crystals, ionic crystals and van der
Waals crystals. Moreover, in mixed crystals, there is a competition between the strength
of the unlike forces and the communal entropy. In van der Waals crystals, or molecu-
lar crystals, the bond between the molecules results from the van der Waals interaction.
This is a very weak interaction compared to those of the other crystal types. As a result,
the melting point of many molecular crystals is very low: the intermolecular bond is too
weak to preserve the crystal at room temperatures and ambient pressures. However, the
molecular crystalline state can be produced at room temperature by applying pressure, or,
in an alternative view, increasing the density. When the pressure becomes high enough,
crystallization occurs due to the reduction of the degrees of freedom. The solids studied
in this work indeed are molecular solids. For example, let us consider the substance that
plays the main role in all chapters of this thesis: nitrogen.

1.2 The role of nitrogen

Nitrogen molecules mainly interact via the van der Waals interaction, resulting in a melt-
ing temperature as low as 63 K at ambient pressure [Man97]. However, the solid state
can be obtained at room temperature by pressurizing up to about 2.4 GPa (24,000 bar).
Although nitrogen molecules consist of only two atoms (it is diatomic), and are chemically
inert (due to the strong intramolecular bond) the pressure–temperature phase diagram
of these molecules is very rich: up to 20 GPa, it consists of five recognized crystalline
phases [Man97]. For all pressures there is a temperature range in which a plastic crystal
phase occurs.

It is expected that at extremely high pressures only the repulsive forces play a role;
in first approximation, monoatomic molecules (such as argon) behave much as hard
spheres at very high pressures. Thus, in principle, high pressure studies of monoatomic
van der Waals systems may be performed to obtain fundamental insight into solid mix-
tures [Sch99]. Complications related to the nonsphericity (i.e. non-isotropic interactions)
of the molecules are then avoided.

However, from an experimental point of view, much more information about for in-
stance the phase behaviour may be obtained if polyatomic molecules are used, as (Raman)
spectroscopic methods can be applied. Then, the excitation of the intramolecular modes
provides information of a molecule’s surroundings: Raman spectroscopy acts as a probe
for the molecular environment. For example, for the same mode, a different intramolecular
vibrational frequency will be measured in a fluid or solid phase, even at the same density.
Alternatively, a change in vibrational frequency may be an indication for a phase tran-
sition. Thus, by using a slightly more complex molecule instead of a monoatomic one, it
is possible to obtain (additional) information on the phase behaviour of substances if the
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Figure 1.1: The argon (left) and a nitrogen (right) molecule, as based on the atomic van
der Waals radii (3.4 and 3.31 Å for Ar and N, respectively). Note the small deviation from
sphericity for the latter: in this plot the width and height of the N2 molecule are larger
and smaller, respectively, than that of the Ar molecule.

molecule is Raman active. On the other hand, one should try to keep matters as simple as
possible, and only the smallest departure from monoatomics should be made. Diatomics
are the obvious alternative, and the choice for nitrogen is based on the above-mentioned
chemical inertness and its relatively small non-sphericity (see Fig. 1.1). Even though the
non-sphericity is only small, the orientational behaviour of the molecules plays a large
role, especially at higher pressures [Sch98, Mul98, Sch93]. To maintain contact with the
experimental studies performed in our laboratory, the simulations described in this thesis
also include nitrogen molecules as one of the basic molecular ingredients.

However, we do not restrict ourselves to the high-pressure behaviour of nitrogen
molecules only. In conjunction with the experimental studies, we have investigated systems
of nitrogen-containing molecular systems at very high density, these systems very often
involve a solid, crystalline phase. The motivations for studying these systems are related
to exciting experimental results in this field. The studies in this thesis are performed
to obtain insight in the macroscopic behaviour, found in experiments, via microscopic
computer simulations.

1.3 This thesis

Roughly speaking, the systems under study are weakly bound crystalline high-pressure
mixtures of nitrogen with a second component. The extra degree of freedom, the composi-
tion, may lead to shifts in phase transitions and to drastic changes in properties compared
to the pure components: the second component always plays a role in the behaviour of
the nitrogen molecules (and vice versa). This is obvious for mixtures in which the N2

molecules are a minority. Three nitrogen-containing systems have been studied.

1.3.1 N2–noble gas van der Waals crystals

In the first system, the nitrogen molecules form a bulk high pressure phase. In this crystal
a second component (a noble gas, we have in particular studied the case of argon) may be
dissolved [Kle90, Hoc90] thus forming a van der Waals mixed solid. The phase behaviour
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Figure 1.2: Schematic representation of the nitrogen δ phase. The nitrogen molecules are
located at both the a sites (the spheres) and the c sites (the disks). The spheres and
disks illustrate that the nitrogen molecules exhibit orientational disorder in three and two
dimensions, respectively.

and orientational properties under the influence of argon are examined: order–disorder
transitions of various kinds are investigated in detail by Monte Carlo (MC) simulations.

Solid nitrogen appears as a natural substance in the low lying geological levels as, over
the ages, air is encapsulated and transported downwards due to shifts in the earth’s crust.
In high pressure N2, the high temperature phase (the δ phase) is a plastic crystal [Man97].
The crystal consists of two lattice sites, the a and the c cites, each lattice site exhibiting
an orientational disorder that corresponds with the point group symmetry: the a sites
have three-dimensional orientational freedom, whereas the c sites exhibit two-dimensional
orientational freedom (see Fig. 1.2). The two lattice sites have their corresponding coun-
terparts in the low temperature, orientationally ordered ε phase. As in the low pressure
phases, at high pressures, the N2–Ar mixtures form mixed solids in which the Ar molecules
dissolve substitionally in the N2 lattice [Wes96a, Koo98]. However, since at high pressures
there are two types of lattice sites, one may predict that the molecules are not distributed
randomly over these sites. Indeed, it has been found experimentally that Ar dissolves
substitutionally in the N2 matrix, thereby having a preference for the a sites.

In chapter 2, the distribution of noble gas atoms, in particular Ar atoms, over the two
types of lattice sites in the nitrogen crystal at high pressure, and its consequences for the
phase behavior, has been investigated with Monte Carlo simulations as a function of p,
T , and xAr (xAr ≤ 0.25). In particular, the experimentally detected redistribution of Ar
atoms over the lattice sites [Koo98], as the conditions change, will be studied since this
redistribution suggests that despite the high pressures, a relatively fast diffusion occurs
within the system.

With the knowledge from experiments that the Ar atoms prefer the a sites, a series
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of calculations has been performed in which the orientational response of the N2 atoms
under the influence of increasing Ar content is investigated (chapter 3). We studied three
order–disorder transitions in the mixture, the ε∗–δ∗ transition being one of them.

The orientational order is correlated with the positions of the molecules. Therefore,
in the third part of this topic, orientational order parameters and displacements of the
molecules with respect to the positions of the space group are investigated in more detail
in chapter 4.

1.3.2 N2 clathrate hydrates

In this system the second component is water. Here, the situation is quite different: only
a small amount of nitrogen molecules is dissolved in an ice-like lattice of water molecules.
This lattice can be considered to be built of cages (Fig. 1.3(a-c)). These cages consist of
polyhedra, formed by the water molecules [Rip94, Slo90, Atw91]. The voids, or cavities,
inside these cages, may be occupied by guest molecules such as N2. In fact, these struc-
tures are not stable without the presence of a minimum amount of guest molecules: it is a
compound. In contrast to the previously mentioned compounds, the composition for these
compounds is not fixed. By the inclusion of the guest molecules, these so-called clathrate
hydrates are mixtures that belong to the class of inclusion compounds. This distinguishes
the clathrate hydrates from the solid solutions in which guest molecules dissolve intersti-
tially in ice phases that may exist for pure water. Although the hydrogen bond obviously
is the dominant interaction as far as the host lattice is concerned, the interaction between
the guest and host molecules is predominantly of the van der Waals type.

Although the interest in clathrate hydrates has increased significantly during the 1950s,
the idea of double occupancy—the occurrence of two guest molecules inside one cage—has
hardly been considered seriously. Considering the sizes of the smallest guest molecules
(of which N2 is an example) for which stable clathrates exist, a double occupation of
the cages is not expected (Fig. 1.3(d,e)). However, a number of other experimental re-
sults [vH93, Cha97] on N2 clathrates could be explained by the phenomenon of double
occupancy. Moreover, recent experimental results have led to the suggestion of a partly
double occupation of the large cages of a structure II clathrate hydrate, with N2 as guest
molecules [Kuh97]. The occurrence of double occupancy of similar molecules, such as CO2

and CH4, may be important from the viewpoint of applications: natural gas hydrate de-
posits present across the sea floor are a potential energy resource, while ideas about the
storage of CO2 into such clathrates have been put forward.

Although the occurrence of double occupancy was suggested but not proven, we have
investigated whether the occurrence of double occupancy is possible from a theoretical
point of view. Using Molecular Dynamics (MD) simulations, we have systematically stud-
ied the effect of double occupancy on the mechanical stability of the clathrate. Moreover,
we have investigated thermodynamic (chapter 5), structural (chapters 5 and 6) and
dynamic properties (chapter 7) of such clathrates, and compared them with known ex-
perimental results. We have also investigated the influence of double occupancy on the
occurrence of a pressure-induced amorphous phase [Han91] (chapter 6) .
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O
H
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(b) (c)

(e)(d)(a)

Figure 1.3: (a) The unit cell of a structure II clathrate hydrate, consisting of 136 water
molecules that form 8 large and 16 small cages. Only the small cages are visible, these
form a tetrahedral structure (note the tetrahedral arrangement along the diagonals of the
faces of the unit cell). The large cages form a diamond lattice. (b) the large and (c) the
small cages. The O atoms of the water molecules are denoted by the dots at the vertices
of the lines. The either covalently or hydrogen bonded H atoms are located inbetween
neighbouring O atoms, as illustrated by the large (O atom) and small (H atom) shaded
circles in (c). (d) and (e) illustrate the free space diameters of the large and small cages
(roughly 6.2 Å and 4.6 Å, respectively); a dotted circle denotes a nitrogen molecule, as
given by its molecular van der Waals radius (roughly 3.6 Å).

1.3.3 N2 in cylindrical nanopores

In the last study (chapter 8), the second component is a rigid cylindrical wall, in which
nitrogen is confined. Speaking in terms of mixtures, in this case there is complete phase
separation, the second component being the pore material. However, since the confining
geometry is of the same scale as the molecular dimensions, the (phase) behaviour of the
confined substance is strongly influenced by the confinement [Chr01]. If the dimension
of the pore is small enough, the structure at one side of the pore is influenced by the
structure at the other side of the pore. One may think of this in terms of interference of
the density oscillations induced by each wall [Zwa01].

In porous materials, the change in phase behaviour is partly due to the sheer confine-
ment. The nature of the interactions between the molecules and the walls of the porous
material also plays a role [Gel99]. In general, for higher pressures, the attractive part of the
intermolecular potential becomes less important as the molecules are ‘forced’ up to short
intermolecular distances, corresponding with the repulsive part of the potential. This also
holds for the molecule–wall interaction. It is therefore expected that, at higher pressures,
since the (attractive) nature of the molecule–wall interactions becomes less important,
the sheer geometrical confinement dominates the (phase) behaviour.

Raman measurements of geometrically confined N2 molecules in cylindrical nanopores
suggest the occurrence of a phase transformation in the layers near the wall upon the
increase of pressure [Lot01]. These so-called adsorbate layers consist of stacked monolayers
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Figure 1.4: Schematic representation of the two layers of the nitrogen β phase as seen
along the hcp c axis. The open and closed circles denote the (orientationally disordered)
molecules in the different layers (A and B), that each form a triangular lattice. The large
circle indicates the included molecules in a pore.

with a two-dimensional amorphous-like structure. This is reflected in the very broad peaks
in the experimentally obtained Raman spectra. For small pore sizes (smaller than about
40 Å), the pore is completely filled with such an adsorbate state, leading to the most
evident phase transition. For larger pore sizes, the adsorbate layers coexist with bulk-like
solid phases.

In chapter 8, we have made an effort to obtain microscopic insight into the behaviour
of cylindrically confined N2 molecules as a function of density by means of MD simu-
lations. In particular, we are interested in the above-mentioned phase transition in the
adsorbate layers. The simulations are therefore performed with a cylindrical pore of the
same dimension.

1.4 Computational methods

In this study, we have used classical Monte Carlo (MC) and Molecular Dynamics (MD)
simulations [Fre96, All86]. Such techniques are now standard, although more efficient tech-
niques to simulate an increasing number of degrees of freedom are continuously devised.
With both methods it is possible to calculate any static ensemble average, but the two
techniques have their own advantages. In addition to the ensemble averages, MD simu-
lations provide information about the dynamics of the system under investigation. The
main advantage of MC techniques is that unphysical moves can be carried out. The ben-
efits of both techniques have been exploited in this thesis. We put little emphasis on the
computational techniques; we mainly focus on the physic involved. However, occasionally
we will explain the approach we have followed.





Part I. N2-Ar Mixtures



The previous page schematically shows a snapshot of the simulated system for xAr = 0.21,
p = 7 GPa, T = 100 K. The Ar atoms are denoted by the white spheres. Lighter molecules
denote an N2 at an a site, darker molecules denote an N2 at a c site. The N2 molecules
have been ‘stretched’ for clarity.
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The distribution of Ar and other noble
gas atoms in high pressure solid N2

2.1 Introduction

Mixed molecular crystals of simple components, such as (N2)1−x–Arx, constitute a model
system for studying the influence of isotropic impurities on the orientationally ordered
and disordered phases of a system of anisotropic molecules. Since the sizes of the two
species, one spherical and one nearly spherical, are about equal, one may expect that the
Ar atoms dissolve substitutionally in the N2 lattice.

In the pressure range around 10 GPa, the solid phases of pure N2 show interesting
behavior [Man97]. At low temperatures the ε phase has a trigonal (rhombohedral) lattice
structure with orientationally ordered molecules (space group R3̄c). This phase is regarded
as a trigonal distortion of the high temperature δ phase, which has a cubic crystal lattice
(space group Pm3n). The δ phase reveals two types of orientational disorder. Of the eight
lattice sites in the unit cell, the molecules in the center and on the corners of the cell (a
sites, site symmetry m3̄) exhibit isotropic orientational disorder (‘spheres’), while the 6
molecules in the faces of the cell (c sites, site symmetry 4̄m2) exhibit planar orientational
disorder (‘disks’). Schematic pictures of the two phases are given in Fig. 2 of Ref. [Mul98].

A marked discontinuity in the slope of the vibrational frequency shift as a function
of temperature along a quasi-isobar has been detected, which has been interpreted as a
second order transition [Sch93]. Monte Carlo (MC) calculations [Mul98], made clear that
as a result of a cascade process in the orientational delocalization of the disks, the vibron
frequencies of the sphere molecules change in the way observed experimentally. At lower
temperatures, the orientations of the disk molecules are localized within the plane (see
e.g. Fig. 7 of Ref. [Mul98]), at higher temperatures they are delocalized within the plane.
Thus, the Raman measurements reveal the transition from a localized δ∗ phase (δ∗loc, a ‘∗’
denotes the mixed phase) to a δ∗ phase with increased rotational freedom (δ∗rot). Recently,
there is evidence that this transition is a weak first order transition [Han97].

Experimental high pressure studies of the N2–Ar mixture [Wes96a, Koo98] showed that
the Ar atoms dissolve substitutionally in the lattice, moreover these atoms are preferably
located at the a sites. At low temperatures, this preference is very strong and appears to
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be temperature independent. At a threshold temperature, the preference for the spheres
decreases rapidly with increasing temperature [Koo98]. However, even at high tempera-
tures, the preference for the a sites is obvious. Moreover, at higher pressures it is stronger.
Nevertheless, for the 25% Ar mixture, a superstructure with a complete occupation of the
a sites by Ar atoms as reported in Ref. [Wes96a], was not found in Ref. [Koo98]. The p
and T dependence is rather surprising, since the pressures are high, and the activation
energies, necessary for a molecule to diffuse, are much larger at higher pressures. On the
other hand, a redistribution can be readily obtained after displacements of only a molecu-
lar distance, since the c sites are the nearest-neighbor sites of the a sites. Therefore, small
diffusion constants may result in a significant redistribution over the two types of lattice
sites within a short time. Moreover, crystal defects may contribute indirectly to the effect.

Previous simulations [vK98] showed that in the δ∗ phase, the calculated volume as
well as the energy are smaller for a distribution of the Ar atoms over the a sites than over
the c sites, or a random distribution. These differences are smaller in the ε∗ phase.

Although in those simulations the molecules are allowed to move freely through the
system, in high density systems such as (high pressure) solids, the free energy barriers for
a molecule to move through the system are too high. Thus, in straightforward simulations
one cannot probe the preference for any of the crystallographic sites of the molecular
species of the mixture. The distribution over the lattice sites remains the same during the
simulation, i.e. the same as in the starting configuration.

In order to investigate the redistribution of Ar atoms as observed in experiments, we
have performed simulations in which a redistribution may occur by so-called ‘unphysical’
moves. We have studied such a redistribution as a function of p, T and x. Moreover,
we have investigated whether such a redistribution is correlated with the orientational
delocalization. As in chapter 3, these results were obtained on the N2 rich side (0 ≤ x ≤
0.25) for temperatures above 50 K, in the pressure region where the ε and δ phases exist
in pure N2.

2.2 Method and potential model

The distribution of the noble gas (argon) atoms will be quantified by ya, the fraction of
atoms at the a sites. Note that this parameter equals 0, 1, and 0.25 corresponding with
a complete preference for the c sites, the a sites and no preference, respectively. One way
of determining the preferred distribution in an MC simulation is to perform unphysical
moves, in which a simultaneous identity change of two unlike molecules is attempted (a
‘swap’). Of course, the usual trial moves in position, orientation and box parameters are
also performed. For the system N2–Ar, such a swap move consists of the following steps:

1. Select at random one Ar atom and one N2 molecule.

2. Interchange the particles, while giving the N2 molecule a new, random orientation.

3. Calculate the Boltzmann factor of the energy difference and accept or reject as in
usual Metropolis sampling.
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In this way, the mixed crystal can relax to an equilibrium configuration, i.e. a configuration
with a distribution of Ar atoms over the a and c sites of the N2 Pm3n lattice that
corresponds to a free energy minimum. This method is somewhat similar to the semi-grand
ensemble, in which, at a certain point in the simulation, an attempt is made to change
a single particle’s identity [Kof98, Fre96]. In our case, for a simultaneous identity change
of two particles, there are no calculations with the chemical potential involved. Note that
with this method the physical mechanisms for a redistribution cannot be investigated;
one can only determine the thermodynamically favored distribution, and its dependence
on the thermodynamic state.

In practice, the acceptance ratios for the swapping of the molecules were very low,
in most cases less than 0.1%. Therefore, extremely long runs should be performed before
the system has relaxed to equilibrium. Instead of using the straightforward scheme, a
technique called orientational bias [Fre96, Cra90], is exploited to enhance the acceptance,
without much additional computating time. In this orientational bias scheme, instead
of one random orientation, several random orientations are given to the N2 molecule at
the new position. The orientation corresponding with the largest Boltzmann factor is
given the largest probability to be selected. Apart from the orientation-independent Ar
contribution, the above scheme becomes:

1. Select one Ar atom and one N2 molecule, both at random.

2. Interchange the particles, while giving the N2 molecule N random orientations.

3. At the new location, calculate the Boltzmann factor of these orientations, and the
Rosenbluth factor W =

∑N
i=1e

−βEi (i.e. the sum over the orientations).

4. At the old location, calculate the Boltzmann factor of the original orientation and
of N − 1 random orientations, as well as the Rosenbluth factor (where the sum over
orientations includes the original orientation).

5. Accept or reject with Wnew/Wold, as is usually done with the Boltzmann factor.

6. At the new location, an N2 orientation is selected with its Boltzmann weight.

For the Ar contribution, the traditional scheme is used, thus W = e−βE
∗
Ar
∑
e−βEi,N2 , the

∗ indicates that the Ar–N2 interaction for the two molecules in question is excluded. It
does not take too much effort to demonstrate that this scheme satisfies the Boltzmann
distribution [Fre96]. The orientational bias scheme enhances the acceptance to typically
1 to 20%, depending strongly on p and T .

The acceptance ratio also depends on the momentary distribution over the lattice sites,
and the degree of preference. For example, if in δ∗-N2 the Ar atoms have a very strong
preference for the a sites, while starting a calculation with all Ar atoms at the c sites, then
for the first few steps the acceptance ratio is very large, since the Ar atoms are driven
to the a sites. However, once equilibrium is reached, the acceptance drops significantly.
Despite such a small acceptance ratio, approximate conclusions about the preferential
locations of the atoms can even be drawn by starting with different Ar distributions. For
instance, if one starts with a distribution over the c sites, and during a simulation most
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Ar atoms have migrated to the a sites, then, even with a low acceptance ratio and without
reaching equilibrium, one can conclude that the Ar atoms prefer the a sites.

We have used initial configurations with three distributions: a random distribution
over the a sites, over the c sites, and over both the a and the c sites. Obviously, the initial
distribution of the Ar atoms should not affect the final results for a properly equilibrated
simulation.

The simulations have been performed in the (N, p, T ) ensemble with periodic boundary
conditions, i.e. in addition to the trial translations, rotations and swap moves, a deforma-
tion of the simulation cell is attempted [Par80, Par81]. Occasionally, the correlations of
the calculated quantities were checked [All86, Fly89], the error in ya is estimated to be less
than 0.05 for all cases. The simulations involved 104 to 106 MC cycles. The total number
of molecules was N = NAr +NN2 = 512. Except where indicated, we have used the ε∗-N2

structure for the primary configuration, since this structure has the possibility to trans-
form spontaneously to the δ structure in pure N2 with (N, p, T ) simulations. The N2–N2

interaction was modeled by the Etters potential [Ett86], a correction for the anisotropy
of the site–site interaction was included [Mul98]. The Ar–Ar and Ar–(N-site) interactions
were modeled by an exp-6 potential. These potentials include dispersion forces, short range
repulsion, and a quadrupolar Coulomb interaction for the N2 molecules; details have been
published elsewhere [vK99a]. Also the definitions of the molecular angles and the method
for calculating vibron frequencies have been presented in Ref. [vK99a]. To our knowl-
edge, the potential model, used for N2, gives the best agreement with thermodynamic
and structural data.

Note that for the ε∗ phase, the crystallographic lattice sites are the 2a (site symmetry
32) and 6e (site symmetry 2) lattice sites, where the e sites correspond with the c sites in
the δ∗ phase. Therefore, technically one should speak of the a and e sites in the ε∗ phase.
Since our simulation cell can transform from the ε∗ to the δ∗ structure during a single
run, we will always refer to these sites as the a and c sites when discussing the atomic
distributions, to avoid elaborate and self-evident digressions.

In the next section, it will turn out that the Ar atoms show a preference for the a sites.
Apart from this preference, there might be an additional preferential distribution of the Ar
atoms over specific a sites. A study of several configurations (snapshots) in equilibrium
does not reveal any preferential distribution over specific a sites for the compositions
investigated. Moreover, a simulation that starts with a random distribution over the a
sites gives a low swap acceptance, independent of the initial distribution. The cause of the
sudden decrease of the acceptance ratio as (nearly) all Ar atoms have migrated should be
found in the decrease of the volume: in general, the volume decreases as an Ar atom has
migrated from a c site to an a site. If, with the Ar distribution already close to equilibrium
two molecules are interchanged, there is a considerable probability for a large increase in
energy. In such cases, one cannot be sure that the equilibrium distribution is obtained,
unless infinitely long runs are performed. Whether equilibrium has been reached can be
checked by starting a simulation with the Ar atoms distributed over the a sites, and one
with the Ar atoms distributed over the c sites. For the data at the lowest temperatures
we have checked whether the Ar distribution is in equilibrium. If this was the case, we
assumed that for higher T this was also the case. Additional checks confirmed this.
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Figure 2.1: The occupation level of the a sites as a function of the number of MC steps
for (from top to bottom) x = 0.25, x = 0.15, and x = 0.05 at (T = 100 K and p = 4 GPa)
for three different starting distributions: random over the a sites (2), random over the c
sites (•), random over both the a and c sites (+). In these runs, the ε∗ phase transformed
to the δ∗ phase.

2.3 Results

2.3.1 General

Figure 2.1 shows ya as a function of the number of MC steps for three compositions at
4 GPa and 100 K. The figure shows that for all three compositions the final distribution
is independent of the initial distribution. The equilibration time and the fluctuations in
ya increase with decreasing x, this is probably due to the smaller statistics obtained for
smaller x. An investigation of the structure (box lengths and box angles, rms displacement
values, orientational distribution functions) shows that during these runs the ε∗ phase
spontaneously transforms to the δ∗ phase for all three compositions. The equilibrium
result for x = 0.05 is shown in Fig. 2.2.
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Figure 2.2: The occupation ratio ya as a function of temperature at x = 0.05 for three
different pressures: p = 4 (2), 7 (◦), and 10 GPa (3). The open symbols denote a stable
ε∗ phase, closed denote a stable δ∗ phase. Large and small closed symbols indicate that
the initial configuration was the δ∗rot and ε∗ phase, respectively.

When starting with the ε∗ phase, at low temperatures this phase remains stable (the
open symbols in Fig. 2.2). Within the ε∗ phase, the Ar atoms preferentially occupy the a
sites, although the preference is not very pronounced. At somewhat higher temperatures,
the ε∗ phase transforms to the δ∗loc phase (closed symbols in Fig. 2.2 denote the δ∗ phase).
As demonstrated in Fig. 2.2, the ε∗–δ∗ transition corresponds with a large increase of
preference for the a sites. In the simulation, the transition occurs at 85, 125 and 155 K for
4, 7 and 10 GPa, respectively. These transitions are all below the simulated ε–δ transition
temperatures for pure N2 (about 90, 140 and 190 K, respectively). Upon a further tem-
perature increase, the preference for the a sites decreases quite rapidly. Around a certain
temperature (about 180, 200 and 230 K for the respective pressures), the rate of decrease
becomes smaller, and only a small decrease towards a complete random distribution is
seen.

For later comparison with the experiments (see discussion), we performed additional
simulations in the low T range where the ε∗ phase remained stable (the open symbols in
Fig. 2.2), but now taking a well equilibrated configuration from a simulation at 7 GPa
and 250 K for pure N2 (δrot), as the initial configuration. For pure N2 and the mixture,
the δ∗ crystal structure never transforms spontaneously to the ε∗ phase upon lowering T .
In this way we can investigate the behavior of ya in the δ∗ phase at low T . The results
are also indicated with closed symbols. Combining these low temperature results with the
high temperature δ∗ phase, we come to the following conclusions.

In the δ∗ phase, the low T data indicate a region of ya values close to the maximum
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Figure 2.3: The occupation ratio ya as a function of temperature at p = 4 GPa for three
different compositions: x = 0.05 (2), 0.15 (◦), and 0.25 (3). Open symbols denote a stable
ε∗ phase, closed symbols denote a stable δ∗ phase. Large and small closed symbols indicate
that the initial configuration was the δ∗rot and ε∗ phase, respectively. The inset shows the
difference between the δ∗loc data (open symbols) and the data for the δ∗oo structure (closed).

value of 1. Moreover, there is only a small temperature dependence of ya in this T -
region (probably ya → 1 for T < 50 K). A similar behavior is present for the other
two pressures investigated. Therefore, concerning the distribution of Ar atoms in the δ∗

phase, we can discriminate between three temperature regions. At low temperatures, the
preference for the a sites is nearly complete and almost independent of T . Around about
80, 130 and 140 K for p = 4, 7 and 10 GPa, respectively, the preference for the a sites
decreases rapidly with temperature. Subsequently, the rate of decrease becomes much
smaller. Higher pressures result in a stronger preference for the a sites.

Figure 2.3 shows the equilibrium distributions of the Ar atoms as a function of T for
three different compositions at p = 4 GPa. As was also visible from Fig. 2.1, within the
orientationally disordered phases, the preference of the Ar atoms for the a sites decreases
with increasing Ar content.

The three regions of Ar distribution are also present for x = 0.15 within the δ∗ phase.
At low T , the ε∗ phase is stable; the ε∗–δ∗ transition occurs at about 60 K. However,
for x = 0.25, the ε∗ phase is not present. It has transformed into the δ∗ phase, even at
the lowest temperatures investigated. Therefore, the ε∗–δ∗ transition shifts to lower T
with increasing x. The long equilibration times pose a problem for the low temperature
simulations, as was addressed in the previous section.

For the mixtures with 25% Ar, in particular with respect to the δ∗oo phase, metasta-
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bility problems arise. These are similar to those in chapter 3: in a cooling run, the δ∗loc

phase does not transform into another phase. At low temperatures, the δ∗oo phase appears
spontaneously at 4 GPa, if we start with an initial distribution of Ar atoms over the a
sites only. When starting with the Ar atoms initially distributed over the c sites only, the
δ∗loc phase occurs, although in both cases the ε∗ phase was taken as the initial structure.
For these different phases, the equilibrium values of ya are not equal, as is demonstrated
in the inset of Fig. 2.3. As is clear from the figure, the preference for the a sites of the
Ar atoms is much stronger in the δ∗oo phase: for T ≤ 70 K, the Ar atoms do not migrate
from the a to the c sites at all. When the δ∗oo phase is heated, the δ∗loc phase arises spon-
taneously, as in the heating runs without trial swap moves. The δ∗oo–δ∗loc transition occurs
at T = 100 K; at the transition, ya has decreased drastically to the value of 0.58. In the
current study, at 4 GPa the δ∗oo phase appears only for x = 0.25.

2.3.2 Orientational delocalization

As in previous simulations, the orientational cascade process has been observed. The
behavior is very similar to pure N2 [Mul98] and previous mixture results [vK99a, vK99b].
We refer to these results for a detailed explanation of the phenomena involved. The
orientational delocalization is investigated with the order parameter Oφ = cos(4φ), φ
being the disk angle in the plane of the disk (defined in Ref. [vK99a]). In Fig. 2.4, the
order parameter and the enthalpy are shown as a function of T at x = 0.05 and p = 4 GPa.
Below 150 K, the δ∗loc phase exists. At 150 K, the discrimination between the three disk
types has disappeared, with this temperature we will identify the δ∗loc–δ

∗
rot transition. Using

the order parameter, for 7 and 10 GPa the transition temperatures are estimated at 190
and 250 K, respectively.

At 4 GPa, the δ∗loc–δ
∗
rot transition occurs at about 150, 140 and 130 K for x = 0.05,

0.15 and 0.25, respectively. For pure simulated N2, this transition occurs at about 150 K.
This suggests that the transition shifts slightly to lower temperatures with increasing x.
This is in contrast to the simulations without performing trial swap moves, where the
δ∗loc–δ

∗
rot transition was independent of composition. Nevertheless, the shift is small, and

hardly detectable for the 5% mixture. The latter is also the case at higher pressures.
The rms displacement of the molecules with respect to the ideal crystallographic lattice

sites has also been calculated. Because of the translation–rotation coupling, the orienta-
tionally localized disks have a different translational behavior than the other two disk
types. The way this comes about in pure N2 and the mixtures has been discussed previ-
ously [vK99b]. Again, at the δ∗loc–δ

∗
rot transition, the discrimination appears. The transition

temperatures are the same as those obtained with Oφ, therefore the rms results are not
shown here.

We have calculated the enthalpies for the various temperatures and pressures. At
constant p, the enthalpy shows a nearly linear increase with T . The difference between
the data points and a straight line fit through these points has been plotted in Fig. 2.4.
As in pure N2 and previous mixture results, in the temperature region of orientational
delocalization, the enthalpy shows a larger increase than the ordinary temperature effect
above and below this region. Although the increased rate of Ar redistribution may have
a contribution to this effect, the curve of ∆H versus T can be used to make an estimate
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Figure 2.4: Oφ for the three different disks and ∆H as a function of T , for x = 0.05 and
p = 4 GPa. ∆H denotes the difference between the calculated enthalpies H with the
straight line fit through the data. Only the data of the δ∗ phase are plotted. The errors
are of the order of the symbol size.

of the δ∗loc–δ
∗
rot transition temperature. Moreover, with these data one can observe the

temperature at which the onset of the orientational delocalization occurs. The results are
shown in Table 2.1, together with the other relevant temperatures.

Although in the table the temperatures given are merely estimates, it suggests that
there is an appreciable overlap between the regions of increased rate of Ar redistribution
and the temperature region of orientational delocalization. Because of this overlap, it is
not excluded that in the simulations the two processes are correlated, as will be discussed
later.

p Ts Te T
Oφ
δ∗
loc
−δ∗rot

T∆H
onset T∆H

δ∗
loc
−δ∗rot

4 80 180 150 90 170
7 130 200 190 130 210
10 140 230 250 175 250

Table 2.1: The temperatures of the various transitions in the mixture. Ts: start of the
increased rate of Ar redistribution, Te: end of this redistribution (both obtained from
Fig. 2.2). Superscript Oφ and ∆H denote that the transition temperature is obtained from
curves of Oφ and ∆H versus T , respectively. The pressure is in GPa, all temperatures are
in K.
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2.3.3 Unlike force field and other noble gas atoms

In order to get more insight, we have performed additional simulations, in which a dif-
ferent redistribution behavior is obtained by modifying the three unlike exp-6 potential
parameters in both directions. The Ar atoms showed a stronger preference for the a sites
when there is a decrease in any of the three unlike exp-6 parameters, and vice versa. The
results are most sensitive to a change in r∗ArN, and least sensitive to a change in ε∗ArN, which
suggests that, as in many other studies, r∗ArN is the most relevant unlike parameter. The
equilibration times also depend on r∗ArN, and to a lesser degree on the two other param-
eters. This is not surprising, since a larger difference in molecular diameter will decrease
the acceptance ratio, as is well known from similar techniques [Fre96, Kra91a, Kra91b].

For the 25% mixture we have performed simulations with r∗ArN→ 0.95r∗ArN and r∗ArN→
1.05r∗ArN at several temperatures. We have chosen such a large change in the potential
parameters to obtain an unambiguous result. The results are shown in Fig. 2.5. In the case
of the smaller r∗ArN, ya remains high, even for temperatures above the δ∗loc–δ

∗
rot transition.

The rapid Ar redistribution occurs between about 200 and 400 K at a much smaller rate.
The increase in r∗ArN leads to a random distribution of Ar atoms over the lattice sites, even
for low temperatures. For this mixture, there is an influence on the δ∗loc–δ

∗
rot transition. For

r∗ArN→ 0.95r∗ArN, the δ∗loc–δ
∗
rot transition has shifted from about 130 to 170 K. In this case

the increased rate of redistribution and the orientational delocalization do not overlap
anymore. For the increased r∗ArN, the δ∗loc phase does not exist above 110 K. Thus, the
redistribution does affect the orientational delocalization and the δ∗loc–δ

∗
rot transition, but

the reverse is not the case. For the 5% mixture, the distribution behavior is similar, but
it hardly results in a shift of the δ∗loc–δ

∗
rot transition.

If indeed r∗ArN is the most relevant unlike interaction parameter, one can make rough
predictions about the behavior of the preferential distributions of other noble gas atoms
dissolving in δ∗ N2: for smaller atoms, the preference for the a sites will increase. Experi-
mental results indicate that Ne, Ar and Xe substitutionally dissolve into δ∗ N2 [Koo99b,
Koo98, Wes96a]. Simulations with four different atomic species were performed. The re-
sults, shown in Table 2.2, indeed indicate that for our potential model smaller molecules
have a stronger preference for the a sites. During the simulations, the ε∗ structure trans-
formed to the δ∗rot structure for all mixtures. The table suggests that the Kr atoms hardly
show a preference for either the a or c sites, while Xe atoms preferentially occupy the c
sites.

2.4 Discussion

For comparison, we have converted the experimentally obtained integrated intensity ra-
tio [Koo98] W into ya, using ya = (1 − 4W )/4x, see Fig. 2.6. The experimental phase
diagram in [Koo98] suggests that at least 25 mole% Ar dissolves into δ∗ N2. For relatively
low temperatures, ya is nearly independent of T , but at higher temperatures the Ar pref-
erence for the a sites decreases sharply. Moreover, the preference for the a sites increases
with pressure. A comparison with Fig. 2.2 shows that the experiments and the simulation
results within the δ∗loc phase agree qualitatively. In addition we have found that at even
higher temperatures, possibly outside the experimental range, the rate of redistribution
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Figure 2.5: ya andOφ as a function of T for 25% argon at 4 GPa with a modified unlike site–
site exp-6 parameter r∗ArN. Given are the results with our original r∗ArN (black squares),
1.05r∗ArN (circles) and 0.95r∗ArN (‘plus’ signs). Note that the first two data points for
1.05r∗ArN correspond with the δ∗oo phase.

element ε (K) α r∗ (Å) diameter ratio ya

Ne 38.0 14.5 3.15 0.77 0.61
Ar 122.0 13.0 3.85 0.94 0.38
Kr 158.8 12.3 4.06 0.99 0.26
Xe 231.2 13.0 4.45 1.09 0.10
N2 101.9 13.0 4.09 1.00 -

Table 2.2: Equilibrium results of the noble gas distribution over the lattice sites at the
state point (T = 410 K, p = 7 GPa, x = 0.05), for models of various noble gas atoms.
The exp-6 potential parameters ε (well depth), α (steepness at small r) and r∗ArN (atomic
radius) are given for comparison, also for the N2. The Ar and N2 parameters are taken
from [Ree88], the other values are taken from [Hir67].

decreases again.
It is likely that the increased rate of redistribution corresponds with the experimentally
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Figure 2.6: ya as a function of T as obtained from the experimental data [Koo98]. The
dots concern the 25 mole% mixture, at 5.5 GPa (2) and 11 GPa (◦). The dashed line
indicates the results for the 15 mole% mixture at 6.7 GPa. The solid lines are guides to
the eye.

obtained increase in the integrated intensity ratio, as we have found in the simulations.
Both occur over a range of about 100 K. However, in experiments the redistribution
starts just above the δ∗loc–δ

∗
rot transition, i.e. at a higher temperature. This might be due

to the erroneous modeling of the Ar–N interactions, as is supported by the investigation
of the influence of the potential parameters on the Ar distribution. Therefore, we have
compared the ad hoc exp-6 potential used in this study with various recently developed
N2–Ar potentials [Fer99, Nau97, Dah95, Ben93]. In most of these papers, functional forms
for the potential are given, with parameters fitted to ab initio potential energy surfaces
and/or experimental data. The comparison shows that, depending on the model and the
orientation of the N2 molecule, with our potential model in most cases the effective radius
of the argon atoms is overestimated compared to the sophisticated models by 1 to 2%,
leading to a smaller and less realistic preference for the a sites by the Ar atoms. However,
although the repulsive wall is stated to be about correct for some models, no high density
data were used for these potentials. The exp-6 effective pair potential we have used is
computationally convenient.

For low temperatures and high pressures, two different phases are obtained, depending
e.g. on the initial atomic distribution over the lattice sites. For small x, the ε∗ and δ∗loc phase
both remain stable, while in the δ∗ phase the preference of the Ar atoms for the a sites is
much stronger than in the ε∗ phase. One of the two phases must be metastable. For large x,
the δ∗loc and δ∗oo phase both remain stable. Here, the δ∗oo phase corresponds with the largest
ya-value. Again, one of the two must be metastable. The differences between the structures
are mainly orientational in nature. In both cases, a change in orientational behavior is
accompanied by a change in distribution behavior. In the first case (ε∗–δ∗loc), an increase
in orientational disorder corresponds with a decrease in configurational disorder, while in
the second case (δ∗oo–δ∗loc), an increase in orientational order corresponds with an increase
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in configurational order. Therefore, there is no simple relation between orientational order
and the distribution of the Ar atoms.

For several compositions, experimental measurements have been performed down to
130 K for pressures up to 14 GPa [Koo98] and up to 25 GPa at room temperature [Wes96a].
For these conditions, the ε∗–δ∗ transition has not been detected, which is in agreement
with our results: in the simulations, the ε∗–δ∗ transition shifts to lower T with increasing
x. Also in previous simulations [vK99a], where the Ar atoms were distributed randomly
over the a sites and no trial swap moves were performed, the ε∗–δ∗ transition shifted to
lower T . But in those simulations, at 7 GPa the transition occurs at around 60 K for
x = 0.05, while at that pressure and composition it occurs at about 125 K when trial
swap moves are performed. One can conclude that a restriction of the Ar atoms to the a
sites destabilizes the ε∗ structure: it is stable only if a significant amount of Ar atoms are
distributed over the c sites.

Similarly, for x = 0.25, the δ∗oo phase is stable only if a large number of Ar atoms is
located at the a sites. This phase as well as the δ∗loc phase are stable at low temperatures.
The preference for the a sites seems to be overestimated in the δ∗oo structure, while for
the low temperature δ∗loc phase, ya has values that are in agreement with the experimental
values (compare Figs. 2.3 and 2.6). On the other hand, the δ∗oo phase exhibits the low T
dependence found in experiments (Ar distribution independent of T ).

Since the enthalpy is lowest when all Ar atoms are located at the a sites, it must be an
entropy effect that, within the δ∗ phase, ya decreases with increasing x at constant p and
T . The dependence of ya on x might indeed be a configurational entropy effect, i.e. the
disorder due to the mixing of the two types of molecules. The difference in configurational
entropy between a distribution over the a sites only and a distribution over all the sites
increases with x. We assume that a different atomic distribution does not influence other
contributions to the configurational entropy or the thermal entropy of the system.

On the other hand, we attribute the increase in ya as a function of p to the increase
in the pV term of the enthalpy. Since the preference for the a sites by the Ar atoms is
enthalpy-driven, one may expect that this driving force is larger for higher pressures.

The preference for the a sites shows a similar dependence for changes in any of the
three unlike parameters. This may be explained by looking at the shape of the exp-6
potential. One should keep in mind that, for high pressures, the short range, repulsive
part of the potential is the most relevant part. The Ar–N2 interaction is the most dominant
interaction for the Ar atoms, being mainly located at the a sites, of which the nearest
neighbors are N2 occupied c sites. The simulations indicate that the Ar–N interaction is
indeed repulsive: the largest molecular nearest neighbor distance is about 3.5 Å (at 4 GPa,
100 K, 5% Ar). Decreasing α∗ArN (by 5%) leads to a slope which is less steep in the short
range repulsion: defining the effective radius of the Ar atoms as the distance at which the
Ar–N interaction is 300 K, this radius decreases by 1.0% if α∗ArN is decreased by 5%. A
similar decrease in ε∗ArN leads to a decrease in the radius of 0.3%. Thus indeed, r∗ArN and
ε∗ArN have the largest and smallest influence, respectively, on the effective atomic radius,
and a corresponding influence on the atomic distribution over the lattice sites.

From experiments, it can be deduced that at most 10 mole% neon dissolves into δ∗

N2 [Koo98]. In this phase, the intensity ratio of the sphere and disk peak is 0.24± 0.03.
The experimental accuracy was not high enough to determine the p and T dependence.
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a r c
0.95 0 49 59

1 178 189 199
1.05 412 378 373
1.1 685 600 594
1.15 956 887 859

a r c
Ne 0 52 65
Ar 272 293 283
Kr 385 381 386
Xe 742 700 682

Table 2.3: (a) The enthalpy of the N2–‘Ar’ mixture at (T = 410 K, p = 7 GPa, x = 0.05;
the δ∗rot phase), for various values of the exp-6 parameter value r∗ArN, as is indicated by
the factor in the first column. In these simulations no trial swap moves were performed.
The enthalpies are relative to the values at the a sites for r∗ArN→ 0.95r∗ArN (H = 15322 K).
(b) The enthalpy at (T = 410 K, p = 7 GPa, x = 0.05; the δ∗rot phase), for mixtures
of N2 with various noble gases, as modeled with the exp-6 parameters of Table 2.2. No
trial swap moves were performed. Values are relative to the values at the a sites for neon
(H = 15225 K).

If we assume that 10 mole% Ne dissolves into δ∗ N2, then, for an intensity ratio of 0.21
(the lower limit, note the error bar), ya = 0.6. However, if less Ne dissolves into solid N2,
ya is larger. We conclude that ya ≥ 0.6. Note that for an intensity ratio of 0.27 (the upper
limit) and ya = 1, xNe would be 0.05. Therefore, given the intensity ratio of the two peaks,
at least 5 mole% Ne dissolves into δ∗ N2. Since in these experiments the exact amount of
Ne that dissolves into δ∗ N2 is not determined, it is not known whether, experimentally,
the preference of the Ne atoms for the a sites is smaller or stronger than in the Ar case.
However, the preference is very high.

Xe–N2 has been investigated in the pressure range 6 < p < 13 GPa at T = 408 K, far
above the pure N2 δ

∗
loc–δ

∗
rot transition temperature. The integrated intensity ratio gives a

value of 0.28± 0.03, while at least 16 mole% dissolves into δ∗ N2. This corresponds with
0.25 ≤ ya ≤ 0.59 (taking the error bars into account), which is smaller than for Ne or Ar.
We conclude that in the experiments the Xe atoms have a smaller preference for the a
sites than the Ar and the Ne atoms. This is in qualitative agreement with the simulations.
However, from experiments it is clear that the Xe atoms do show a preference for the a
sites [Koo99b]. Therefore, in the simulations, the Ar as well as the Xe preference for the
a sites should be much stronger in order to be in agreement with experiments. Also for
Xe, this deviation might be due to the failure of the Lorentz-Berthelot mixing rule.

The enthalpy has been calculated for three values of r∗ArN and for three distributions
of the Ar atoms over the lattice. The results are shown in Table 2.3(a). The positive
enthalpy difference between the molecules at the c sites and the molecules at the a sites is
larger for decreasing r∗ArN. Thus, the increase in preference for the a sites with decreasing
atomic size is most probably an enthalpy effect. For r∗ArN→ 1.05r∗ArN the difference has
become negative: here the smallest enthalpy is obtained when the atoms are distributed
over the c sites. Table 2.3(b) shows a similar trend: smaller molecules have the smallest
value of the enthalpy for the a sites, which indicates that the atomic size indeed is the
most important property with regard to a preference for the lattice sites.

The behavior of the δ∗loc–δ
∗
rot transition for the modified values of r∗ArN, as shown in

Fig. 2.5, is consistent with the ideas about the location of the δ∗loc–δ
∗
rot transition as a
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function of x [vK99a]. For the simulations with the Ar atoms restricted to the a sites, it
was argued that the δ∗loc–δ

∗
rot transition temperature is independent of x, since it are the

disk molecules (at the c sites) that participate in the orientational delocalization. As soon
as a considerable amount of Ar is present at the c sites, one might expect that the distri-
bution does affect the orientational delocalization. For r∗ArN→ 1.05r∗ArN, the Ar atoms are
randomly distributed over all the lattice sites, and when x is relatively large, a reason-
able fraction of the c sites is occupied by Ar atoms. This may enhance the orientational
cascade process, which will shift the δ∗loc–δ

∗
rot transition to lower temperatures. Indeed,

this transition occurs at about 115 K, while it occurs at about 150 K for pure N2. In the
simulations with the original potential parameters, the increased rate of Ar redistribution
and the orientational cascade process overlap. There, the redistribution may already lower
the δ∗loc–δ

∗
rot transition temperature by the migration of atoms from the a to the c sites.

This is probably the cause of the small shift in the δ∗loc–δ
∗
rottransition as a function of

x. Therefore, we conclude that the distribution of Ar atoms has some influence on the
orientational delocalization and on the δ∗loc–δ

∗
rot transition.

On the other hand, for r∗ArN→ 0.95r∗ArN, ya remains high up to temperatures way above
the δ∗loc–δ

∗
rot transition. We therefore conclude that the orientational delocalization does

not have much influence on the distribution of Ar atoms over the lattice sites.
In order to obtain results in the high pressure, low temperature regions, we have

attempted to obtain an additional speed-up in the calculations. First, in combination
with the orientational bias, we tried a similar bias in which pairs of unlike molecules
were chosen. A pair with the smallest increase in energy had the largest probability to be
selected. Second, we have tried to reduce the number of calculations that are performed
in the selection of the orientation by introducing a second cutoff radius [Vlu98]. Neither
of the techniques resulted in a significant speed-up of the calculations, although it may
prove to be beneficial after a more elaborate fine tuning of the parameters involved, or
for larger system sizes.

2.5 Conclusions

For not too large pressures and too low temperatures, the technique in which the identity
of two molecules has been changed simultaneously in (N, p, T ) simulations, can be suc-
cessfully applied. An orientational bias must be included in order to make the CPU time
per accepted swap move practicable. With this method, the preference of (argon) atoms
for either of the two lattice sites of high pressure N2 can be investigated.

In the ε∗ as well as the δ∗ phase, the Ar atoms preferentially occupy the a sites. The
ε∗–δ∗ transition shifts to lower T with increasing x, but at a much smaller rate than in
previous simulations, in which the Ar atoms were restricted to the a sites. Therefore, a
large preference for the a sites destabilizes the ε∗ phase. At the ε∗–δ∗ transition, there is
a significant increase in the preference for the a sites. Since in experiments the ε∗ phase
has not been detected, and since for the δ∗loc phase the preference for the a sites is in
much better agreement with experiments, we suggest that the ε∗ phase is metastable with
respect to the δ∗ phase.

Within the δ∗ phase, at low temperatures the Ar atoms exhibit a nearly complete
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preference for the a sites, hardly dependent on T . Above a certain temperature, the Ar
atoms redistribute rapidly. At even higher temperatures, a slow redistribution towards a
random distribution occurs.

For x = 0.05, this behavior is the same for all pressures investigated, while a higher
pressure results in a stronger preference for the a sites. For x = 0.15, the behavior is
similar, although the preference decreases with increasing x. This is an entropy effect,
since the enthalpy is smallest when the Ar atoms are distributed over the a sites only. Both
the pressure and temperature dependence are in qualitative agreement with experiments.
Although the experimental accuracy is not very high, the largest quantitative discrepancy
lies in the temperature at which the Ar atoms start to redistribute. The simulations give
a value which is too low. This is most likely due to an erroneous modeling of the unlike
exp-6 parameters: these are probably chosen too large.

There is no immediate influence of the orientational (dis)order on the configurational
(dis)order related to the distribution of atoms. First, this is demonstrated by the differ-
ence in distribution at the transitions between the high pressure phases. At the ε∗–δ∗loc

transition, the orientational order decreases, while the configurational order increases.
On the other hand, at the δ∗oo–δ∗loc transition, the orientational as well as the configura-
tional disorder increases. Second, the orientational delocalization, resulting in the δ∗loc–δ

∗
rot

transition, has no influence on the distribution of the atoms.
In contrast, there is an influence of the configurational (dis)order on the orientational

(dis)order. The δ∗loc–δ
∗
rot transition shows a small shift to lower T with increasing x. This

is most probably due to the occupation of Ar atoms at the c sites, which increases with
increasing x. The N2 molecules at the c sites are responsible for the orientational delocal-
ization. The Ar atoms at the c sites probably enhance this effect.

An investigation of the potential parameters shows that a decrease in any of the
three unlike exp-6 parameters results in a stronger preference for the a sites, since such
a decrease results in a decrease in the effective atomic radius. Relative changes in r∗ArN

and ε∗ArN have the largest and smallest influence, respectively. As a consequence of this
behavior, the increased rate of Ar redistribution occurs at a much higher temperature for
smaller molecules.

Another consequence is that smaller noble gas atoms have a stronger preference for the
a sites. The increase in preference for the a sites as the diameter decreases can be accounted
for by the larger enthalpy differences. Although the experimental accuracy is poor, the
simulation results for the different molecules agree qualitatively with experimental data.
The preference for the a sites is underestimated in all cases; again this may be due to an
incorrect unlike interaction model.



3

The change in phase behaviour and
orientational order of solid N2 under the
influence of Ar

3.1 Introduction

For mixed solids of simple molecular compounds, such as (N2)1−x–Arx, the complexity
of the many body system may contain unexpected phenomena. The mixture constitutes
a model system for the influence of isotropic impurities on the orientationally ordered
and disordered phases of a system of anisotropic molecules. Since the sizes of the two
molecular species under study are about equal, one can expect that the Ar atoms dissolve
substitutionally in the N2 lattice.

For solid mixtures of N2–Ar, various interesting experimental results have been ob-
tained in the low pressure orientationally ordered α and disordered β phase, such as
quadrupolar glasses (see e.g. Refs. [Hoc90] and [Ham95] and references therein). For these
systems, the orientations of the linear molecules freeze in randomly, with conservation
of the centre-of-mass position of these molecules. Also, a number of simulations were
reported for these low pressure phases [Kle90, Rau97]. Raugei et al. [Rau97] found an
orientational glass in the hcp (β) structure.

In the pressure range around 10 GPa, the solid phases of pure N2 are rather com-
plex [Man97], therefore a study of N2–Ar mixtures at high pressures is an interesting
continuation of the low pressure work. At low temperatures, the pure solid is in an orien-
tationally ordered state, and the crystal has a trigonal (rhombohedral) lattice structure,
space group R3̄c. This phase is labelled with ε. The high temperature phase is an orien-
tationally disordered state, with a cubic crystal lattice, space group Pm3n. This phase
curiously reveals two types of orientational disorder. The cubic unit cell consists of eight
lattice sites. The molecules at the lattice sites in the centre and on the corners of the cell,
the a sites, exhibit statistical orientational disorder, and hence are called ‘spheres’. The
molecules in the faces of the unit cell, the c sites, exhibit orientational disorder in a plane
normal to the plane of the unit cell, and are therefore called ‘disks’.

A marked discontinuity in the slope of the vibrational frequency shift as a function of
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temperature along a quasi-isobar has been detected by Scheerboom and Schouten [Sch93].
This effect was interpreted as a second order phase transition due to an orientational
localisation of the molecules. Model calculations by Westerhoff and Feile [Wes96b] suggest
a large difference in the orientational degrees of freedom of the a sites, upon passing the
transition. In contrast with these results are the Monte Carlo (MC) calculations by Mulder
et al. [Mul98], which showed that a change in vibrational stretching frequency of the sphere
molecules is due to the change in orientational behaviour of the disk molecules. Below the
transition, the disk molecules show a much stronger orientational localisation than above,
while the sphere molecules indeed exhibit a more or less orientational disorder above as
well as below the transition.

The first experimental results obtained in the high pressure region for N2–Ar mixtures
were obtained by Westerhoff and Feile [Wes96a]. Their Raman measurements indicate
that the Ar atoms dissolve substitutionally in the lattice, at the a sites. Their model
calculations also imply that the Ar atoms prefer to be located on the a sites. A more
elaborate experimental study of the mixture, for 0 ≤ x ≤ 0.25, was performed by Kooi
and Schouten [Koo98]. They concluded, in agreement with Westerhoff and Feile, that
the Ar atoms prefer the a sites, but that this preference is temperature and pressure
dependent. Moreover, a transition similar to the second order transition in pure N2 was
found to be independent of composition.

The first results of the calculations of the N2–Ar mixture were reported in a preliminary
paper [vK98]. It was found that the system has the lowest enthalpy when the Ar atoms
are distributed randomly over the a sites. In these simulations, the ε∗–δ∗ transition shifts
to lower temperatures (a ‘∗’ denotes the mixed phase). Although the ε∗ phase was present
for mixtures x ≥ 0.05, this phase was presumably metastable. In this chapter we present
calculations for compositions up to x = 0.25, and the calculated phase diagram. We will
go into the details of the orientational behaviour and discuss the phase transitions. In
order to make contact with experiments, the vibron frequencies have been calculated.
The range of investigation is T ≥ 50 K at p = 7 GPa.

3.2 Method and potential model

The MC calculations have been performed in an isobaric–isothermal (N, p, T ) ensem-
ble [Par80, Par81] with periodic boundary conditions. With this method the shape of the
crystalline unit cell can be changed without creating stressed configurations. In our case
one MC cycle consists of trial moves in position and (for the non isotropic molecules)
orientation for all the molecules in the simulation cell, and a trial move in the dimensions
and angles of the simulation cell, using random shuffling. A trial deformation of the sim-
ulation cell is generated by simultaneously sampling the elements of the transformation
matrix hαβ, which maps the molecules from a scaled cubic simulation cell to the (in gen-
eral) triclinic simulation cell. The trial moves in orientation and position of the molecules
are performed in the ‘real’ simulation cell.

An acceptance of approximately 50% is maintained in all simulations. As a check the
pressure was monitored. Occasionally the correlations of the calculated quantities were
checked [All86, Fly89]. The simulations consisted of an equilibration and a production
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ε (K) α r∗ (Å)
Ar–Ar 122.0 13.0 3.85
Ar–N 69.3 13.75 3.79
N–N 39.4 3.73

Table 3.1: The parameters for the α-exp-6 potentials and for the dispersive part of the N2

site–site interaction. The repulsive part of the N2 site–site interaction is included in the
Etters potential with anisotropic term (for description and parameters, see [Mul98]). The
values for Ar are taken from [Ree88]. The values for the Ar–N interaction are calculated
with the generalised Lorentz–Berthelot mixing rules [Ree88] and the values for the N2

site–site exp-6 potential, taken from [Mic98].

run, both involving typically several thousand MC cycles. The total number of molecules
was N = NAr + NN2 = 512. In the heating and cooling runs, the initial configuration
of a simulation at T + ∆T was taken to be the final configuration at T . In both the
heating and cooling runs the configuration of the ε∗ phase has been taken as the pri-
mary configuration, which at high T immediately transformed to the δ∗rot structure for all
compositions x investigated. Considering the preference of the Ar atoms for the a sites
(Refs. [Koo98, vK98, Wes96a] and chapter 2), in all simulations in this chapter, the Ar
atoms are distributed randomly over the a sites, for each cooling and heating run. As
discussed later, the enthalpy difference between two phases is used as an indication for a
phase transition. It turns out that this difference is nearly independent of the chosen con-
figuration (the effect is about 1 K, 10% of the total difference). The shape of the cell, the
orientational behaviour and the frequency of the N2 molecules and various thermodynamic
quantities were monitored.

The basis for the N2–N2 interaction was the Etters site–site potential [Ett86]. This
model assumes that the interactions at each site are isotropic. However, since the atomic
charge distributions are anisotropic, a distorted atom correction was included to account
for this anisotropy [Pri86, Pri87, Mul98]. With this correction both the position of the min-
imum and the depth of the potential depend on the relative orientation of the molecules.
The Ar–Ar as well as the Ar–N ‘atom’ interaction were modelled by exp-6 potentials:

V =
εij

αij − 6


6eαij(1−r/r

∗
ij) − αij

(
r∗ij
r

)6

 , (3.1)

where r is the distance between the sites (a site is either an Ar atom, or an N atom), and ε,
α, and r∗ are the appropriate potential parameters, given in table 3.1. The values for the
Ar–N interaction were calculated using a generalisation of the Lorentz–Berthelot mixing
rules to exp-6 potentials. A linear electric quadrupole moment represented the Coulomb
interaction. The internuclear distance (1.09 Å) as well as the charge sites were fixed. A
cutoff range for the potentials was taken at 9 Å, a long tail contribution corrected for this
cutoff.

For the three disk types, φ and θ are defined as follows: θ = 90◦, is the plane normal
to the particular face of the unit cell. For θ = 90◦ and φ = 0◦, the molecular axes are
normal to the faces of the unit cell.
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The method for calculating the vibron frequencies of the N2 molecules in the solid
is similar to that used by various authors [Mul98, Ett83]. A perturbation calculation
of a Hamiltonian, describing an an-harmonic vibrating molecule that interacts with the
surrounding molecules, leads to a relation between the shift in vibrational frequency and
the axial forces acting on the molecule [Buc58] (see Appendix). The shift with respect to
the frequency of the isolated molecule (2329.91 cm−1) is:

〈∆ν〉 = 3.807 · 1010〈Fax〉+ 0.507〈dFax

dr
〉, (3.2)

where Fax is the axial force acting on the molecule. The frequencies are in units of cm−1

and the forces in Newton. The brackets denote statistical averages. The correction for
the vibration–rotation coupling and the dispersion correction [Mic95] are not taken into
account since we are mainly interested in the change in frequency as a function of pressure
and temperature, due to the addition of argon.

The method for the detection of the transitions is similar to that in pure N2. This
system has been extensively investigated and is a reference for the mixture, therefore we
will describe some more relevant aspects of the behaviour of the pure substance in the
simulations.

The ε–δ transition can be observed upon heating by an abrupt change of the box
angles of the cell from about 85 to 90◦. Apart from the change in the box angles, this
first order transition could be observed by a major change in the orientational probabil-
ity distribution functions (ODF’s) for φ and θ, and therefore in the orientational order
parameters, of the N2 molecules. Moreover, a small positive jump in the enthalpy occurs
upon passing the transition. Above this transition the slope of H vs T has a larger value.
When the system is cooled, the ε phase does not appear at low temperatures in the sim-
ulations: the δ phase remains present. Since it is an experimental fact that the ε phase
exists at these temperatures, the cooled δ phase must be metastable. The entropy cannot
be calculated with these simulations. However, if one makes assumptions on the entropy
difference of the two phases, qualitative statements about the stability of these phases can
be made. Since the entropy in the δ∗ phase is most probably higher than in the ε∗ phase,
the enthalpy in δ∗-N2 must be higher in order to be metastable. This minimum, but not
sufficient, condition is satisfied.

The potential model used for N2 gives the best agreement with experimental data.
However, it should be noted that small differences in the orientational interactions can
change the predictions considerably. This also holds for the N2–Ar results presented in
this chapter.

Within the δ phase of pure N2, a distinction is made between the low temperature,
orientationally more localised phase (δloc), and the high temperature, disordered phase
(δrot) [Mul98]. On passing the δ∗loc–δ

∗
rot transition, the slope of H vs T decreases. In these

simulations, the first order ε–δ transition occurred between 130 and 140 K at 7 GPa, as
in experiments. The calculated δloc–δrot transition occurs between 190 and 200 K, which
is about 40 K below the experimental value.
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Figure 3.1: The calculated T–x phase diagram of the N2–Ar mixed solid at p = 7 GPa in
the region 0 ≤ x ≤ 0.25. The plot shows the ε∗–δ∗loc transition (2), the δ∗loc–δ

∗
rot transition

(◦), and the transition from the ‘orientationally ordered’ δ∗ phase (δ∗oo) to the δ∗loc phase
(�), and to the δ∗rot phase (4). The lines are guides to the eyes.

3.3 Results

In the range investigated (0 ≤ x ≤ 0.25), the behaviour of the mixture is such that we can
discriminate between three regions in the T–x phase diagram, presented in Fig. 3.1. For
x ≤ 0.05, the behaviour is much like in pure N2, while the ε∗–δ∗ transition shifts rapidly
to lower temperatures. For 0.05 ≤ x ≤ 0.12, the ε∗ phase has disappeared. Consequently
the δ∗loc phase is present for T ≤ 200 K. At even larger mole fractions, a cubic phase with
orientational order appears at low temperatures, while the δ∗loc phase gradually disappears
with increasing x.

3.3.1 x ≤ 0.05

The transition from the ε∗ to the δ∗ phase was detected in the same way as in pure
N2. Figure 3.2 shows the behaviour of the box angles as a function of temperature in a
heating run for a mixture with x = 0.01 and 0.04. It can clearly be seen that for x = 0.01
the ε∗–δ∗ transition occurs at 135± 5 K, which is nearly at the same temperature as in
pure N2. The change in box angles is accompanied by a drastic change in the ODF’s,
given in Fig. 3.3 for φ. In the δ∗loc phase, two disk types have less pronounced orientations
(preferential angles ±35◦and ±50◦), while the ODFφ of one disk type is characterised by
a strong preference for φ = 0 and 90◦. Therefore, the molecules of the latter disk type will
henceforth be referred to as the orientationally ordered disk molecules in the δ∗loc phase.
The sphere molecules show a small preference for φ = ±45◦. This behaviour is the same
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Figure 3.2: The angles of the simulation cell as a function of temperature for the mixtures
x = 0.01 (2) and x = 0.04 (◦) at p = 7 GPa in heating runs. Since all three angles are
the same within the accuracy of the calculations, they are denoted by one symbol. The
errors are of the order of the symbol size.

as in pure N2. In contrast with pure N2, in the mixture the ODFφ’s of all disk molecules
in the δ∗rot phase exhibit a slight preference for φ = 0 and 90◦, while these are more or less
uniform for the pure solid [Mul98, vK99b].
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Figure 3.3: The ODFφ’s of the N2 molecules at three different temperatures for x = 0.04
and p = 7 GPa. The temperatures are (a) 50 K, (b) 150 K and (c) 220 K, and correspond
with the ε∗, δ∗loc and δ∗rot phases, respectively. The distribution of the sphere molecules is
indicated with an S, the other lines denote the three disk types. Since at 50 and 220 K
the distributions of the three disks are equal, they are denoted by one line. In the δ∗rot

phase, the molecules of one disk type bear a strongly pronounced ODFφ, and are therefore
referred to as orientationally ordered disk molecules.
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Figure 3.4: The H–T diagram at p = 7 GPa for the mixtures x = 0.01 , x = 0.03 and
x = 0.05 (top-down). For clarity of presentation H has been increased by 200 K for
x = 0.01 and 100 K for x = 0.03. Closed and open symbols denote heating and cooling
runs, respectively. A straight line has been fitted through the heating data in the ε∗ and
δ∗rot regions to stress the changes in slope. The behaviour of the internal energy E and
the volume V is similar to that of the enthalpy. The errors are of the order of the symbol
size.

The behaviour of the enthalpy versus temperature, shown in Fig. 3.4, is about the same
as in pure N2: in a heating run the enthalpy shows a small jump of 50 K at the transition
temperature. When cooling the δ∗ phase for x ≤ 0.02, it persists to low temperatures.
Based on the experience with the pure system, it is assumed that the ε∗–δ∗ transition also
occurs in the mixture and that the δ∗ phase is metastable at low temperatures. This is
supported by the ‘exotic’ ODFφ’s that appear for temperatures below 70 K (not shown
here). These ODFφ’s are believed to be unrealistic.

For somewhat larger x, e.g. x = 0.03, the δ∗loc phase remains stable upon cooling, but
the ODFφ shows a frozen-in distribution. In a heating run, the ε∗–δ∗ transition again seems
to occur at 135 K, but the ε∗ phase is most probably metastable in a small temperature
region below this transition temperature, for the following reason. When entering the
δ∗loc phase upon heating, the enthalpy shows a decrease. As in the pure component case,
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knowledge about the enthalpy is not sufficient to draw definite conclusions about the
stability of the phases. However, also for mixtures with small x, it is likely that the
entropy increases upon entering the δ∗ phase. In that case, the ε∗ phase is metastable in
the temperature region where the enthalpy of the ε∗ phase (heating run) is larger than that
of the δ∗loc phase (cooling run). The statistical uncertainty decreases at lower temperatures,
and is smaller than 2 K for T < 100 K. In figure 3.1, it is assumed that the temperature,
at which the ε∗–δ∗ transition occurs, corresponds with the lowest temperature at which
Hheating ' Hcooling. For instance, the ε∗–δ∗ transition temperature for x = 0.03 was found
at Tt ' 120 K, as indicated with the arrow in Fig. 3.4(b). The transition line obtained in
this way provides an indication of the ε∗ range in the mixture. In any case, the ε∗ phase
is not even present in the heating runs for x ≥ 0.09, although the starting configuration
is that of the ε∗ phase.

Figure 3.4 shows that a change in the slope of H vs T occurs at T ' 200 K: the
slope at high T is smaller than at low T . This change in the slope corresponds with
the δ∗loc–δ

∗
rot transition, a transition attributed to a cascade process in the orientational

disorder of the disk molecules in the δ∗loc phase, in particular of the orientationally ordered
disk molecules in that phase. In pure N2, this process has been reported to result in a
second order phase transition [Sch93]. Recently, this transition is identified as a weak first
order transition [Han97], from the Pm3n to the tetragonal P42/ncm space group. In the
simulations we could not determine the order of the transition, since as with the ε∗–δ∗

transition, a possible jump in the enthalpy is too small to be detected. In any case, the
δ∗loc–δ

∗
rot transition is very similar to the simulated transition in pure N2, and it occurs at

the same temperature.

3.3.2 0.05 ≤ x ≤ 0.12

For mixtures with 0.09 ≤ x ≤ 0.12, the ε∗ phase does not occur in the heating runs.
Instead, at low T the δ∗loc phase is present, as in the cooling runs.

Also for these mixtures, the δ∗loc–δ
∗
rot transition occurs at about the same temperature

as in pure N2. To gain insight into the nature of this transition, we have plotted the
enthalpy versus temperature for a number of compositions, see Fig. 3.5. For clarity of
presentation, a straight line has been fitted through all the points of a certain composition
and the deviation has been plotted. Note that for x ≤ 0.05 the system exhibits an ε∗–δ∗

transition. The positive slope of the second region is attributed to the acceleration of
the orientational freedom due to the cascade process that is responsible for the δ∗loc–δ

∗
rot

transition. Therefore, in this region the increase in enthalpy is higher than the general
thermal effect present in the other two temperature regions. Figure 3.5 shows that, within
the accuracy of the calculations, the onset as well as the completion of the cascade process
is independent of composition. The process starts at about 150 K, while the end of the
process, which fixes the δ∗loc–δ

∗
rot transition, takes place at about 200 K. The δ∗loc–δ

∗
rot

transition can also be seen with the calculated order parameters [vK99b] and vibron
frequencies. In the pure system the onset of the cascade process approximately coincides
with the first order ε–δ transition. At higher Ar mole fractions the onset is seen at a
higher temperature than the ε∗–δ∗ transition, since this transition shifts to smaller T
with increasing x.
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Figure 3.5: The behaviour of ∆H = H − (14337 + 2.95p) for x = 0.03 (2), x = 0.07
(◦) and x = 0.11 (�). The transition from ε∗ to δ∗ is marked by the change from closed
to open symbols. All compositions exhibiting the δ∗loc–δ

∗
rot transition behave in a similar

fashion. The errors are of the order of the symbol size.

3.3.3 0.12 ≤ x ≤ 0.25

For compositions 0.12 ≤ x ≤ 0.18, the simulation cell again transforms into a cubic
structure, while the preferred orientations are different from those of the ε∗ or the δ∗loc

phase. The ODFφ’s, given in Fig. 3.6(a), bear resemblance with the ODFφ of the δ∗rot phase
(Fig. 3.3(c)): the preferred angles are φ = 0 and 90◦ and the shapes of the distributions
are similar, but the ODFφ’s are much more pronounced in this ‘new’ phase, as for the
orientationally ordered disks in the δ∗loc phase (Fig. 3.3(b)). Since the widths of the peaks of
the distributions of the disk molecules are small, we denote this phase as an orientationally
ordered phase, in spite of the large orientational freedom of the sphere molecules, to
discriminate it from the δ∗loc and δ∗rot phases. Because of the cubic structure and the
orientational order, we label this phase with δ∗oo, an orientationally ordered δ∗ phase.
When increasing the temperature, a transition occurs to a phase that bears an ODFφ

as in the δ∗loc phase, similar to Fig. 3.3(b). However, in contrast to the pure case, the
simulation cell of the δ∗loc phase shows a small modification to a tetragonal phase. This
modification was already found for smaller x, but there the difference between the c-axis
and the other two axes is barely detectable with our statistics, see Fig. 3.7. The c/a ration
is more or less constant for temperatures below the onset of the cascade process, while it
decreases to 1 as a function of temperature in the range where the cascade process takes
place. The transition from δ∗oo to δ∗loc shifts to higher temperatures with increasing x.

In the cooling run, the δ∗loc phase appears in the tetragonal deformed structure, and
remains stable to the lowest temperatures, as apposed to the δ∗oo phase found in heating
runs. However, we assume that the preferred structure is the δ∗oo phase, since the tendency
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Figure 3.6: The ODFφ of the disk molecules in the N2–Ar mixture with x = 0.17, T = 50 K
and p = 7 GPa for a (a) heating run and (b) cooling run. For the cooling run, the arrows
indicate the directions in which the peaks ‘travel’ upon cooling.
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Figure 3.7: The boxlengths of the simulation cell as a function of the Ar mole fraction x
at T = 170 K. The errors are about 0.02 Å.

in the cooling run is also towards the δ∗oo phase, i.e. there is a large hysteresis of the ODFφ’s
in the cooling run. This hysteresis may be caused by the small structural changes in the
δ∗oo–δ∗loc transition: the mass centres of the molecules show small displacements at the
transition [vK99b]. In addition to the tendency of the ODF’s to those of the δ∗oo phase,
the mass centres show such a tendency.

At a further increase of the temperature, a transformation occurs to the δ∗rot phase, as
before. The tetragonal modification of the cell, as observed in the δ∗loc phase is no longer
present. The onset of the transition takes place at about 50 K below the transition, the
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Figure 3.8: The enthalpy of the mixture x = 0.23 for a heating (2) and cooling (3) run.
A sharp increase occurs at a temperature of about 200 K. The errors are smaller than
the symbols. In the heating runs, linear fits have been drawn to indicate the δ∗oo and δ∗rot

regions.

same as for the other composition ranges. For the mixtures 0.19 ≤ x ≤ 0.25, the δ∗loc

phase did not appear: the heating as well as the cooling runs only showed the δ∗oo–δ∗rot

transition. Our temperature steps are rather large, 20 K, thus the presence of a small δ∗loc

region cannot be excluded. Nevertheless, the temperature region for which the δ∗loc phase
exists, decreases with increasing argon concentration.

At the δ∗oo–δ∗rot transition, there is no change in the preferential angles of the molecules.
Yet, the preference for the angles φ = 0 and 90◦ is more pronounced. The change in the
ODFφ is again accompanied by small structural changes [vK99b]. In addition, a sharp
increase in the enthalpy over a range of 20 K occurs, as can be seen in Fig. 3.8. The origin
of the change in enthalpy lies mainly in an increase in all three box lengths; the slope of
the energy versus temperature is nearly constant in this temperature region. The δ∗oo–δ∗rot

transition temperature shifts to higher temperatures with increasing x.
Since the Ar atoms are somewhat smaller, the volume decreases as a function of x, as

does the energy. At 170 K and 7 GPa, the δ∗loc–δ
∗
oo transition occurs at x ' 0.18, where a

jump to higher values for the energy is accompanied by a jump to smaller values for the
volume. The latter behaviour results from the tetragonal modification of the δ∗loc phase,
as illustrated by Fig. 3.7. It shows the gradual appearance of the tetragonal deformation
of the δ∗loc phase which disappears in the δ∗oo phase. The simulations also show that above
the transition composition, the rate of the decrease in enthalpy becomes larger.

For the composition range investigated, the phase diagram of the N2–Ar mixture at
a pressure of 7 GPa was constructed, taking into account the ranges of metastability.
Figure 3.1 shows the result.
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Figure 3.9: The vibron frequencies as a function of x at a temperature of 170 K, for the
sphere (2) and the disk (◦, 4, and 3) molecules. The errors for the disks and spheres
are about 0.25 and 0.5 cm−1, respectively.

3.3.4 Vibron frequencies

Additional information about the character of the various phases is obtained from a study
of the vibron frequencies of the molecules, while the calculated values can be compared
with experimental results.

In the (tetragonal deformed) δ∗loc phase, the frequency behaviour is similar to that
in pure N2. The cascade process, resulting in the δ∗loc–δ

∗
rot transition, is reflected in the

frequencies of the sphere molecules. The frequencies of the disk types show a splitting in
the δ∗loc phase, the orientationally ordered molecules having a smaller frequency.

Figure 3.9 shows the frequencies as a function of Ar mole fraction at a temperature of
170 K. At the δ∗loc–δ

∗
oo transition, the disk and sphere molecules show a jump to smaller

and larger values, respectively. Obviously, since the ODF’s are alike for all three disks
in the δ∗oo phase, the three disk frequencies are the same. In the δ∗loc phase with small
Ar fractions, the orientationally ordered disk molecules have a slightly lower vibron fre-
quency value than the other two. In contrast, for large x, in the tetragonal deformed δ∗loc

phase, these molecules have a slightly larger value than the molecules showing a larger
degree of orientational disorder (Fig. 3.3). There was no anomaly observed in the orien-
tational behaviour that could be responsible for the change in vibron frequencies, but the
effect may be explained as follows. The elongation of one boxlength decreases the axial
forces on the molecules. However, as discussed in Ref. [vK99b], the orientationally ordered
disk molecules are oriented in a plane perpendicular to the c-axis of the tetragonal unit
cell. Therefore, the decrease in axial forces, and thus the decrease in frequency, may be
smaller for these than for the other disk molecules. Note that there also is an effect of the
decreasing volume as a function of x.
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The equivalence of the three disk frequencies in the δ∗oo phase is also seen in Fig. 3.10,
which shows the temperature dependence. Away from the δ∗oo–δ∗rot transition, the frequen-
cies show a linear dependence on the temperature. The frequencies of the disk and the
sphere molecules show a rapid change near the transition, in a range of 20 K. This tem-
perature range becomes smaller for larger x. An increase in the slope of the enthalpy as
a function of T (Fig 3.5) was not observed in the δ∗oo phase.

3.4 Conclusion and discussion

In the range of compositions investigated in the simulations, we discriminate between
three regions.

x ≤ 0.05. These systems exhibit the ε∗–δ∗loc and the δ∗loc–δ
∗
rot transition respectively,

upon increasing the temperature. The ε∗–δ∗ transition shifts rapidly to lower temperatures
for larger x. The δ∗loc–δ

∗
rot transition temperature is independent of composition.

0.05 ≤ x ≤ 0.12. The ordered ε∗ phase has disappeared. Instead, the disordered δ∗loc

phase is present to the lowest temperatures. The δ∗loc–δ
∗
rot transition is still present for

these mixtures, and is again independent of composition.
0.12 ≤ x ≤ 0.25. A phase with a cubic structure, but with different ODFφ’s appears

at low temperatures. The shape of the ODFφ’s resembles that of the δ∗rot phase, and the
preferred angles are the same: φ = 0 and 90◦. However, for the disk molecules the ODFφ’s
are very much pronounced: this phase is labelled with δ∗oo, an orientationally ordered
δ∗ phase. The δ∗loc phase appears in a tetragonal modification, for which the c/a ratio
decreases with increasing temperature. Again, the δ∗loc–δ

∗
rot transition occurs at about the
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Figure 3.10: The stretching vibron frequencies as a function of temperature for the mixture
x = 0.22, for the sphere (2) and the disk (◦, presented by one symbol since all three
frequencies are the same) molecules. Errors as in Fig. 3.9.
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same temperature as for pure N2.
We should keep in mind that the transition lines only give an indication of the ranges

of the various phases. Moreover, the results are sensitive to the details of the potential.
The effect of substituting N2 molecules with Ar atoms has a threefold influence on the

phase transitions in the mixture.
First, near the ε∗–δ∗ transition, the orientational order decreases with an increase

of isotropic diluents in the N2 lattice: the transition shifts to lower temperatures with
increasing x, as is the case for the phases at ambient pressure. However, the rate of
decrease is much larger at high pressures: the ordered α∗ phase disappears for x ' 0.23,
while the disappearance of the ordered ε∗ phase occurs at x ' 0.05. High pressure is
needed to stabilise the ε∗ structure. The effect of the perturbation of this phase, by
substituting N2 molecules with Ar atoms, might therefore be much larger, because the
nearest neighbour distance is much smaller than at low pressures.

Second, near the δ∗oo–δ∗loc and δ∗oo–δ∗rot orientational order increases with an increase of
spherical diluents: these transitions shift to higher temperatures with increasing x. The
appearance of an ordered phase for x close to 0.25 is possibly related with the increase in
crystal symmetry that occurs, since for x ↑ 0.25 all a sites become occupied by Ar atoms.
However, this ordered phase already occurs at x ' 0.14.

Third, the amount of spherical diluents has neither an influence on the δ∗loc–δ
∗
rot tran-

sition, nor on the onset of the cascade process that results in that transition. This order–
disorder transition is determined by the orientational forces. Although these forces are
diluted by the Ar atoms, the transition is independet of composition. Again, this result
can be intuitively understood. The transition originates in an increase in orientational
freedom of the disk molecules in the δ∗loc phase, in particular the orientationally ordered
disk molecules. Note that all molecules at the c sites are occupied by N2 molecules (disks).
The nearest neighbours of these ordered disk molecules are ordered disk molecules. Since
the substitution of N2 molecules by Ar atoms occurs at the a sites only, this nearest-
neighbour cascade process in orientational freedom is hardly affected by the substitution.

It is rather peculiar that although the distributions of δ∗oo and δ∗rot bear resemblance, the
system does not simply transform from δ∗oo to δ∗rot for all mixtures that exhibit a δ∗oo phase,
but instead prefers the tetragonal deformed δ∗loc phase for intermediate temperatures and
x ≤ 0.18. This might be due to the small structural differences that are present between
the δ∗oo and the δ∗rot phase [vK99b]. For x closer to 0.25, the direct transformation δ∗oo–δ∗rot

indeed occurs. For these transitions, a sharp increase in the enthalpy occurs in a small
temperature region, which again may be explained by the structural differences between
the phases.

The shift of the ε∗–δ∗ transition to lower temperatures is in agreement with exper-
iments. Room temperature measurements with several concentrations of Ar have been
published by Westerhoff and Feile [Wes96a]. The smallest concentration they investigated
was x = 0.13. They did not report upon the existence of an ε∗ phase, while their pressure
range was up to 30 GPa, which is far into the pure ε region. By considering the height
of orientational potential barriers in model calculations, these authors predicted that an
orientational freezing into the ε∗ phase would occur at smaller pressures with increasing
x [Wes96a, Wes96b]. This is in contrast with their measurements. However, the increase in
potential barrier might be related with the δ∗oo phase. In our simulations along the 7 GPa
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isobar, this orientationally ordered phase persists to higher temperatures as a function of
x. This corresponds to a shift to lower pressures along an isotherm. In the simulations,
we have made an estimate of the potential barriers as calculated in Ref. [Wes96b]. For
the disks, these barriers are more or less independent of x in the δ∗loc phase (about 200 K
at T = 160 K), but indeed show a significant increase in the δ∗oo phase (about 350 K).

Kooi and Schouten [Koo98] found a transition for the mixtures 0.75 ≤ x ≤ 1, very
similar to the δ∗loc–δ

∗
rot transition in pure N2. A break in the slope of the sphere frequencies

occurred somewhere between 0 to 30 K above the transition in pure N2 for the mixtures
investigated. The transition is at most slightly dependent on composition. This is in
agreement with the simulations: the onset as well as the completion of the orientational
cascade process is independent of x. Moreover, the transition from δ∗oo to δ∗rot shows a
frequency behaviour similar to the δ∗loc–δ

∗
rot transition. The first transition however shifts

to higher temperatures with x, while the temperature range in which the decrease in
frequency occurs is much smaller than that for δ∗loc–δ

∗
rot transitions. A redistribution of

the Ar atoms, as observed experimentally, could not be found in the simulations, since
the potential barriers for a redistribution are too large. For the same reason, it might be
possible that the orientationally ordered phase δ∗oo, as found in the simulations, is not
present in nature, since the simulations were started with the ε∗ structure. However, for
the compositions investigated, it is reasonable to assume that the influence of the Ar
atoms will not be so large that it completely destroys the cubic Pm3n structure. The
existence of the δ∗oo phases is not ruled out by experiments, in which two different Raman
peaks were observed for all compositions investigated. Therefore, the δ∗oo phase found with
the model might be a good representation of the physical system.

The simulations predict an asymmetry of the disk vibron peak, on the low frequency
side for x ≤ 0.12 and on the high frequency side for x ≥ 0.12, probably due to the tetrago-
nal modification of the δ∗loc phase. An asymmetry on the high frequency side of this Raman
peak was measured in both Refs. [Wes96b] and [Koo98] for x ≥ 0.13, in agreement with
the simulations. However, an asymmetry on the high frequency side was also measured in
pure δ-N2 [Wes96c]. The latter results are in contrast with the simulations [Mul98].

In order to overcome the metastability problems near phase transitions, in determining
the phase transition lines, free energy calculations are needed. The α–β [Kuc97] transition
as well as the β–fluid line [Mei98] has been calculated succesfully with this method.
However, the results concerning the high pressure solid–solid phase equilibria are in poor
agreement with experiments [Mei98, Mul97b].

Appendix

The method for calculating the vibron frequencies of the N2 molecule in the solid are
based on theoretical calculations by Buckingham [Buc58], an overview of the publications
in which this method has been applied is given in [Fra99]. Due to the intramolecular
interaction, the bond of an isolated (gas phase) diatomic molecule i vibrates around its
equilibrium bond length re. The underlying Hamiltonian can be written in terms of the
normal coordinate x = (r − re)/re. The total Hamiltonian H i

h+a can be written in terms
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of a harmonic part
H i
h = 1

2
µr2

e ẋ
2 + 1

2
kx2, (3.3)

with the harmonic constant k = mω2
0r

2
e , and an anharmonic part

H i
a =

∞∑

n=3

an
n!
xn (3.4)

so that H i
h+a = H i

h + H i
a. The bondlength and the harmonic and the anharmonic con-

stants (in particular, the cubic anharmonicity a3) can be obtained from spectroscopic
data [Lav92, Her50]. This molecule may be dissolved into a solvent, which for instance
consists of the same molecular species as the solute. The solvent may also be a solid. The
intermolecular interaction upon introducing the solute in the solvent leads to an additional
energy U (this does not include the intermolecular interactions between the molecules in
the solvent). This solute–solvent interaction influences the vibrational energies, and thus
the vibrational frequency, as the presence of the solvent molecules cause the nuclei to vi-
brate in a new potential that depends on the configuration of the solvent. Therefore, the
total Hamiltonian H that describes the solute is the sum of the intramolecular part H i

h+a

and the intermolecular part U . U can be expanded in terms of the normal coordinate x:

U = Ure + U ′|re + 1
2
U ′′|re + · · · . (3.5)

Ure is the potential energy of the solution when r = re. Also, the derivatives are evaluated
at the equilibrium bondlength re. Now, the complete Hamiltonian of a molecule in a
solvent is described in terms of x. Spectral lines correspond to transitions between the
perturbed energy levels of the harmonic oscillator, the perturbation consisting of the sum
of the anharmonic intramolecular (H i

a) and the intermolecular (U) terms. Applying time-
independent first and second order purturbation theory comes down to calculating the
matrix elements of xn with respect to the harmonic oscillator wavefunctions. The result is
an equation for the vibrational energy levels of the vibrating molecule in a solvent. These
energy levels are:

En = En
h+a + Ure + 1

2
h̄ω0(n+ 1

2
)

[
U ′′|re
k
− a3U

′|re
k2

]
+ · · · , (3.6)

where En
h+a is the energy of the nth vibrational state of the isolated molecule, including

the anharmonic terms. Consequently, one can calculate the shift in the vibrational energy
compared to the free molecule:

h̄∆ωnm = (En − Em)− (En
h+a − Em

h+a). (3.7)

This denotes the change in transition energy due to the solute–solvent interaction U .

∆ω = (n−m)1
2
ω0

[
U ′′|re
k
− a3U

′|re
k2

]
+ · · · (3.8)

U ′ is the derivative of the intermolecular potential energy along the bond axis of the
solute. That is, it is the solvent-induced axial force Fax exerted on the molecule along
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the bond axis, which is evaluated at the re. Likewise, U ′′ is the derivative of the axial
force along the bond axis, i.e. it indicates the variation in the force as the bondlength
changes. For the transition from the ground state to the first excited vibrational state of
the nitrogen molecule this gives:

∆ν = 3.807 · 1010Fax + 0.507
dFax

dr
, (3.9)

with ∆ν in cm−1, Fax in Newtons and r in meters. As the derivatives are evaluated at
r = re, rigid molecules can be used in the calculation of the shift with respect to the
gas phase value. In this model, it is assumed that the molecules in the solvent are in the
same state before and after the transition. Moreover, it is assumed that the intermolec-
ular energy U is independent of the energy level n of the solute. Although it has been
shown [Mic, Mic95, Fra99] that this assumption is not valid in many cases, Eq. 3.9 is
used as a first approximation . Although in MD a direct simulation of vibrating molecules
is also possible, the rapid vibrational motion would require a much shorter time step.
With the current quantum mechanical perturbation theory a much larger timestep can
be applied. This allows for time-costly calculations of the vibrational lineshape and de-
phasing in MD calculations [Mic95, Oxt78]. In addition, it makes the calculation of the
solvent-induced vibrational frequency shift possible in MC calculations [Mul98].





4

Orientational and Structural Properties
of N2 and N2–Ar at High Pressure

4.1 Introduction

In many studies the mixed solid N2–Ar is used as a model system for investigating the in-
fluence of isotropic impurities on the various solid phases of anisotropic molecules. Despite
the simplicity of the molecular species, the many body effects complicate the physics in
these mixtures notably. Moreover, considerable effort is needed to model the N2–N2 inter-
actions in such a way that an acceptable agreement with experiments is obtained [Mul97a].

At both low and high pressures, the Ar atoms dissolve substitutionally in the N2

lattice [Bar65, Kle90, Wes96a, Koo98]. Various interesting experimental results have been
obtained at low pressures, such as quadrupolar glasses (see e.g. Refs. [Ham95, Hoc90].
and references therein), and a number of simulations were reported [Kle88, Rau97].

The high pressure phases of pure N2 are rather complex [Man97]., therefore a study
of the mixed solid N2–Ar at higher pressures is expected to be even more interesting.
Such interesting features have been found in experiments [Wes96a, Koo98]. In pure N2

at high pressure, the low temperature ε phase is orientationally ordered, and the crystal
has a trigonal (rhombohedral) lattice structure, space group R3̄c. The high temperature
δ phase is a plastic crystal with space group Pm3n. The cubic unit cell consists of eight
lattice sites. The molecules at the centers and the corners of the cell, the a sites, exhibit
nearly complete orientational disorder, and hence are called ‘spheres’. The molecules in
the faces of the unit cell, the c sites, exhibit orientational disorder in a plane normal to
these faces. Since these molecules behave as planar rotors, they are referred to as ‘disks’.
We will make a distinction between the c sites in the three different faces of the unit cell,
and therefore speak of three different ‘types’ of disks.

In pure δ N2, an anomalous break in the slope of the vibrational Raman shift as a
function of temperature has been detected experimentally [Sch93], which was interpreted
as a second order phase transition. Monte Carlo (MC) calculations, explained this change
in vibrational frequency of the sphere molecules as being due to the change in orientational
behavior of the disk molecules [Mul98]. At the transition, an orientationally more localized
phase δloc transforms into the δrot phase, with more or less complete disorder. In contrast,
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model calculations suggest an increase in orientational degrees of freedom of the molecules
at the a sites [Wes96a].

The first experimental results obtained in the high pressure region for N2–Ar mixtures
were obtained with a Raman investigation at room temperature [Wes96a]. The results
indicate that the Ar atoms are positioned at the sphere-like disordered a sites, which is
supported by model calculations [Wes96a]. The ε∗ phase was not found (a ‘∗’ denotes
the mixed phase). In Ref. [Koo98] it was concluded that the preference for the a sites is
temperature and pressure dependent. Moreover, a transition similar to the second order
transition in pure N2 was found in the mixed solid for Ar mole fractions x ≤ 0.25, with
a transition temperature independent of x within the experimental accuracy [Koo98].
Recently, the break in the Raman slope in pure N2 is believed to be due to a weak first
order transition [Han97]. Upon the transition, the space group changes from Pm3n to
P42/ncm.

Preliminary results of the calculations of the N2–Ar mixture at high pressure have been
reported [vK98]. The simulations show that the Ar atoms have an enthalpic preference
for the a sites. The ε∗–δ∗ transition was found to shift to lower temperature. In chapter 3,
we presented the calculated phase diagram for compositions up to x = 0.25, with the
temperature T ≥ 50 K. There, we investigated the influence of the Ar atoms on the phase
behavior and the shift of the vibron frequency. The simulation results showed that the
effect of substituting Ar atoms in the N2 lattice has a threefold influence on the phase
transitions in the mixture. First, the ε∗–δ∗ transition shifts rapidly to lower temperatures
with increasing x. The ε∗ phase has vanished for x ≥ 0.05. Second, as in pure N2, the
δ∗loc and δ∗rot phases were observed in the mixture. The onset as well as the completion of
the cascade process that corresponds to the δ∗loc–δ

∗
rot transition in pure N2 is independent

of composition. Third, for 0.12 ≤ x ≤ 0.25 and low temperatures, a cubic phase appears
which exhibits more orientational order for the disk molecules than in the δ∗loc phase.
Neglecting the orientational disorder of the spheres, this phase is labeled an orientationally
ordered δ∗ phase, δ∗oo. The transition from this phase to the δ∗loc and the δ∗rot phases shifts
to higher temperatures with increasing x.

The vibron frequency behavior of the sphere molecules of the δ∗oo–δ∗rot transition is
very similar to that of the δ∗loc–δ

∗
rot transition. However, the temperature range in which

the decrease of the sphere frequencies takes place is much smaller in the first case. The
simulations predict an asymmetry on the high frequency side, probably due to a tetragonal
modification of the δ∗loc phase. Both Refs. [Wes96a] and [Koo98] report an asymmetry on
the high frequency side of the disk peak.

In this chapter, we will focus on the correlation between the orientational behavior and
the lattice positions of the molecules. As in Ref. [vK99a], the results have been obtained
at a pressure of 7 GPa and T ≥ 50 K.

4.2 Method and potential model

The Monte Carlo calculations have been performed in the constant stress (N, p, T ) ensem-
ble [Par80, Par81], with periodic boundary conditions. The total number of molecules was
512. One MC cycle consists of trial moves in position and orientation of the molecules,
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OφS cos(4(φ− 45◦))
OθS cos(

√
3π cos(θ − 1

3

√
3))

OφD cos(4φ)
OθD cos(π cos(θ))

Table 4.1: The order parameters used to quantify the orientational behavior of the
molecules. The first two measure the orientational preference of the spheres for the unit
cell diagonals. The third measures the preference for φ = 0 and 90◦ for the disks. The
fourth measures the degree of confinement to planar rotation of the N2 molecules on the
c sites.

and a trial move in the dimensions and angles of the simulation cell. In the constant-
stress technique used, a symmetric transformation matrix hαβ maps the molecules from a
scaled cubic simulation cell to the (in general) triclinic simulation cell. In the simulations,
consisting of runs in the order of 104 MC cycles, an acceptance of 50% is maintained.
Occasionally, e.g. near phase transitions, longer runs are performed.

Since in the experiments as well as in the simulations [Koo98, vK98, Wes96a] the Ar
atoms turned out to prefer the a sites, the Ar atoms are distributed statistically over the a
sites in all simulations. Both heating and cooling runs are performed for all compositions.
For the initial configuration at T + ∆T , the final configuration of a run at T was taken.
The structure of the ε∗ phase was taken as the primary configuration in all runs. However,
at high temperatures, the ε∗ structure immediately transformed to the δ∗rot structure for
all values of x investigated.

The basis for the N2–N2 interaction was the Etters site–site potential [Ett86]. A correc-
tion accounted for the fact that the site–site interaction is anisotropic [Mul98]. The Ar–Ar
and the Ar–N ‘atom’ interaction were modeled by Buckingham potentials, for which the
used parameters are given in Ref. [vK99a]. A linear quadrupole represented the Coulomb
interaction between the N2 molecules. A cutoff range for the potentials was taken at 9 Å,
a mean field contribution corrected for this cutoff.

To allow for a good comparison with the results in pure N2, the same orientational
order parameters were calculated as used in Ref. [Mul98], see Table 4.1. The definitions
of the angles are as follows: for the three disk types, situated in the faces of the unit
cell, θ = 90◦ is the plane normal to the particular face of the unit cell. For θ = 90◦ and
φ = 0◦, the molecular principle axis is normal to the faces of the unit cell. In addition, the
local orientational correlation of the N2 molecules was investigated. For this purpose, we
calculated the second order Legendre polynomial of the dot product of the orientations
of the nearest neighbors. A distinction was made between the orientational correlations
of the different types of molecules. The order parameters are given in Table 4.2.

We also calculated the displacements of the molecules with respect to the 2a and
6c lattice sites (Pm3n) in case of the δ phase, and the corresponding 2b and 6e sites
(R3̄c) in case of the ε phase. To allow for the possibility to calculate the differences in all
crystal structures during a single run, we calculated the displacements in the cubic unit
cell with respect to their idealized positions. These scaled distances were transformed to
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order parameter type of molecules # nearest neighbors
OS·S S·S 8
OS·D S·Di 4
Oco

D·D Di·Di (coplanar) 2
Onc

D·D Di·Dj (non-coplanar) 4

Table 4.2: The order parameters probing the local orientational correlation and their
meaning. D and S denote the molecules at the c (disk) and a (sphere) sites respectively,
an index refers to one of the three types of disks. For all correlations,O = 〈P2(cos(θnm))〉 =
3
2
〈cos2(θnm)〉− 1

2
, where θnm is the angle between molecules n and m. The brackets denote

statistical averages (i.e. also over combinations nm).

real distances with the transformation matrix hαβ. A correction was applied for the shift
of the center of mass of the complete system.

4.3 Results

For low temperature and 0 ≤ x ≤ 0.05, the ε∗ phase remains stable. With respect to the
trigonal (rhombohedral) reference frame, the threefold symmetry axis of the R3̄c space
group is preserved with a displacement ∆ of the molecular centers of mass to the position
(∆, 1

4
, 1

2
−∆), and likewise for the other 6e sites. All simulations started with the 6e sites

at coordinates with ∆ = 0, but at 7 GPa the equilibrium value for ∆ is 0.05 Å, in pure
N2 as well as in the mixture.

In contrast with pure N2, in the mixture the orientational distribution functions (ODF)
of all disk molecules in the δ∗rot phase exhibit a slight preference for φ = 0 and 90◦, while
the distributions are more or less uniform for the pure solid [Mul98]. This is demonstrated
by OφD. At 220 K this order parameter increases from about 0.04 to 0.13 when x increases
from 0 to 0.22. The gradual increase indicates that within the δ∗rot phase, the preference
for the aforementioned angles indeed increases with x, even at high temperature. As can
be expected, a sudden jump (to Oφ

D = 0.30) occurs at even larger x, since the δ∗oo phase
becomes manifest at these mole fractions [vK99a]. A less pronounced increase is present
in OθD as a function of x. The values are around 0.7, and have a small positive slope in
the δ∗rot as well as in the δ∗loc phase as a function of x. The slope is larger in the δ∗oo region.
This indicates that the orientational confinement to a plane of the δ∗-N2 molecules at the
c sites also increases as a function of x.

In the (tetragonal deformed) δ∗loc phase, two disk types show relatively large orienta-
tional disorder, while one disk type shows a pronounced preference for φ = 0 and 90◦.
The latter disk molecules will be referred to as the orientationally ordered disks in the δ∗loc

phase. These orientationally ordered disk molecules in the δ∗loc phase show a much larger
value of OφD (Fig. 4.1). At the δ∗oo–δ∗loc transition, the value of Oφ

D for these disk molecules
shows a slight jump to higher values, which implies that the orientational order for these
specific molecules is larger than in the low temperature δ∗oo phase. Thus, indeed there is a
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Figure 4.1: OφD as a function of T in heating runs for the disk molecules. Open symbols
correspond with the three different disks at x = 0.16 (δ∗oo, δ∗loc and δ∗rot phases upon
increasing the temperature, respectively). The disk molecules with the highest value in
the δ∗loc phase show 1. a jump to higher values upon entering this phase (T ' 110 K),
and 2. a rapid decrease to lower values, which corresponds with the δ∗loc–δ

∗
rot transition in

pure N2 (T ' 180 K). Closed symbols correspond with x = 0.23 in the δ∗oo and δ∗rot phases
(they are denoted by one symbol since the three values are the same). A sharp decrease
occurs at T ' 230 K. The errors are smaller than the symbol size.

strong orientational localization of these disk molecules in the δ∗loc phase. The other two
disk types, however, show only a very small orientational localization compared to the
δ∗oo phase, as reflected by their values of Oφ

D. In the simulations of pure N2, the value of
OφD of the orientationally ordered disk molecules in the δ∗loc phase shows a rapid decrease
as a function of temperature between 170 and 180 K [Mul98]. The temperature at which
this decrease occurs in pure N2 was identified as the δ∗loc–δ

∗
rot transition temperature. In

the mixture this effect is less clear, as shown in Fig. 4.1. For the mixtures in which the
jump could be observed, all three values for Oφ

D of the disk types become equal at about
20 K above the δ∗loc–δ

∗
rot transition, as in pure N2. Since this latter behavior was clearly

observed for all mixtures, we identified the transition temperature with the temperature
at which these three values become equal.

The behavior ofOφ
D for the orientationally ordered disk type in the δ∗loc phase (x = 0.16)

and the three ordered disk types in the δ∗oo phase (x = 0.23) show a similar behavior
(Fig. 4.1). However, the decrease in Oφ

D occurs in a much smaller temperature range for
x = 0.23. Moreover, the orientational correlations behave quite different for the ordered
disk type in the δ∗loc phase than for the three ordered disk types in the δ∗oo phase, Fig. 4.2.
In the δ∗loc phase, the ordered disks have a smaller value for Oco

D·D (−0.15) than the disk
types with larger orientational freedom (0.2). At the transition to the δ∗oo phase, all three
values jump to 0.55. Consequently, the alignment for the coplanar disks in the δ∗oo phase
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Figure 4.2: The orientational correlation parameter Oco
D·Das a function of x at a temper-

ature of 170 K, for the sphere (2) and the disk (◦, 4, and 3) molecules. For x ≤ 0.18,
the δ∗loc phase is present, for x ≥ 0.18 the δ∗oo phase.

is much larger than in the δ∗loc phase. At high x, the degree of alignment increases with
increasing x.

When plotting OS·S as a function of x, its value remains constant in the ε∗ phase
(' 0.8) and in the δ∗loc phase (' 0). In the region where the δ∗oo phase sets in, OS·S
decreases to −0.25. Whereas the order parameters imply a large degree of orientational
freedom, the sphere molecules have a preferential orientation relative to the other sphere
molecules: the axes of the neighboring sphere molecules tend to be perpendicular. In
addition to the changes in orientational behavior, there are changes in the equilibrium
center of mass positions of the molecules. Furthermore, there is a correlation between these
displacements and the orientational distributions of the various types of molecules. In the
δ∗loc phase, the N2 molecules at the c sites behave as planar rotors in a plane perpendicular
to the faces of the unit cell. Equivalently, these planes are perpendicular to the lines of
closest intermolecular contact. The orientationally ordered disk molecules, which have the
largest value for Oφ

D and the smallest value for Oco
D·D, are displaced along these lines over

a distance of 0.15 Å, Fig. 4.3(a). A parallel neighboring line is displaced in the same
direction over a distance of −0.15 Å. The third and fourth row behave as the first and
second, respectively. This means that the orientationally ordered disk molecules in the
δ∗loc phase do not remain at the c sites of the Pm3n lattice. For the disk types exhibiting
larger orientational freedom, no displacement was measured. With these displacements,
the cubic unit cell contains 64 molecules in the δ∗loc phase. The average nearest neighbor
distance remains the same for all three disk types and the average displacements of these
disk types remains zero. The appearance of a tetragonal modification[vK99a] of the δ∗loc

phase, found for 0.12 ≤ x ≤ 0.19, has no influence on the behavior of the displacements
and orientations. However, there is a correlation between the order parameters of the disk
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Figure 4.3: Schematic views of the displacements in the δ∗loc phase (a) and the δ∗oo phase
(b,c). (a) shows the disk molecules in four unit cells in the δ∗loc phase. In the plane of the
paper and perpendicular to the paper, a disk is indicated by a line and a circle, respectively.
The solid lines denote the 6c positions of the disk molecules, while the dashed lines give
the position of the displaced disk molecules (not to scale). The sphere molecules have
been omitted for clarity. (b) shows the directions of displacements of the sphere molecules
in the δ∗oo phase, denoted by dots. All molecules along the direction parallel to diagonal A
that cross the points a are displaced in this direction parallel to diagonal A. Similarly, all
molecules along the direction parallel to diagonal B that cross the points b are displaced
in this direction parallel to diagonal B, and likewise for the other sphere molecules. These
displacements are present for the N2 as well as the Ar molecules. The disk molecules have
been omitted for clarity. In (c), the arrows indicate the direction of the displacements
of the disk molecules along the line of closest intermolecular contact in the δ∗oo phase. A
helical structure arises with a wavelength of four molecules.

molecules, and the direction of the c-axis: this axis is perpendicular to the disk plane of
the orientationally ordered disk molecules. That is, the c-axis is parallel to the line of
closest intermolecular contact for the displaced disk molecules.

In the δ∗oo phase, the displacements are such, that a complicated structure arises. For
the molecules at the a sites, which are mainly Ar atoms, all molecules connected by a
line parallel to a body diagonal have an equal displacement along this line. Thus, the
displacements are in the 〈111〉 directions, and the displacements are the same for the
molecules along the 〈111〉 directions, see Fig. 4.3(b). The magnitude of the displacements
along the diagonal is about 0.3 Å. The disk molecules only show an in-plane displacement
of about 0.1 Å. The displacements are such that for these disks, along the line of closest
intermolecular contact, a helical structure arises with a wavelength of four molecules,
Fig. 4.3(c). Also for the δ∗oo phase, the cubic unit cell contains 64 molecules. Again, the
average displacement of the molecules at both the a sites and the c sites is zero.

In the δ∗rot phase, no displacements have been found. The molecules remain at the 2a
and 6c sites of the Pm3n space group.
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4.4 Conclusions

The value of ∆ = 0.05 Å, found for the displacements of the molecules at the 6e sites of
the ε∗ phase, is in agreement with the MC results of Etters et al. [Ett86], who preformed
zero-temperature calculations. However, a large difference with that work is that in their
calculations only trial moves in ∆ were performed, while we performed more realistic trial
moves in all directions and for all molecules, independently.

The break of the symmetry in the orientational disorder of the disk molecules in
the δ∗loc phase is accompanied by a similar symmetry break in the positions of these
molecules. In the δ∗loc phase, the orientationally ordered disk molecules do not remain at
the c sites of the Pm3n structure. The displacements are 0.15 Å along the line of closest
intermolecular contact. The disk molecules in parallel neighboring lines have an equal
but opposite shift. We did not verify whether this structure still has space group Pm3n.
The behavior is similar in pure N2 as well as in the tetragonal modification of the δ∗loc

phase, for which c/a > 1. The c axis of the tetragonal phase is always perpendicular to
the orientationally ordered and displaced disks. Also, the space group of the tetragonal
modification in the mixed solid was not determined. The experimentally found tetragonal
phase in pure N2 [Han98], with c/a < 1, has space group P42/ncm.

Also in the δ∗oo phase, the orientational order of the disk molecules is accompanied
by a change in all molecular positions. The molecules at the a sites are displaced over
0.3 Å in the 〈111〉 directions, for all molecules along that direction. The three disks types
show an in-plane displacement of 0.1 Å. These displacements are such that, along the
line of closest intermolecular contact, a helical structure arises with a wavelength of four
molecules. Again, we did not verify whether such an arrangement has Pm3n space group
symmetry, or belongs to another space group. Such space group analyses have to be
performed in order to make contact with crystallographic experiments.

The order parameters used are appropriate tools to determine the phase transitions
and to understand the orientational behavior in the mixture. Despite the large similarity of
the orientational distributions, the orientationally ordered disk molecules in the δ∗loc phase
have a much smaller degree of alignment than the disk molecules in the δ∗oo phase. In that
phase, the orientations of the nearest neighbor sphere molecules tend to be perpendicular.
At the δ∗oo–δ∗rot transition, the order parameters show a sharp decrease, despite the fact
that the distributions and preferential angles are similar in both phases for all three disk
types. Small structural changes are present between the three δ∗ phases found.



Part II. N2 Clathrate Hydrates



The previous page schematically shows a snapshot of a randomly selected doubly occupied
cage. The water molecules are denoted by the small spheres (which are not to scale for
clarity). These molecules form a large (51264) cage.
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The stability of doubly occupied N2

clathrate hydrates

5.1 Introduction

Clathrate hydrates are non stoichiometric, crystalline inclusion compounds consisting of
guest molecules and water molecules [Slo90, Atw91]. The latter form an ice like hydrogen-
bonded network composed of cavities. The guest molecules occupy the voids inside these
cages. A minimum number of guest molecules is needed to stabilize the host framework.

At low pressures, N2 clathrates are known to form structure II [Dav84, Dav86]. In the
structure II clathrates, the unit cell contains 136 water molecules, forming 16 small and
8 large cavities: if all cavities contain one guest molecule, 24 guests can be en-caged in
the unit cell. The small and large cages consist of 20 and 28 water molecules, and have a
radius of about 3.9 and 4.7 Å, respectively.

Raman measurements of the N2 vibron stretch in natural or synthetic clathrate hy-
drates have been performed by several authors [Pau99, Pau97, Pau96, Pau95, Cha97,
Nak88]. A Raman investigation of the high pressure behavior of the N2 clathrate has
been performed by van Hinsberg et al. [vH93, vH94]. At a temperature of 273 K, the N2

vibron shows a splitting of the vibron peak at around 8.5 kbar. In addition, the coupled
ν1 symmetric H2O stretch shows a jump in the frequency–pressure behavior. The authors
suggested a number of possible explanations, one of them being a sudden increase for the
possibility of double occupancy. Champagnon et al. [Cha97] used polarized Raman scat-
tering techniques which revealed that the unpolarized Raman lines have two components,
separated by 0.4 cm−1. The authors proposed two explanations, one being that the two
components reflect the two types of cages in which the N2 molecules should be hosted.
However, since the difference in wavenumbers is only small, the authors consider it more
likely that the two components reflect a partial double occupancy, with a coupling of the
intramolecular vibrational modes of two guest molecules in a large cage.

A high resolution neutron diffraction study on N2 clathrates has been performed
[Kuh97, Pau99, Pau97, Cha98]. In this study, the filling fractions of the small and large
cages could be obtained by the refinement and screening of several compatible structural
models, using convergence behavior and crystallographic agreement factors as selection
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criteria. The filling of the cages roughly follows Langmuir isotherms with different Lang-
muir constants for the various types of filling. For the large cages, a significant deviation
of the data with a one-parameter Langmuir curve occurs for higher fillings, at higher
pressures. By the refinements of the structure, the authors find that, for all but the lowest
pressures, the large cages are partly doubly occupied. In the best model for the small
cages, the guests were located at the center of the cage and oriented along the cubic main
axes. For the large cages, the best agreement was obtained with the N2 molecules shifted
off the cage-center by 0.8 Å and oriented along the unit cell diagonals. Other models
produced only marginal changes in the cage occupancies.

A large number of interesting papers on simulations of clathrate hydrates have ap-
peared in literature, with only a few papers on simulations of N2 clathrates: In a MD
study of the dynamic behavior of N2 and O2 molecules [Hor97b], the positions and ori-
entations of the guest molecules were explained in terms of cage size and cage distortion.
In addition, vibrational stretching spectra were calculated. No significant difference in
behavior of the two guest species was found. In another study, the filling fractions and
sorption energies of N2 and CO2 were calculated using Monte Carlo calculations [Kla98].

To our knowledge, there is only one very limited simulation study on doubly occupied
clathrates [Hor97a], however, the work was not published. To obtain insight into the
experimental results described above, and in particular to investigate the possibility of
doubly occupied N2 clathrates, we have performed a series of MD simulations.

5.2 Simulation details

This section describes the simulation techniques and methods used. The details of these
techniques can be found in Refs. [All86, Fre96, DLP98] and references therein. Clas-
sical molecular dynamics (N, V, T ) and (N, p, T ) simulations were performed with the
DL POLY package [DLP98]. In addition, a number of analysis programs were written.
We have used 8 unit cells as a compromise between computational cost and the ability
of the simulation cell to allow for deformations in the clathrate hydrate structure. This
corresponds with 1088 water molecules, which constitute 128 small and 64 large cages. To
mimic an infinite crystal, three dimensional periodic boundary conditions were preserved.
Long range Coulomb interactions were treated with the Ewald summation method. The
temperature was controlled with a single Nosé–Hoover thermostat. The Hoover barostat
in the Melchionna modification controlled the pressure. The equations of motion were in-
tegrated using the Verlet leapfrog integration scheme. The simulation time step was 1 fs,
the length of the simulation went up to 300 ps, while up to 50% of its length was used for
equilibration. Correlation times and errors were checked. For the H2O molecules we have
used constrained bonds using the SHAKE algorithm. For the N2 molecules, we have used
rigid bonds using Fincham’s implicit quaternion algorithm. To save time, we have used a
cutoff at 8.5 Å for the van der Waals interactions. A long range correction was added to
the pressure and energy. We have performed calculations at different temperatures and
pressures. In addition, we have changed the composition of the mixture (i.e. the filling
fraction of N2 guest the molecules).

The initial positions of the O atoms were taken from x-ray diffraction experiments
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[Mak64]. The proton arrangement in the host lattice is orientationally disordered. To
obtain a host lattice configuration, numerous configurations consistent with the Bernal–
Fowler ice rules [Ber33] were generated with a random number generator. The configura-
tion with the smallest system dipole moment [Rah72] (its magnitude being a fraction of a
single molecule’s dipole moment) was taken as the initial configuration in all calculations.
Several additional calculations, with completely independent configurations generated as
above, confirmed the independence of the results to the initial proton arrangement. The
number of guest molecules varied between 0 (an empty host lattice) and 256 (fully occu-
pied small cages and fully doubly occupied large cages). The cages to be filled, being either
in single or double (large cages only) occupation were selected at random. The distance
between the guest molecules in the doubly occupied cages was initially set at 3 Å, each
N2 molecule being 1.5 Å displaced from the cage center. The initial N2 orientations were
taken to be random in all cases.

The total number of guest molecules in the small cages is indicated with NS,S (single
occupancy only: NS,S ≤ 128 for 8 unit cells). Likewise, the number of guest molecules in
the large cages are NL,S and NL,D for single and double occupancy, respectively (NL,S ≤ 64,
NL,D ≤ 128).

5.3 Potential models

5.3.1 Description

For the H2O–H2O interaction we have taken the extended simple point charge (SPC/E)
potential model [Ber87]. It is computationally very cost-effective, while it has been shown
in the literature that the model allows one to simulate many features of water and water
mixtures under various conditions. Similar empirical models result only in differences in
details, as has been demonstrated e.g. in Refs. [Han91] and [Jor83]. The van der Waals
part of the SPC/E water model consists of one Lennard-Jones site, located at the position
of the oxygen atom. The electrostatic interactions are represented by three point charges,
located at the oxygen and two hydrogen sites, embodying the water dipole moment. The
features of the potential models are given in Table 5.1.

For the N2–N2 van der Waals interaction we used the Etters site–site potential [Ett86].
The repulsive part of this potential model is based on ab initio calculations and the authors
took considerable effort to accurately describe the condensed phases of N2via a re-fitting
of the parameters. The Etters potential leads to very good agreement with experimental
results for the dense fluid and the solid high pressure phases [Bel88, Bel90]. Also based on
our own work in which we used this potential (see e.g. Refs. [Mul98, Mic98] and [vK00]),
we trusted it to be an excellent model of the N2–N2 interaction. A model of high excellence
is important for this work, since the local number density within a doubly occupied cage
is high, and therefore the repulsive part of the N2–N2 potential may play an important
role in the interactions. The electrostatic interaction is discussed below, as it is the same
for the N2–N2 as for the N2–H2O interactions.

The non-sphericity of the N2 molecules is also reflected in the H2O–N2 van der Waals
interaction. The (N-site)–(O-site) model as used by Lynden-Bell and co-workers [ihP98,
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van der Waals (LJ) parameters

ε (kJ/mol) σ (Å)
O–O 0.65020 3.166
O–N 0.50500 3.282
N–N (0.310) (3.31)

bond properties

dO−−H (Å) 1
αH−−O−−H (◦) 109.47
dN−−N (Å) 1.094

masses (atomic units)
mO 16.00000
mH 1.00080
mN 14.00674

charges (electron charge)
qO −0.8476
qH 0.4238
qN −0.4954
qCMN2

0.9908

Table 5.1: Potential parameters used for the interactions. Note that for the N–N van der
Waals interaction, the bracketed Lennard-Jones parameters are only an indication of the
interaction curve: we have used the Etters potential, a parametrization of this potential
is found in Ref. [Ett86].

Som99b, Som99a], is the only model we have found in the literature that featured this
non-spherical van der Waals interaction. As will be shown later (section 5.3.2), this po-
tential shows a large resemblance with various ab initio calculations and gives a good
agreement with experimental results. We have modified the charges of the N2 molecule
slightly to be closer to the experimentally observed value of the quadrupole moment
(−4.7 · 10−40 Cm2 [Buc68]).

5.3.2 N2–H2O potential examination

The N2–H2O potential model was used previously [ihP98, Som99b, Som99a] to investi-
gate the structure and mobility of dilute solutions of N2 in water as well as the passage
of these molecules through the liquid–vapor interface. With the potential, the authors
found satisfactory agreement with experiments. By varying the potential parameters, it
was found that the diffusion constant and the radial distribution functions (RDFs) were
roughly independent of molecular size and quadrupole moment. The Lennard-Jones part
dominated the friction coefficient. The orientational behavior was slightly dependent on
the quadrupole moment.

Since the N2–H2O potential energy function plays a major role in this investigation
(in particular, whether double occupancy leads to a stable structure or not is dependent
on this potential energy function, as will be shown in the discussion), we have performed
a small investigation in which the potential energy of the dimer has been compared to
ab initio calculations [Sad95, San94, Cou98, Mok92, Fra94, Fra93, Kit87, Cur84, Dem82]
and a structural analysis from spectral data [Lue89].

The two most important bonding configurations, referred to as H-bonded and O-
bonded, can already be rationalized on the basis of the charge distributions of the molecules.
We have investigated the potential energy function by calculating the energy for differ-
ent configurations of the dimer. The shape of the N2–H2O potential energy surface is
qualitatively the same as, and quantitatively similar to that of various ab initio calcula-
tions [Sad95, San94, Cou98, Mok92, Fra94, Fra93, Kit87, Cur84, Dem82].
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The global minimum energy configuration (Fig. 5.1a) is similar to those found in the
ab initio calculations and to the geometry found in microwave experiments [Lue89]. The
energy of this configuration is −4.3 kJ/mol. In addition, the N2–H2O potential exhibits a
local minimum of −2.8 kJ/mol. This minimum has been found in some of the theoretical
works, but most investigators point out that it is a saddle point rather than a minimum.
For our potential, the barrier separating the local and global minimum has an energy very
close to the local minimum. For higher temperatures, this minimum may indeed behave
as a saddle point.

When minimising the energy with respect to the molecular orientations at a fixed
intermolecular distance, one finds that this minimum energy corresponds to a H-bonded
configuration for distances larger than about rH = 3.6 Å, while it corresponds to an O-
bonded configuration for distances shorter than about rO = 3.4 Å. Therefore, the type
of bond and correspondingly the relative orientations of the N2 guest and nearest H2O
molecule may be completely different in the case of single and double occupancy, since a
significant difference in intermolecular H2O–N2 distance is expected for the two cases.

In summary, the potential is shallow, and the potential energy surface as well as the
minimum energy configuration is similar to those found in earlier investigations. Differ-
ences with the theoretical results may be explained with the unrealistic large H2O bond
angle in the SPC/E molecule, and the fact that we employ an effective pair potential.
Note also that the ab initio results themselves vary with the level of calculation to the
same extent as our deviations from the ab initio results.

5.4 Results

5.4.1 Stability

An indication of the stability of the clathrate is the behavior of the simulation cell. When
performing (N, p, T ) calculations the simulation cell may show large deviations from that
of the clathrate phase (for which the structure should be cubic). In that case, it should be
concluded that the clathrate is not stable. Figure 5.2(a) and (b) show the cell dimensions
at T = 273 K and p = 0.1 GPa as a function of the number of guest molecules in the
indicated cages only. This state point was chosen since it is close to the conditions at
which double occupancy has been observed. Both the average cell length and the average
cell angle are slightly dependent on the filling fraction, which is reflected in the behavior
of the volume (discussed below). However, within statistical accuracy, there is only a
small deviation from the average cell lengths and cell angles, and this deviation is hardly
dependent on the filling fraction or type of filling.

Other indications of the stability of the clathrate hydrates are the RDFs. The RDFs
that reflect the structure of the host lattice are the H–H, H–O and O–O RDFs. If the
system is not stable, it is most likely that a liquid or liquid-like structure will appear,
resulting in relatively flat RDFs at larger distances (Fig. 5.3(a)). Figure 5.2(c) shows
the O–O RDFs for the various types of filling and filling fractions. Clearly, all RDFs
are resemblant. Only the for the small cages, the peaks sharpen slightly with increasing
number of N2 guests. However, these changes are small. The H–H and O–H RDFs behave
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Figure 5.1: (a) Schematic drawing of the (H-bonded) global minimum energy configuration
(r = 3.7 Å, α ' 200◦ and β ' 10◦, E = −4.3 kJ/mol). (b) The N2–H2O in-plane potential
energy function: averaged (solid line), minimized (dashed line) and maximized (dotted
line) with respect to the orientations of the two molecules, β and α. The corresponding
angles are shown in (c) and (d), respectively. A local minimum (−2.8 kJ/mol) was found
for r ' 3.4 Å, β ' 90◦ and α ' 0◦.

in a similar fashion. We therefore conclude that the RDFs are the same for all types of
filling and for all filling fractions.

Since the deviations in simulation cell angles and lengths are small and hardly depend
on the type of filling or on the filling fraction, and since the RDFs that reflect the host
lattice do not depend on the type of filling or on the filling fraction, we conclude that
the clathrate hydrate in double occupancy is stable (or at least as stable as for single
occupancy). The stability of the clathrate is not only preserved at the conditions given
above, but at all conditions at which we have performed simulations (at 80 and 273 K,
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Figure 5.2: The simulation cell angles (a) and lengths (b) as a function of occupation
number for various fillings: empty host lattice (X), double occupancy of large cages only
(2), single occupancy of large cages only (3) and (single) occupancy of small cages only
(◦). The calculated statistical errors are about 0.5 and 0.2 for the angles and lengths,
respectively. (c) The O–O RDFs for various fillings. The types of filling are (from top to
bottom): empty host lattice, double occupancy of large cages only, single occupancy of
large cages only, (single) occupancy of small cages only. Where appropriate, the occupation
numbers are 16, 32, 64 and 128 (indicated by solid, dashed, dotted and dot-dashed lines,
respectively).

pressures below 0.25 GPa, and various fillings), unless stated otherwise.
For instance, the stability is also preserved for a partial doubly (NS,S +NL,S +NL,D =

128 + 32 + 64) occupied clathrate at 273 K, of which the O–O RDF is given in Fig. 5.3(a).
These results were obtained with (N, V, T ) calculations with a lattice parameter of 17 Å.
Now let us compare several RDFs in the clathrate with those in the fluid. Figure 5.3
shows RDFs in the liquid phase and in the clathrate hydrate. In the liquid, the same total
number of N2 molecules was taken, thus giving the same mole fraction as in the clathrate
phase.

The O–O RDFs show that there is a clear difference in structure for the clathrate host
lattice and the water molecules in the fluid. There is long range positional order in the
clathrate hydrate: it is crystalline. As expected, the most probable N2–O distance (the
maximum in the first peak) is smallest and largest for the doubly and singly occupied
large cages, respectively.

Now let us compare the N2–O RDF in the doubly occupied large cage with the one
in the fluid phase. The onset as well as the maximum of the first peak occur at the same
distance. From this we conclude that the mutual average N2–H2O forces in the clathrate
(the forces the N2 guest molecules exert on the wall of the cage) are of the same order of
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Figure 5.3: Radial distribution functions for a N2 clathrate hydrate and a mixed liquid
at the same conditions (see text). (a) O–O RDF for the liquid (solid line) and clath-
rate (dashed line) phases. (b) O–N2 RDF for the liquid (solid line), small cages (dashed
line), singly occupied large cages (dotted line) and doubly occupied large cages (dash-
dotted line). The vertical bars indicate the radii of the small and large cages [Slo90]. For
simulation conditions, see text.

magnitude as in the fluid. Thus, although the N2–H2O distances are shorter compared to
the single fillings, the cage-wall is not exposed to excessively large forces.

Similar to the ices, clathrate hydrates have an open molecular structure, leading to a
lower density than in the fluid phase. In the (N, V, T ) calculations this is reflected in a
higher pressure (4.5 kbar) and lower energy (−7.3 · 106 K) for the clathrate compared to
the liquid mixture (4.0 kbar and −6.5·106 K, respectively). The overall shape of the RDFs
for the liquid mixture and doubly occupied cages is similar. Therefore, the structure in
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Figure 5.4: The energy (a) and volume (b) as a function of occupation number for various
types of fillings. The simulation conditions and symbols are the same as for Fig. 5.2. The
calculated statistical errors are about 3 · 104 K and 2 · 102 Å3 for the energy and volume,
respectively.

the vicinity of the N2 molecule must be similar for both systems. We also expect that the
local density in the doubly occupied large cage is similar to that in the mixed fluid.

Apart from the structure of the mixture, the stability of the system can be investigated
by calculating the system energy and volume. We have calculated these quantities for the
conditions corresponding to Fig. 5.2, the results are shown in Fig. 5.4. In all three cases
the system energy decreases as a function of the number of guests. The behavior of the
energy is the same for the small and the singly occupied large cages. The decrease in
energy with increasing occupation number is smaller for doubly occupied large cages. As
a result, the energy of the doubly occupied cage is larger at the same occupation number.
However, the energy as a function of occupied cages is roughly the same for the three
types of filling. Since the pressures are low, the enthalpy behaves similar to the energy.

For the singly occupied large cages, there is hardly any dependence of the volume of
the system on the occupation number within statistical uncertainty. In contrast, addition
of N2 molecules in the small and in the doubly occupied large cages leads to an increase in
volume. Again within statistical uncertainty, at the same occupation number the volume



64 5. The stability of doubly occupied N2 clathrate hydrates

of the small cages is slightly higher than that of the doubly occupied large cages. As all
curves should intersect at zero filling, the slope of volume versus filling is slightly higher
for the small cages, but the behavior of the volume is roughly the same in both cases.

5.4.2 Positions

We have investigated the distances of the molecules with respect to the cage centers,
CC (the cage centers are the same as the positions of the guest molecules according to
crystallographic data [Mak64]), by determining the distribution f(r) of these distances
r. This function gives the probability that a particle is in a spherical shell at distance r
from another particle (the particles being either real or fictitious, such as the cage center),
and will be referred to as the radial distribution probability (RDP). This is not the usual
RDF (g(r)): the RDF will lead to statistical problems at small distances.

For the determination of the RDP, only the first coordination shell is considered, such
as the cage surrounding its cage center. For example, fCC,O(r) gives the probability that
a CC–O distance (O being in the cage corresponding to the particular cage center) occurs
at r. Its integral over r equals 1. We have also calculated these RDPs while considering
only the O atom closest to the N2 molecule or cage center (referred to as O1). For example,
only the shortest CC–O distances contribute to fCC,O1(r). Thus, for each small cage
(containing 20 O atoms) at each time-step all CC–O distances are calculated: all 20
distances contribute to fCC,O(r), but only the shortest distance contributes to fCC,O1(r).

Clearly, for an (N, p, T ) calculation it is very likely that the centers of the cages move
continuously. To simplify matters, (N, V, T ) calculations were performed with a lattice
constant of 17 Å. For a fully occupied clathrate hydrate with 50% double occupation
(NS,S = 128, NL,S = 32, NL,D = 64), at a temperature of 80 K, this resulted in a pressure
of −0.132 ± 0.008 GPa. We calculated at a lower temperature since it leads to smaller
peak widths. Figure 5.5 shows the RDPs for the CC–O, CC–N2, N2–O as well as the
CC–O1and N2–O1distances for the three types of cages.

In the small cage (Fig. 5.5(a)), the most probable N2–CC distance is about 0.22 Å.
The distributions of both the N2–O1 and CC–O1 distances are the same, with a maximum
around 3.5 Å. Although one might expect dCC−O = dCC−N2 + dN2−O for the distances d,
this condition is not fulfilled. However, the result can be understood if one assumes that
the cage is non-spherical and that the displacement of the N2 guest molecules from the
cage center is in a direction perpendicular to the CC–O1 direction.

In the singly occupied large cage, the N2 molecules show a larger displacement from
the cage center: it is about 0.85 Å. These molecules may be considered to be adsorbed to
the wall of the large cage. This results in a most probable N2–O1 (‘adsorption’) distance
of 3.7 Å. This distance corresponds to the minimum energy configuration, Fig 5.1(a). Of
course, for the doubly occupied cages, the guest molecules show the largest shift with
respect to the cage center (1.6 Å).

The distributions of CC–O1 and CC–O distances are the same for the singly and
doubly occupied large cages, which supports the conclusion that the doubly occupied
clathrate is stable. Although the shape of the N2–O distributions is quite different for the
cases of single and double occupation, they have about the same average value. Going
from the singly occupied large cages to the small cages to the doubly occupied large cages



Results 65

0.00

0.01

0.02

0.03 (b)

 

pr
ob

ab
ili

ty

0.00

0.01

0.02

0.03 (a)

 

 

pr
ob

ab
ili

ty

0 1 2 3 4 5 6
0.00

0.01

0.02

0.03 (c)

 

pr
ob

ab
ili

ty

distance / Å

Figure 5.5: The radial distribution probabilities (RDPs) for the small (a), singly occupied
large (b), and doubly occupied large (c) cages. See text for simulation conditions. Shown
are the CC–N2 (solid), N2–O (dashed), CC–O (dotted) distributions. The corresponding
N2–O1(dashed) and CC–O1(dotted) distributions are indicated with small arrows.

the average N2–O1 distance gradually decreases.

5.4.3 Orientational distributions and sensitivity to force field

We have determined the orientational correlations of the two nearest N2 molecules in the
clathrate hydrate using the (pair) distribution of cos(θ), θ being the angle between two
N2 guest molecules. For the small and singly occupied large cages it corresponds with the
orientational correlations between the N2 guest molecules in neighboring cages. It turns
out that these correlations are negligible.

For the doubly occupied large cages, this distribution indicates the orientational cor-
relation between the two N2 guest molecules within the same cage. Figure 5.6 gives the
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Figure 5.6: The distributions of |cos(θ)|, θ being the angle between two N2 molecules
within the doubly occupied large cages. For simulation conditions, see text. The lines
show the results for different point charges at the respective N2 sites. The original charges
are multiplied by 1 (solid line, original calculation), 0 (dashed line, N2 charges omitted)
and 2 (dotted line).

(N, V, T ) results for NS,S = 128, NL,S = 32 and NL,D = 64 at 80 K with lattice parameter
17 Å (constant pressure calculations give similar results). It shows that there is some
preference for the two molecules to be parallel. This is a rather unexpected result, since
it leads to a peculiar charge distribution within the cage. If the N2–N2 interaction would
have the major influence on the relative orientation, they would be in a X-configuration,
since then the N2–N2 quadrupole–quadrupole interaction energy as well as the van der
Waals interaction would be lowest. From this we conclude that the N2–H2O interaction
causes the alignment of the two guest molecules.

To investigate this further, we have multiplied the charges on all N2 molecules by a
factor of 2, 1/2 and 0, respectively. These large changes are chosen to obtain unambiguous
results (larger charges on the N2 molecule, or similar changes in the H2O charges lead to
an unstable clathrate lattice). Neglecting changes in position, a multiplication of the N2

charges by a factor of 2 increases the (water dipole)–(nitrogen quadrupole) interaction by
a factor of 2, while it increases the N2–N2 quadrupole–quadrupole interaction by a factor
of 4. As shown in Fig. 5.6, the increase of the N2 charges indeed changes the preferred
relative orientations drastically: there is now a small preference for a X-configuration.
There is not much difference in the distribution function upon multiplication by 1/2 or
0: only the results with the N2 charges omitted is shown in Fig. 5.6. In that case, the
preference for alignment has increased compared to the original calculation. We conclude
that the N2–H2O van der Waals interaction dictates the relative orientation of the two N2

guest molecules.
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Note that we also find that the above changes in the charges do not influence the RDFs:
the van der Waals interaction is the dominating interaction with respect to positions as
well as orientations of the guest molecules. In contrast, the Coulomb interaction plays a
major role in the stability of the hydrogen bonded host lattice.

One may wonder what the maximum size of the guest molecules inside a doubly
occupied large cage may be without destroying the host lattice. Therefore, in addition
to changes in the Coulomb interaction, we have investigated the stability of a doubly
occupied clathrate hydrate as a function of the van der Waals diameter σNN of the N-
atoms. To simplify these calculations, we have used a Lennard-Jones site–site interaction
for the N2–N2 interaction (the bracketed parameters given in Table 5.1 are used), and
applied the Lorentz–Berthelot rule for the N2–H2O interaction. σNN was altered in steps
of 10%. Considerably larger molecules cannot occupy the small cages. Therefore, we have
performed these calculations for the extreme case that all large cages are doubly occupied
while the small cages remain empty, the applied temperature and pressure being 273 K
and 0.1 GPa, respectively. Occupation of the small cages and/or smaller filling fractions
of the doubly occupied large cages will most likely enhance the stability: we will probably
find a conservative estimate for the upper limit of σNN.

Figure 5.7 shows the results. At about σNN = 4 Å, the energy shows a large jump.
In addition, around and above this van der Waals radius, the box-lengths and box-angles
show large deviations from a cubic simulation cell: the clathrate has become unstable.

For the first four σNN values, the O–O RDFs show close mutual resemblance (Fig. 5.8)
. They also are similar to the O–O RDFs of the empty host lattice and the singly occupied
clathrate hydrate. For σNN≥ 4 Å, there is a considerable change. The only sharp peak
is the first: the clathrate has become unstable, and instead a fluid-like behavior occurs.
Naturally, for the N2–N2 RDF, the onset and the first peak shift to larger distances with
increasing σNN. This shift is gradual for the first four σNN values, but it shows a jump
between σNN = 3.6 and 4 Å. From that value on, the shift again is gradual. Other RDFs,
such as the N2–O RDF (not shown), behave in a similar fashion. Therefore, with respect
to the RDFs, the σNN-dependence can be divided into two branches. These two branches
correspond with the two energy ranges discussed above. Therefore, we conclude that an
increase of 10% (σNN' 3.6 Å) in σNN, and possibly for somewhat larger values, the doubly
occupied clathrate remains stable.

5.4.4 Simulations at experimental conditions

Up to this point, we have used rather academic occupancies. In particular, we have changed
the three types of occupancies at the same temperature and pressure. This was necessary
to systematically investigate the stability. To interrelate with the experimental results, in
this section we take conditions that are much closer to those in the experiments.

The cage occupancy is related to the external pressure via the Langmuir equation. For
single occupancy, this equation follows from the van der Waals–Platteeuw theory [vdW59].
In analogy with surface adsorption, it can be extended to double occupancy [Fog86]. Kuhs
et al. [Kuh97] experimentally determined the Langmuir constants for the three types of
filling in N2 clathrates at 273 K using neutron diffraction.

We have performed (N, p, T ) calculations for a number of pressures at 273 K. At every
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Figure 5.7: The energy (a), three simulation box-angles (b) and simulation box-lengths (c)
as a function of van der Waals (LJ) radius with a complete double filling of the large cages
only, and conditions as mentioned in the text. The small closed symbols are the results
for an empty host lattice. The large closed symbols are the results for a clathrate hydrate
with a complete single filling of the large cages only. The calculated statistical errors are
about 2 · 102, 0.5 and 0.8 for the energy, box-angles and box-lengths, respectively.

pressure, the cage occupancies that we have taken as input in the simulations (shown in
Table 5.2) follow directly from the Langmuir curves, with the three Langmuir constants
as determined by Kuhs et al.

As in the above, to investigate the stability of the clathrates, the radial distribution
functions (RDFs) and box dimensions were monitored. None of the RDFs showed any
significant changes with pressure, indicating a stable clathrate hydrate upon compression
up to about 2 kbar. Figure 5.9(a) shows that the system energy decreases as a function
of pressure. The filling fractions are determined by the pressure via the Langmuir curves.
In section 5.4.1 we have shown that, at constant pressure, the system energy decreases
linearly with filling fraction. Although the current results are not obtained at constant
pressure, the energy clearly reflects the Langmuir behavior. A plot of the molar energy
versus pressure gives a similar curve, but with an opposite sign: the molar energy increases
with filling fraction. This roughly means that the energy of the added N2 molecule is higher
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Figure 5.8: The O–O (a) and N2–N2 (b) RDFs for various values of the van der Waals
diameter σNN, with a complete double filling of the large cages only, and conditions as
mentioned in the text. The solid lines denote the radii σNN = 1.986, 2.684, 3.31 and 3.641,
with increasing line thickness (the stable branch). The dashed lines denote σNN = 3.972,
4.303, 4.634 and 4.965, with increasing line thickness (the unstable branch). In addition,
the results for the empty host lattice (solid squares) and a clathrate with a complete single
filling of the large cages only (solid diamonds) are shown.

(although negative) than the specific energy of the molecules that are already present:
the molar energy gets closer to zero.

The simulation cell and angles lengths are shown in Fig. 5.9(b) and (c). The figure
shows that at low pressures the rapid increase in number of guest molecules causes an
increase in the cell volume, again in correspondence with Fig. 5.4. At higher pressures,
the increase in filling fraction (slope of the Langmuir curve) is much smaller, resulting in
a smaller expansion of the system. As a consequence, the effect of the increasing pressure
prevails over the effect of the increasing filling fraction. The result is a decrease in volume.



70 5. The stability of doubly occupied N2 clathrate hydrates

p (GPa) NS,S NL,S NL,D

0.003 55 42 0
0.0045 68 47 0
0.007 82 52 0
0.0125 97 56 1
0.028 112 58 3
0.06 120 58 5
0.1 123 55 8
0.14 125 53 11
0.18 125 51 13

Table 5.2: Occupation numbers of the three types of cages at several pressures. The filling
fractions are calculated using the Langmuir constants as calculated by Kuhs et al. [Kuh97].
The pressures and occupation numbers are used as input for the (N, p, T ) results given in
Fig. 5.9 (T = 273 K).
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Figure 5.9: The energy (a), simulation cell angles (b), and cell lengths (c) as a function
of pressure. For simulation conditions, see Table 5.2.
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5.5 Discussion

In section 5.4.1 it was found that the energy decreases linearly with increasing filling
fractions. At the same time there is a linear increase in volume for the small and doubly
occupied large cages. For the singly occupied large cages the volume remains more or less
constant: the host lattice remains uninfluenced when these cages are filled.

Since the interaction between the guests in different cages is negligible, the dependence
of the volume and energy for mixed fillings is expected to be a linear combination of the
isolated cases. Then the energy and volume for double occupancies behave very similar to,
and lie within the same range of values as those for single occupations. Since the volumes
and energies do not show large differences for the 3 types of filling, the configurational
entropy may be a driving force for the occurrence of double occupancy. If 1/3 of the large
cages is empty, 1/3 is singly occupied and 1/3 is doubly occupied, the entropy is maximal.
For the effects of double occupancy on thermal entropy, additional calculations need to
be performed.

One may wonder how the volume of the small and of the doubly occupied large cages
can increase upon addition of N2 molecules, while the energies decrease as a function
of filling. It suggests that although the most dominant contributions to the energy arise
from the repulsive range of the N2–H2O interaction, it must be in the negative part of
the interaction potential. We have tested this by comparing the RDFs (similar to those
in Fig. 5.3(b)) for the various fillings with the orientationally averaged potential energy
curve (Fig. 5.1(b), solid line). The use of this curve can be justified by an investigation
of the orientational distributions of the guest molecules: these are nearly flat under these
conditions.

For the small cages, the N2–O RDF has its first peak at 3.78 Å. Indeed, this is in the
repulsive, but negative-energy part of the average potential curve. For singly occupied
large cages, the first maximum in the RDF occurs at 4.35 Å. Thus, in the same line of
reasoning, the energy should be about the same as for the small cages, as it is. However,
this distance corresponds with attractive forces and thus could lead to a decrease in volume
with increasing occupation number. On the other hand, since the slope in the potential
is relatively small at this distance, while the RDF has a large width, one may argue that
the decrease in volume will be only small. These handwaving arguments would be too
speculative in the case of double occupancy. For a large part, the energy is determined
by the N2–N2 interaction. Second, the RDF peak is broad and highly asymmetric. Third,
orientational preferences do play a role for these cages. These orientational preferences
may be the reason for the smaller volume compared to the small cages.

Although we do not have perfect intermolecular potential models, it is unlikely that
our model is wrong by more than 10% in σNN, or a factor of 2 in N2 point charges. Since
we demonstrated that doubly occupied clathrates remain stable under these changes, it
increases the confidence in the results with the original potential models, and with it the
confidence in the existence of a doubly occupied N2 clathrate hydrate in nature. From the
fact that the doubly occupied clathrate remains stable even for somewhat larger molecules,
it is tempting to speculate on the existence of these clathrate hydrates for other guest
molecules than N2. For instance, CO2 and CH4 are only about 5% larger in size compared
to N2. It would be interesting to have simulation results, and preferably experimental
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results, that confirm or preclude the existence of double occupancy in these systems.
The compressibility calculated from the slope of the curve in the higher pressure region

of Fig. 5.9 is the same as found in the experiments [Kuh97], and similar to calculations of
other type II clathrates [Han91]. Unfortunately, no volume or lattice constants are given
in the low pressure region in Ref [Kuh97]. Such data would be necessary in order to check
the predicted competition between pressure and filling fraction. Additional experimental
evidence on the existence of doubly occupied N2 clathrates would also be desirable.

5.6 Conclusions

We have performed molecular dynamics calculations of structure II clathrate hydrates with
varying N2 cage occupancies and at different state conditions. The H2O–N2 model used
in this study is a good representation of the interaction, as was concluded by comparing
the model with ab initio studies and experimental results.

For all state points at which calculations were performed, the N2 clathrate remained
stable, even for the case of a full double occupation of the large cages in an otherwise
empty host lattice. Upon filling the large cages in double occupation, the energies and
volume behave very similar to, and lie within the same range of values as those for
single occupations. The energy is negative and decreases as a function of occupation
number for single (small as well as large cages) and double (large cages only) fillings, it is
highest for double fillings. For the singly occupied large cages, the volume is independent
of occupation number, for the other two fillings the volume increases with occupation
number. In the case of occupations of the small cage only, the volume is even somewhat
higher than for a double filling of the large cages. This suggests that for double fillings
the stresses on the host lattice are at least not larger than in the case of single fillings.

There is a striking similarity between the N2–H2O RDF obtained from the doubly
occupied large cages and from the mixed liquid. Although the intermolecular N2–H2O
distances are much smaller for doubly occupied cages, this similarity suggests that the
cage wall is not exposed to excessively large forces. For the doubly occupied large cages
and the mixed liquid, the local density and the local structure around the N2 molecule
are similar.

For singly and doubly occupied large cages, the average N2–H2O distance, as well as
the distance between the cage centers and the (nearest) H2O molecules is the same. This
again indicates that the cage, and therefore the host lattice, is not distorted by a double
occupancy.

The two molecules in the doubly occupied large cages have a small but significant
preference to be parallel. This is a consequence of the van der Waals interaction between
the H2O–N2 molecules. Increasing the size of the guest molecules does not lead to an
unstable clathrate hydrate, until the diameter is at least increased by more than 10%.
This also leaves open the possibility for somewhat different molecules, such as methane
and carbon dioxide.

When the experimentally obtained conditions by Kuhs et al. are closely followed, the
clathrate hydrate remains stable. The compressibility found in the higher pressure region
corresponds with experimental results [Kuh97] and previous simulations [Han91].
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Doubly occupied N2 clathrate hydrates
and their properties

6.1 Introduction

Clathrate hydrates are crystalline inclusion compounds consisting of water molecules, that
form an ice-like hydrogen-bonded network composed of cavities [Slo90, Atw91]. In these
cavities, or cages, guest molecules are located. Not all of the cages need to be occupied
to form a stable lattice.

It has been demonstrated that N2 clathrate hydrates form clathrate structure II [Dav84,
Dav86]. The unit cell contains 136 water molecules, forming 16 small and 8 large cavities,
having radii of about 3.9 and 4.7 Å, respectively.

A number of experimental results [vH93, vH94, Cha97, Kuh97, Pau99, Pau97, Cha98]
imply the possibility of double occupancy to occur in N2 clathrate hydrates. In such
doubly occupied clathrates, a non-negligible number of large cages contain two molecules
each. This is a rather unexpected phenomenon, considering the size of the N2 molecule.

In the previous chapter we have presented results of molecular dynamics (MD) simula-
tions of doubly occupied N2 clathrate hydrates [vK01]. It was demonstrated that a doubly
occupied structure II N2 clathrate is stable for all the pressures, temperatures and compo-
sitions at which the simulations had been performed. The structure of the host lattice is
indistinguishable from that of a singly occupied clathrate hydrate. For the three ‘types’ of
filling (i.e. an empty host lattice with only the small cages occupied in single occupation,
with only the large cages occupied in single occupation and with only the large cages
occupied in double occupation), the volumes and energies are linearly dependent on the
filling fraction. The range of values for the volume and energy is the same for both the
singly and the doubly occupied clathrates. In the doubly occupied cages, the O–N2 radial
distribution function, and therefore the structure in the vicinity of the N2 molecule, is
similar to that of the mixed fluid. An extensive investigation of the distances in the cages
showed a large similarity between singly and doubly occupied clathrates. All these results
indicate that, upon filling the large cages with pairs of molecules, the stresses on the host
lattice are comparable to those in single occupation. Small changes in the intermolecular
interactions did not affect the results. The clathrate hydrate destabilizes upon increasing



74 6. Doubly occupied N2 clathrate hydrates and their properties

the size of the guest molecules by more than about 10%.
In this chapter we wish to present results on the properties of the doubly occupied

N2 clathrate obtained via MD simulations. First, we have calculated neutron diffraction
patterns for various fillings. In chapter 5 we have investigated the short range order via
the radial distribution functions (RDFs). The long range order is determined via struc-
ture factor calculations. Although the long range order is of interest in itself, additional
motivation for investigating it is that the results allows for a direct comparison with
the experiments by Kuhs et al. [Kuh97]. Second, Raman frequencies are calculated for
the three types of filling, and the results are compared with experiments. Third, we in-
vestigate the behavior of the clathrate hydrate under relatively high pressures and low
temperatures, where a phase transition to an amorphous phase occurs.

6.2 Simulation details and potential models

Details of the applied simulation techniques and methods can be found in chapter 5,
Refs. [All86, Fre96, DLP98] and references therein. Classical molecular dynamics (N, V, T )
and (N, p, T ) simulations were performed with the DL POLY package [DLP98]. In addi-
tion, a number of analysis programs were written. The simulated system consisted of 8
unit cells, corresponding with 128 small and 64 large cages. Three dimensional periodic
boundary conditions were preserved. The simulation time-step was 1 fs, the length of the
simulation went up to 300 ps, while up to 50% of its length was used for equilibration.
Internal degrees of freedom for the N2 and H2O molecules were not taken into account.
A potential cutoff was set at 8.5 Å. For obtaining the initial configuration, the initial
positions of the O atoms were taken from x-ray diffraction experiments [Mak64] and the
positions of the H atoms, in compliance with the Bernal–Fowler ice rules [Ber33], were
generated using a random number generator. The cages to be filled, being either in single
or double (large cages only) occupation were selected at random. The distance between
the mass centers of the guest molecules in the doubly occupied cages was initially set at
3 Å, each N2 molecule being 1.5 Å displaced from the cage center. The initial N2 orien-
tations were taken to be random in all cases. We have performed calculations at different
temperatures, pressures and compositions (i.e. the filling fractions).

For the H2O–H2O interaction we have taken the extended simple point charge (SPC/E)
potential model [Ber87]. The Etters site–site potential [Ett86] was used for the N2–N2 Van
der Waals interaction. For the H2O–N2 interaction we employed the (N–site)-(O–site)
model as used by Lynden-Bell and co-workers [ihP98, Som99b, Som99a]. In chapter 5,
it was demonstrated that this model shows a large resemblance with various ab initio
calculations and gives good agreement with experimental results.

The total number of guest molecules in the small cages is indicated with NS,S (single
occupancy only: NS,S ≤ 128 for 8 unit cells). Likewise, the number of guest molecules in
the large cages are NL,S and NL,D for single and double occupancy, respectively (NL,S ≤ 64,
NL,D ≤ 128).
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6.3 Results

6.3.1 Neutron diffraction patterns

A neutron diffraction pattern is directly related to the neutron-weighted structure factor

S(k) =

∣∣∣∣∣
∑

i

bie
−ik·ri

∣∣∣∣∣

2

, (6.1)

with bi the coherent scattering length of atom i [Han86, Squ78]. That is, the scatter-
ing intensity at a certain wave-vector k is proportional to S(k). This quantity can be
calculated in a simulation; we have determined it for subsequent configurations with a
fixed time-interval. The result corresponds with an ensemble averaged neutron scatter-
ing powder pattern. One can determine which density correlations contribute to a cer-
tain Bragg peak by calculating the partial structure factor of a selected pair of atomic
species [End80, Fab64]. Since in neutron diffraction experiments deuterated water is used
(the undesirable incoherent cross section of H is much larger than that of D), the D
scattering length is attributed to the H atoms in the calculation of S(k). Performing a
simulation with D atoms and the D scattering length will most probably lead to the same
result.

First, we have calculated the diffraction pattern at conditions close to those of the
published spectrum in Ref. [Kuh97]. The result is shown in Fig. 6.1(a) and agrees well
with experiment. In our comparison with the experimental spectrum, we will focus on
the most intense peaks (calculated intensity > 0.1), although the weaker features also
show a large degree of agreement. A prominent feature of the spectrum is the two pairs
of peaks at 26.2 with 27.8 and 30.4 with 31.8◦ (the latter with a wing), the intensities at
26.2 and 30.4◦ being roughly 50% smaller than those at 27.8 and 31.8◦, respectively. This
feature is also observed in the experimental spectrum, although there are differences in
relative intensities. Although the lower angle peaks, 9.3, 15.0, 17.5, 18.5, 21.3, and 23.3◦,
are also found in the experimental spectrum, in our calculation the relative intensities
are generally overestimated. Exceptions are the intensities of the peaks at 17.5 and 23.3◦,
which show the best quantitative agreement with experiment. At larger scattering angles,
there is one prominent peak at 57◦ with weaker features at smaller and higher angles;
this is also the case in the experimental spectrum. For the calculated neutron scattering
spectra, the widths of the peaks are larger than the experimental ones, this property
becomes more evident at larger diffraction angles. Since all peak positions and, to a large
extent, the intensities are well reproduced in our calculations, we find the agreement with
experiments good.

Having established agreement with experiment, we investigate the influence of the
presence of double occupation on the calculated diffraction pattern for this particular
case (i.e. close to experimental conditions). This is done by performing an additional
simulation in which the 5 pairs of molecules in the doubly occupied large cages were
replaced with 5 single molecules. An analysis of the simulation results gives the pattern
shown in Fig. 6.1(b). It is clear that it is very similar to that of a partial doubly occupied
clathrate hydrate (Fig. 6.1(a)); in particular there are no changes in the peak positions.
Of the four prominent peaks (see above), only the peak at 30.4 shows a difference: it has
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Figure 6.1: Calculated diffraction patterns as a function of the wavenumber k (correspond-
ing with the momentum transfer in experiments, upper horizontal axis) and the scattering
angle 2θ (lower horizontal axis) at the experimental wavelength 1.59 Å. The intensities
are normalized with respect to the maximum intensity. The simulation conditions are
p = 0.06 GPa, T = 273 K. The occupation numbers are NS,S = 120, NL,S = 58 and
NL,D = 5 (a) and NS,S = 120, NL,S = 63 and NL,D = 0 (b). Only the forward scattering
angles are shown, since at larger angles, all intensities (calculated in this work as well as
experimentally [Kuh97]) are very small.

a somewhat stronger intensity (of about 10%) in the case of a partial doubly occupied
clathrate hydrate. This also holds for the peak at 21.3◦. The peaks at the lowest diffraction
angles have a weaker intensity in the case of partial double occupation: although the
intensity difference at 17.5◦ is very small, it is at least 15% for the three other low angle
peaks (comparison with experiments will be given in the discussion).

A clearer picture of the contributions from the types of occupancies may be obtained
when the host lattice is fully occupied with one of the three specified types of filling only.
Thus, to obtain unambiguous results while maximizing statistics, we calculated S(k) by
analyses of simulations at 273 K and 0.1 GPa (close to experimental conditions) for three
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hypothetical extreme cases: complete filling of the small cages only (i.e. in an otherwise
empty host lattice; NL,S = NL,D = 0, NS,S = 128: case I), complete single filling of the
large cages only (NS,S = NL,D = 0, NL,S = 64: case II) and complete double filling of
the large cages only (NS,S = NL,S = 0, NL,D = 128: case III). These fillings are purely
academic and we do not expect such occupancies to be found in nature. For comparison,
we also calculated the neutron scattering spectra for an empty host lattice at the same
conditions.

Figure 6.2 shows the results. In general, for the empty host lattice and the above
mentioned cases, the peaks appear at the same positions. There are two main exceptions.
The largest difference is in the reflection at 9◦, which has zero intensity in the case of
double occupancy (case III). Its intensity is also very small for case II. Also, the intensity
of the reflection near 23.3◦ is nearly zero for case I. In addition to these observations,
the overall differences in relative intensities are obvious. For case III, the peaks are still
present, suggesting that a degree of long range order is preserved during the simulation
run (30 ps). However, the Bragg peaks are widened and there is broad background as
compared to the other two cases. On the basis of an analysis of the RDFs, in chapter 5 we
concluded that even in this academic case, the structure remained stable. The structure
factors probe density correlations and are sensitive to the long range order. They are
therefore a better indication of the crystallinity and thus the stability of the system. We
must conclude that in this case, the structure is slightly less stable than for the other
cases. On the other hand, the peaks are still evident and a broad background can also
be observed for the case of mixed single fillings (Fig. 6.1(b)), for which the structure is
clearly stable.

We now discuss the results in more detail by comparing the results for the three
cases with the diffraction pattern of the empty host lattice. Since all peaks are already
present for the latter case, we note that the diffraction pattern essentially is generated
by the host lattice. The fact that the host lattice plays a dominant role in the diffraction
patterns is to be expected from the multititude of H atoms (with the relatively large D
scattering length). For case I, roughly all intensities are increased in relation to the peak
of maximum intensity for the empty host lattice, at 18.5◦. For case II, the intensities at
scattering angles larger than 20◦ have increased, for smaller angles the intensities have
decreased. This structure shows the largest agreement with that of an empty host lattice.
For case III, these two trends are even stronger.

The peak positions for cases I, II and III (Fig. 6.2) are essentially the same as those in
Fig. 6.1, the relative intensities are different. For instance, for the three hypothetical cases
the maximum intensity does not occur at a scattering angle of 27.8◦, and it depends on
the type of filling. Keeping in mind the results of the three hypothetical cases in relation
to the empty host lattice (Fig. 6.2), we note the following. Going from single (Fig. 6.1(b))
to double occupancies (Fig. 6.1(a)), the existing intensity differences between the peaks
are characterized by an increase for scattering angles larger than 20◦, and a decrease for
smaller angles.
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Figure 6.2: Calculated diffraction patterns as a function of the wavenumber k (upper
horizontal axis) and scattering angle 2θ at wavelength 1.59 Å (lower horizontal axis).
Shown are the four individual cases (from bottom to top): an empty host lattice (a) and
case I (b), II (c) and III (d); see text for explanation. The intensities are normalized with
respect to the maximum intensity. Only the forward scattering angles are shown, since
hardly any features appear at larger angles.

6.3.2 Vibrational frequencies

Since the current investigation has partly been initiated by Raman measurements [vH93,
Cha97, Pau96, Pau95, Nak88], we have calculated the Raman frequencies of the N2

molecules. The determination of these frequencies is based on a perturbation calcula-
tion [Buc68, Oxt79].

For completeness, we summarize the method of calculation. The energy of a vibrating
molecule in a solvent (being either a liquid or a solid) can be expressed as the sum of
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the intermolecular and intramolecular interactions. Both contributions are expandable in
terms of the normal coordinate. The intramolecular interaction consists of a harmonic and
anharmonic part. When taking the intermolecular interactions as well as the anharmonic
part of the intramolecular interaction as perturbations to the energy levels of the har-
monic oscillator, one can calculate the transitions between the perturbed energy levels.
Consequently, the shift with respect to the (anharmonic) vibration of the molecule in the
gas phase may be calculated, i.e. the shift that occurs as a result of the intermolecular
interactions. For the transition of a diatomic molecule from the ground state to the first
excited state, the result is that the shift in vibrational excitation frequency with respect to
the non-rotating, isolated (gas phase) molecule is directly proportional to the axial forces,
i.e. the forces along the bond axis due to all intermolecular interactions. A principally im-
portant ingredient is neglected in this calculation: upon excitation, a molecule changes its
polarizability and therefore its intermolecular interaction with the surrounding medium
(see e.g. Refs. [Mic95, Mic, Fra99] and references therein). By neglecting this contribu-
tion for fluid N2, a blue shift will be calculated for all pressures, even where red shifts
have been observed [Mic95]. Similar discrepancies are found for many other molecular
systems [Fra99]. We are interested only in the differences in frequency for the three types
of filling, and omitting this contribution will not change these differences essentially. Note
that the distributions we present are static distributions. The line shape will be affected
by the dynamics.

The frequency distributions are shown in Fig. 6.3 for a partial doubly occupied clath-
rate hydrate in an (N, V, T ) calculation with lattice constant 17 Å and T = 273 K, while
NS,S = 128, NL,S = 32 and NL,D = 64. Results for the pure N2 fluid are also shown for
comparison. We find that, for the same volume, differences in filling fraction and temper-
ature only have minor effects on the results. Moreover, there are no significant differences
with (N, p, T ) results.

The N2 guest molecules in the singly occupied large cages on average have the lowest
frequency, with a maximum around 2330 cm−1 and a narrow peak. The guests in the
small cages have the highest frequencies, with a maximum near 2335 cm−1, and a broad
distribution. The latter is also the case for the guests in the doubly occupied cages, of which
the distribution resembles that in the liquid. With a maximum around 2332.5 cm−1, these
guest molecules have a frequency larger than in the singly filled large cages, but smaller
than in the small cages.

6.3.3 Pressure-induced amorphous phase

As in many substances, by an extremely rapid cooling of the liquid water phase, a (low-
density) amorphous (LDA) phase is obtained. In contrast, a high-density amorphous phase
(HDA) was discovered by the compression of ice Ih below 150 K [Mis84]. The amorphous
phase is recovered upon the release of pressure. By changes in p and T LDA–HDA transi-
tions can be obtained [Mis85]. The transition between the metastable amorphous phases
appears to be first order.

Similar transitions have been observed in both structure I and II clathrate hydrates
[Han91]: in piston-cylinder experiments, a pressure-induced phase transition was found.
Molecular dynamics calculations suggested [Han91] that the external pressure applied to
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Figure 6.3: The calculated N2 Raman frequency distributions. The lines denote the dis-
tributions in the clathrate hydrate (for simulation conditions, see text). Shown are the
results for the N2 molecules in the large cages in single occupation (dotted), large cages
in double occupation (solid) and small cages (in single occupation, dashed). The symbols
denote the distribution in the pure N2 fluid at the same temperature and pressure.

the clathrate hydrate is beyond the limit of mechanical stability: the open structure of
the clathrate framework collapses around the guest molecules and forms an amorphous,
high density phase. In the simulations, an empty lattice shows such a transition at much
lower pressures than a fully (singly) occupied clathrate. The repulsive guest–host forces
were found to be mainly responsible for the reversibility of the transition: a fully (singly)
occupied clathrate hydrate reverts back to the original clathrate structure upon the release
of pressure. Further experiments on clathrasils confirmed this [Tse94]. By compression and
subsequent decompression of an empty clathrate, the host lattice remains amorphous,
similar to the ice case.

Performing simulations of the compression of doubly occupied N2 clathrates can pro-
vide simultaneously insight into the clathrate–amorphous transition and into the proper-
ties of the doubly occupied clathrate hydrates. Therefore, we have performed a series of
(N, p, T ) calculations in which the N2 clathrate hydrate is compressed at 80 K for two
different fillings: complete single occupancy (case A, NS,S = 128, NL,S = 64, NL,D = 0)
and partly double occupancy (case B, NS,S = 128, NL,S = 32, NL,D = 64).

Let us first focus on the results for complete single filling. Figure 6.4(a) shows that
below roughly 2 GPa, the compressibility is constant. Between 2 and 4 GPa, there is a
transition to a high density phase with a small densification, as the system shows a rela-
tively abrupt compression. After the transition, the compressibility again is constant but
it is smaller than at lower pressures: the clathrate is more readily compressed than the
amorphous mixture. A plot of the O–O RDF (Fig. 6.5(a)) shows that the O–O distances
slightly decrease as a function of pressure while all peaks but the first broaden to such
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Figure 6.4: Properties of the pressurized simulation cell at 80 K. Open symbols represent
the singly occupied clathrates (case A), closed symbols represent the partly doubly oc-
cupied clathrates (case B). The enlarged symbols (circles) are the results after releasing
the 7 GPa pressure. For details about the simulation conditions, see text. (a) The average
box dimensions versus pressure, the line represents the Kr results, Ref. [Han91]. (b) The
system energy versus pressure.

an extent that they vanish. Since at these temperatures there is hardly any translational
diffusion, we conclude that the structure has become amorphous. While the clathrate re-
mains stable, there is only a small increase in energy (Fig. 6.4(b)) with increasing pressure
up to 2 GPa. At the break-down of the host lattice, the decrease in volume corresponds
with an increase in energy. The small and large energy change with increasing pressure
are consistent with the large and small compressibility in the clathrate and amorphous
phases, respectively. The box-angles (not shown) reveal that also in the amorphous phase
the system remains cubic. After having released the pressure on the amorphous structure,
the structure as well as the density are close to the results of the original zero pressure
calculation: the amorphous phase transforms back to its original structure; the transition
to the amorphous phase is reversible. However, not all of the damage done to the clathrate
structure is repaired after releasing the pressure, as shown by the top and bottom curves
in Fig. 6.5. In conclusion, the behavior is similar to that of the simulated Kr clathrate
hydrate, as investigated by Handa et al. [Han91].

For all pressures, the simulation cell dimensions for case B are practically the same
as for case A. In addition, the scatter of the points of the doubly occupied clathrate is
of the same order of magnitude in both cases. This illustrates that also in this respect
double occupation is quite possible. Figures 6.4 and 6.5(a) show that just as in the case
of single occupancies the clathrate–amorphous transition occurs, and that it takes place
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Figure 6.5: Several RDFs for the pressures (from bottom to top) 0, 2, 3, 5 and 7 GPa; the
uppermost plot corresponds to the system after having released the 7 GPa pressure. (a)
The O–O RDFs for case A (solid) and case B (dashed). The O–N2 RDFs are shown for
case B only: small cages (b), doubly occupied large cages (c) and singly occupied large
cages (d).
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in about the same pressure range as that of a singly occupied clathrate. The volume in
the clathrate phase is the same for both systems, although the densification is smaller.

The O–O RDFs show a behavior very similar to that in the singly occupied case.
However, there are two minor differences. First, a peak around 3 Å appears for higher
densities. This peak is higher in case A than in case B. Second, the peaks of the clathrate
phase, after depressurizing the amorphous phase, are higher for case B: the resemblance
with the original crystalline structure is better. Both differences are due to the smaller
amount of void space available in the doubly occupied clathrate hydrate. This is obvious
for the latter observation. A small peak near 3 Å was found for pressurized structure I
clathrates [Han91], and for ice Ih [Tse90]. For the ice case, its presence was found to be
consistent with the collapse of the hexagonal water framework, and a filling of the voids.
Less void space therefore leads to a smaller peak near 3 Å.

For the O–H and H–H RDFs, the differences between the results for single and double
occupation are similar to those for the O–O RDF.

Let us now focus on the O–N2 RDFs of case B at various pressures. (Note that, for the
N2 guest molecules in the small cages as well as in the (singly occupied) large cages, there
is hardly any difference between the O–N2 RDFs of case A and case B.) As the pressure
increases, the shape of the O–N2 RDF gradually changes for the doubly occupied cages
(Fig. 6.5(c)); the peaks broaden and shift to smaller distances. For the singly occupied
large cages (Fig. 6.5(d)), the situation is different. At pressures up to 2 GPa, there is also
a gradual decrease to smaller distances of the first peak position. However, between 2 and
3 GPa, the first peak jumps to relatively much smaller distances. Above 3 GPa, again a
gradual decrease follows. Roughly speaking, with respect to the behavior of the RDFs as a
function of pressure, three ranges can be distinguished. These ranges correspond with the
three ranges observed in Fig. 6.4. Also for the small cages (Fig. 6.5(b)), we can indicate
three ranges, which roughly correspond with those of the singly occupied large cages. The
branches also correspond with the presence and disappearance of all but the first peak in
the O–O RDF (Fig. 6.5(a)).

In the higher pressure region, the three RDFs increasingly resemble. Above 6 GPa,
there is essentially no difference. When the pressure is released at 7 GPa, the RDF of
the doubly occupied cages is quite similar to its original zero pressure shape. Again, the
situation is quite different for the other cages: the RDF is somewhat in-between that of
their original shape and that of the doubly occupied cages. This illustrates that the struc-
tural changes, caused by pressurization, are not completely eliminated after the release of
pressure. For the small cages and especially for the singly occupied large cages, the O–N2

distance has decreased compared to the original zero pressure calculation. Together with
the remaining changes in the host structure, this is reflected in the differences in energy
and simulation cell shape as compared to the original zero pressure calculations.

In an attempt to make a connection with experimental results [vH93], we have also
compressed the clathrate at 273 K. We obtain results very similar to those at 80 K: the
clathrate hydrate becomes amorphous (or possibly liquid), the transition shifting to a
somewhat smaller pressure. This means that, in the higher pressure region, also at 273 K
the RDFs as well as the Raman vibrational frequency distributions of the guest molecules
for the three types of fillings become very similar, and that the distributions resemble
those in the liquid.
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6.4 Discussion

6.4.1 Neutron diffraction pattern

Comparing the neutron diffraction pattern of the fully singly and partial doubly occupied
clathrates, no new reflections appear when going from single to double occupancies, and
none of the peaks is extinguished. Therefore, it seems cumbersome to follow the inverse
route, i.e. to determine the existence of double occupancy from these neutron scattering
spectra. However, this has been done [Kuh97]: in fitting the neutron diffraction data
with crystallographic models, it was found that only the intensities are affected [Kuh].
Although not large, the differences were found to be significant [Kuh]. Our calculations
are in agreement with this. Moreover, these intensity changes are present mainly for lower
diffraction angles and they are of the order of 10 to 15%. Also, from x-ray diffraction
experiments on type I methane clathrates, an indication of the cage occupancies as a
function of pressure could be obtained by comparing the (dis)appearance of reflections in
the experimental and theoretical diffraction spectrum [Hir00].

We have also calculated the diffraction patterns for three hypothetical cases. From
Fig. 6.2(b), we conclude that the quality of the long range order is highest in the case
of a filling of the small cages only. This was also concluded from the O–O RDF analysis
presented in chapter 5. It is not surprising that the pattern of an empty host lattice
resembles that of the case where only the large cages are filled in single occupation: the
void space is very large in both cases, allowing for an increase in the available phase space
for the molecules in the host lattice as compared to the other cases.

6.4.2 Pressure induced amorphous phase

Upon compressing either the singly or the partial doubly occupied clathrate at low tem-
peratures results in the appearance of an amorphous phase. Previous MD results on the
clathrate–amorphous transition [Han91], suggested that a more open structure would re-
sult in a sharper transformation at a lower pressure. Comparing our results for single
and double occupation, we find that an increased filling indeed decreases the densifica-
tion, making the transition less pronounced. However, within statistical uncertainty, the
transition pressures are the same for both systems. From the large difference between
the transition pressures of an empty host lattice and a fully (singly) occupied clath-
rate [Han91] one may predict that for doubly occupied clathrates, the transition to the
amorphous phase is postponed to higher pressure. However, we find no difference in the
transition-pressure range, nor with that of the Kr clathrate hydrates. In this respect, the
partial double occupation does not affect the properties of the clathrate hydrate but an
empty lattice does: the host lattice is hardly affected by the double occupancy.

Despite the similar pressure range, the jump in density is affected by the difference
in occupancy. In the amorphous phase, the volume is obviously larger in the case of
double occupation, as the volume scales with the number of molecules. In contrast, this
volume effect is not reflected in the clathrates. The main consequence in the clathrate
is a reduction of the void space, and we again note that the clathrate hardly notices
the presence of double occupation. Figure 6.4(a) also illustrates that the pressure–volume
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behavior of the singly occupied Kr clathrate resembles that of the double rather than that
of the single N2 occupation. The same holds for the shape of the O–O RDFs. Moreover, for
the Kr clathrate, the above mentioned peak around 3 Å is of about the same height as for
the doubly occupied N2 clathrates. These observations suggest that the void space in the
Kr clathrates would be closer to that in the doubly rather than that in the singly occupied
N2 clathrates, and can be explained by differences in the potential models of the N2–H2O
and the Kr–H2O interaction. The compressibilities before and after the transitions are the
same for the three above mentioned systems. This is obvious for the amorphous phase,
as there is no void space anymore, and we simply have a mixture of molecules. For the
clathrate phase, this is in agreement with our interpretation that the host is not affected
by the double occupancy.

It is possible that the occupancy of the small cages plays the major role in the be-
haviour under pressure. The guests in the small cages provide support the host lattice
to prevent it from collapsing, as was also suggested from previous results [Rod90, Ino96,
Tan93b]. Possibly, the presence of guest molecules in the large cages, either in single or
double occupancy, provide no substantial additional support. Then, properties such as
the compressibility are determined by the rigidity of the host lattice plus the occupancy
of the small cages.

In the high pressure amorphous mixture, the RDFs for the three ‘types’ of cages
are similar. This is not a big surprise. On forehand, one would expect the amorphous
system to be similar to the water mixture. We already showed that the O–N2 RDF of
the fluid mixture (see chapter 5) resembles that of the doubly occupied cages. Therefore,
in an amorphous mixture, the differences between the three RDFs should disappear, and
become similar to the one in water, and thus to the O–N2 RDF of the doubly occupied
cages.

The observation that the host lattice is hardly affected by the double occupation is
an important conclusion, since it endorses that the doubly occupied clathrate hydrate is
stable (chapter 5).

It is interesting to add some comments on the amorphization results. There is an on-
going debate about whether the pressure-induced amorphization is a one-phase melting
(mechanical transition due to a collapse of the solid) or a conventional two-phase melting
(thermodynamic transition) [Mis98, Tse99, Tse92]. HDA forms at a pressure close to the
experimental melting curve of ice Ih, suggesting that HDA has a structure similar to that
of the high-density liquid (HDL) as it should be its glassy manifestation. Thermodynam-
ically connecting water and the amorphous ices by the extrapolation of the HDA–LDA
coexistence line into the liquid region has led to the hypothesis that there might exist a
second critical point for water and to the speculation that liquid water consists of a mix-
ture of the HDA and LDA structures. However, experimentally a glass transition between
HDL and HDA can not be observed directly [Mis98]. Moreover, the extrapolation of the
LDA–HDA transition line to higher temperatures has been shown to be invalid [Wha89].
In addition, recent theoretical calculations suggested that the ice Ih–HDA transformation
is not due to a thermodynamic melting process, but is the result of a mechanical insta-
bility [Tse99]. As a consequence, this proposal casts doubt on the assumption that HDA
is connected with a liquid state, and therefore on the proposed two-structure liquid water
model.
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The nature of the clathrate–amorphous transition may also provide indirect hints
on the existence of the two-structure model for liquid water. In this study, we find that
although the compression is smaller in the case of (partly) doubly occupied large cages, the
p–V curve, and in particular the transition pressure, is very similar for singly and doubly
occupied large cages, and it is similar to the case of the MD results for Kr. Although
the van der Waals diameter of Kr is about the same as that for N2, the potential energy
surface is more shallow for the latter. Thus, the interactions are different for Kr and for N2

clathrate hydrates. Moreover, we have used atom–atom interactions for the N2 molecules.
Experimentally, the difference between the two guest molecules is reflected in the difference
in the decomposition curves of the two different clathrates: the decomposition curve of the
N2 clathrate is shifted a few kbar (at least 50%) above the decomposition line of Kr. Since
for the clathrate–amorphous transition the pressure is about the same for the three cases
this indicates that the details of the guest–host interaction are hardly important for that
transition. This suggests that the instability of the clathrate upon compression is due to
a collapse of the host framework, which would support the suggestion that the transition
is due to mechanical instabilities. On the other hand, the interactions do influence the
densification.

In an attempt to compare our results with those found experimentally at 273 K, we
have compressed the N2 clathrate hydrate at this temperature. The results are very similar
to those at 80 K have been obtained, and the structures resemble those in the mixed liquid.
For ice, the hydrogen bonding interactions have been found to differ significantly for the
cases of HDA ice, LDA ice and rapid-cooled water [Klu99]. There may also be small but
significant differences between the structures of the compressed clathrates at low and high
temperatures, and the liquid mixture. Such differences are probably too subtle to be found
in the simulations.

6.4.3 Raman frequencies

This compression of the clathrate at 273 K has been performed for comparison with exper-
imental results [vH93]. However, a splitting of a Raman peak, as has been experimentally
detected at 0.85 GPa [vH93] has not been found. It has been found recently that the com-
pression of the structure I methane hydrate up to 10 GPa shows to two structural phase
transitions [Lov01]. One of the transitions occurs near 1.1 GPa. This may suggest that the
observed splitting of the vibron peak near 0.85 GPa for structure II nitrogen is related
to a similar structural transition. We do not find such a transition in the simulations.
This is not surprising as most crystal–crystal transitions are suppressed due to the small
simulation cell. Also, for our simulations, the occupancies can not fluctuate spontaneously
upon compression.

In the clathrate we find that the molecules in the doubly occupied large cages have
an average frequency larger than for single fillings, but smaller than in the small cages.
This is an unexpected result, since the RDFs (discussed below and in chapter 5) illustrate
that the N2–O distances are smallest for the doubly occupied clathrate. Consequently,
one might expect that the mutual average N2–H2O forces are highest in the last case,
thus leading to higher frequencies. To have an intuitive understanding of these results,
we distinguished [Koo99a] two contributions to the N2–H2O RDF, depending on the
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Figure 6.6: The parallel (solid) and perpendicular (dashed) contributions to the N2–O
radial distribution function (for explanation and simulation conditions, see text) for the
large cages in double occupation (a), large cages in single occupation (b) and small cages
(in single occupation, c). Note the different vertical scale in panel (c).

position of the O atom with respect to the N2 bond axis. If the vector connecting the
center of mass of a N2 molecule and an O atom makes an angle of less than 60◦ with
the N2 bond axis, it contributes to the ‘parallel RDF’, otherwise to the ‘perpendicular
RDF’. The results are shown in Fig. 6.6. The differences between the perpendicular and
parallel RDF are small in the small cages and the singly occupied large cages. Still, for
the smallest intermolecular N2–O distances, it is more probable that the molecules are in
a perpendicular configuration, as expected. For the doubly occupied cages, the differences
between the two contributions are much larger. By the mutual repulsion between the two
N2 guest molecules, they push each other against the wall of the cage, their bond axes being
roughly tangential to the cage wall. The results suggest that the O-bonded configuration
(explained in chapter 5) occurs most frequently at short intermolecular distances.

Now let us try to explain the calculated Raman frequencies in terms of these RDFs.
At small intermolecular distances, the water molecules that contribute to the parallel O–
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N2 RDF would lead to a compression of the N2 bond length, resulting in an increase in
frequency. Likewise, water molecules contributing to the perpendicular RDF would lead
to a stretch of the N2 bond axis, resulting in a decrease in frequency.

Comparing the contributions to the RDFs for the small cages and the doubly occupied
large cages, one sees that the onset as well as the first peak position of the parallel contri-
butions occur at about the same distance. If only these contributions would be present,
the bond-compressing forces would increase the vibrational frequency to about the same
amount for both cages. However, the onset and first peak position of the perpendicular
contributions to the RDFs occur at much smaller distances for case III. This suggests
that the bond-stretching forces, that lower the frequency, are larger in that case. There-
fore, the negative contributions to the frequency shift are larger for the guests in these
cages, whereas the positive contributions are the same for both cages. Hence, the average
frequency is smaller in the case of the doubly occupied large cages.

The peak positions of the first peak of both the parallel and perpendicular contribution
for the singly occupied large cage are at relatively large distances compared to the other
two cases: then, on average the N2–H2O interaction is attractive. The parallel forces
are bond-stretching, while the perpendicular forces are bond-compressing. Also, at larger
intermolecular distances, both contributions are relatively small. In addition, the axial
component of the perpendicular contributions will be smaller at relatively large distances.
This is not the case for the parallel contributions. The result is that the N2 molecules in
the singly occupied large cages have the lowest frequencies.

From a similar RDF-analysis, we find for case III that the neighboring N2 molecule
only has contributions to the perpendicular (N2)–N2 RDF. This also contributes to a
frequency lowering.

Since the average frequencies are separated by a few wavenumbers, according to our
calculations Raman spectroscopy should be a much better tool to detect double occupa-
tion than neutron diffraction. However, Kuhs et al. [Kuh97] found that for instance at
2 kbar, about 20% of the large cages are doubly occupied. Thus, in this relatively low
pressure region a new Raman peak should be observable, which has not been found in
experiments [vH93]. On the other hand, it is possible that the spectrum of the pure N2

fluid overlaps with that in the doubly occupied clathrate, similar to what we find in the
simulations.

In a Raman spectroscopic investigation of structure I CH4 clathrate hydrates, it was
found that the band corresponding with the ν1 symmetric stretch in the clathrate shifts
to lower frequencies with respect to the coexisting fluid [Sum97]. Based on the intensities
of the peaks, the authors concluded that the frequency is smaller for the molecules in the
large cages than for the molecules in the small cages. This is in qualitative agreement
with our simulation results: the N2 molecules in the large cages have a smaller frequency
than those in the small cages. It is, however, not trivial to quantitatively compare the two
different cases, especially when comparing the shifts with respect to the Raman frequency
in the fluid phase. In principle, one may argue that the positions of the peaks are the result
of differences in local density in the fluid or clathrate cages. However, it is important to
note what is generally observed in Raman spectroscopic measurements of molecular fluids:
at moderately low pressures, the frequencies show a red shift with respect to the gas phase
value. After reaching a minimum frequency, at larger pressures a blue shift occurs, which
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continues to extremely high pressures [Clo88]. This means that there is always a non-zero
pressure at which the vibrational frequency equals the gas phase value. This complicates
the interpretation of the density effect on the spectra in the clathrate cavities.

6.5 Conclusions

We have performed molecular dynamics calculations of structure II clathrate hydrates
with varying N2 cage occupancies and at different state conditions. Comparing the results
for single and partial double occupancies at conditions close to those in experiments, we
find small (10 to 15%) differences in intensities for the neutron diffraction pattern, in
agreement with experimental findings.

A marked difference for the three types of fillings is, however, found in the calculated
Raman spectra. The N2 molecules in the small cages have the highest frequency, those in
the singly occupied large cages have the smallest frequency. The N2 molecules in the doubly
occupied large cages roughly have a vibrational frequency between the other two, this
frequency being close to that in the fluid at roughly the same conditions. The results have
been explained by investigating separately the RDFs of the O atoms perpendicular and
parallel to the N2 bond axis. It is demonstrated that the position of the water molecules
with respect to the N2 bond axis is important.

For low temperatures, by applying large pressures (up to 7 GPa) on the doubly occu-
pied N2 clathrate, the system transforms to an amorphous phase and it transforms back
to the clathrate structure as the pressure is released. The clathrate–amorphous transi-
tion occurs roughly at the same pressure as for a singly occupied N2 clathrate, but the
densification is larger for the latter. The differences in behavior upon pressurization can
be explained in terms of the smaller amount of void space present in the doubly occu-
pied clathrate. The fact that the transition pressure is roughly the same suggests that
the host lattice is hardly influenced by the presence of double occupancy and therefore
endorses the results that a doubly occupied N2 clathrate is stable. The results are very
similar to the simulation results of the pressure induced amorphization of a Kr clathrate
hydrate [Han91].





7

The dynamics of doubly occupied N2

clathrate hydrates

7.1 Introduction

Clathrate hydrates form a crystalline ice-like hydrogen-bonded network composed of cav-
ities [Rip94, Slo90, Atw91]. Guest molecules are located inside these cavities (or cages),
although not all of the cages need to be occupied to form a stable lattice. Clathrate hy-
drates with N2 molecules as guests form clathrate structure II [Dav84, Dav86]. The unit
cell contains 136 water molecules, forming 16 small (radius 3.9 Å) and 8 large (radius
4.7 Å) cavities.

Experimental results [vH93, vH94, Cha97, Kuh97, Pau99, Pau97, Cha98] suggest the
existence of a partial double occupation of the large cages. This is an unexpected phe-
nomenon, considering the size of the N2 molecule (about 3.6 Å). We have reported earlier
molecular dynamics (MD) results on the stability ([vK01], chapter 5) and properties
([vKacc], chapter 6) of a model system of N2 clathrate hydrates. In the MD simulations
a doubly occupied structure II N2 clathrate turned out to be stable for all the pres-
sures, temperatures and compositions at which the simulations have been performed. The
structure of the host lattice is very similar to that of a singly occupied clathrate hydrate.
The behaviour of basic thermodynamic quantities is completely analogous to, and of the
same order of magnitude as in the case of single occupations. For instance, the clathrate–
amorphous transition appears at about the same pressure for singly as for doubly occupied
clathrates. We have also compared the coherent neutron diffraction and Raman spectrum
for the case of doubly occupied clathrates with those of the singly occupied clathrates and
with experimental results.

The results in chapter 5 and 6 did not include an analysis of the dynamic behaviour. In
this paper we investigate the dynamics by a study of the translations and reorientations
(phonons and librons). An analysis of the time dependence of various quantities is of in-
terest not only because it provides insight into the system, but also because the dynamical
properties may be related to experimental results: in addition to the existing data, there is
a need for additional experimental evidence for the existence of (partial) doubly occupied
clathrates. With the MD results, one can make predictions about possible experimental
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results, thus facilitating their interpretation. Therefore, we present dynamical properties
of the doubly occupied clathrate and compare it with the case of single occupation. These
properties also lead to new insight in the behaviour of a doubly occupied clathrate.

In particular, we calculate the intermolecular vibrational density of states (DOS), the
mean square displacements (MSDs) and the reorientational autocorrelation functions (re-
orientational ACFs). Several computer simulation studies [Ino96, Tan94, Tan93b, Tan93a,
Tse87, Tse84, Tse83] have dealt with similar dynamical properties, but only for single oc-
cupations. In this work we study doubly occupied clathrates with N2 guest molecules.
These are the only molecules for which double occupancy has been observed [Kuh97].
For comparison, we also perform simulations with single occupancies. As a spin-off, these
results complement previous studies of singly occupied clathrate hydrates, since only a
limited study included results for N2 guests [Hor97b]. Where appropriate we compare
previously obtained results with the results presented in this paper.

7.2 Simulation details and potential models

Classical molecular dynamics simulations were employed, for which the DL POLY pack-
age [DLP98] has been used. In addition, a number of analysis programs were written.
Constant pressure as well as constant volume simulations were conducted. Details of the
simulation techniques and methods used can be found in chapter 5 and Refs. [All86,
Fre96, DLP98]. The simulation cell consisted of 8 unit cells, corresponding with 128 small
and 64 large cages. The initial positions of the O atoms were deduced from x-ray diffrac-
tion experiments [Mak64] and the positions of the H atoms were randomly selected while
obeying the Bernal–Fowler ice rules [Ber33]. The molecules were modelled as having no
internal degrees of freedom. The water molecule consisted of one van der Waals interact-
ing site and three point charges to represent the water dipole moment (SPC/E model,
Ref. [Ber87]). The nitrogen molecule contained two van der Waals interacting atom sites.
Four point charges were added to represent the molecule’s quadrupole moment [Buc68].
The cages to be filled, being either in single or double (large cages only) occupation were
selected at random, as was the initial orientation of the N2 molecules. The total num-
ber of guest molecules in the small cages is indicated with NS,S (single occupancy only:
NS,S ≤ 128 for 8 unit cells). Likewise, the number of guest molecules in the large cages are
NL,S and NL,D for single and double occupancy, respectively (NL,S ≤ 64, NL,D ≤ 128). In
the calculations, a pressure of 1 kbar and temperatures of 80 and 273 K were maintained.
Unless indicated otherwise, the 50% of the large cages were doubly occupied (NS,S = 128,
NL,S = 32, NL,D = 64), unless indicated otherwise. Although (N, V, E) simulations are
the preferred way to calculate the dynamical properties [Fre96], we have calculated the
dynamics directly in the (N, p, T ) simulations. Previously it was found that the influence
of the heat bath-coupling on the dynamics was only small [Tan93b]. In (N, p, T ) simula-
tions, it is more likely that the system will reveal instabilities. For instance, the absence
of a constant (flat) asymptotic MSD value would indicate a long time drift of the water
molecules.

In MD simulations, the vibrational density of states (DOS) can be obtained from the
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Fourier transform of the velocity ACF [Esb73, Dic69]:

z(ω) =

∞∫

0

e−iωt 〈v(t′) · v(t′ + t)〉 dt, (7.1)

where v(t) is the velocity of a particle at time t, and ω is the frequency. The brackets denote
averages over the number of molecules and time origins t′. We calculated this quantity
for rigid molecules, therefore the spectra include the translational modes (phonons) as
well as rotational modes (librons) of the molecules. The obtained distributions are single
particle functions. However, in general the atomic displacements are a superposition of
the single-particle diffusive motions and the collective normal mode oscillations. Thus,
the Fourier components of the velocity ACF of rigid molecules contain information on the
phonon and libron density of states.

The center-of-mass (CM) of the water molecule nearly coincides with the position of the
O atom. Therefore, the translational or phonon modes are dominated by the motions of the
O atoms; the rotational or libron modes are dominated by the H atoms [Wha73, Wha67].
For the N2 guest molecules we have calculated the power spectra of the motions of the N
atoms and of the molecular mass centers. The CM motions are related with translational
modes only. Assuming complete decoupling of the translational and rotational motions,
the presented spectra for the CM motions may be representative for monoatomic guest
molecules of similar size and interaction. The motions of the N atoms contain translational
as well as rotational contributions. The results may be compared with (future) experi-
mental results, since the vibrational density of states can be determined by incoherent
inelastic neutron scattering and spectroscopic methods.

An indication of the vibrational amplitude of the atomic or CM motions can be ob-
tained from the mean squared displacements (MSDs):

m(t) = 〈|r(t′ + t)− r(t′)|2〉, (7.2)

with r the position of the atom or of the CM. The MSDs as a function of time also provide
more insight into the dynamic behaviour itself.

Whether or not the rotations are hindered, and to what extent this is the case for the
different types of filling, may be obtained by a study of the reorientational ACFs. The
reorientational behaviour of the guest molecules is investigated by the calculation of the
single particle ACF

Cl = 〈Pl(cos(θ(t)))〉 = 〈Pl(n(t′) · n(t′ + t))〉, (7.3)

where Pl is the lth order Legendre polynomial and θ(t) is the angle between the N2 bond
axis n at time t′ and time t′ + t. We have calculated C1 and C2. In general, the molecules
rotate freely at short times (Cl = e−l(l+1)(kT/I)t2 , with I the molecular moment of inertia),
while for long times, Debye small step rotational diffusion occurs (Cl = e−l(l+1)Dt, with D
the rotational diffusion constant) [Til83, Boh84]. The shapes of the infrared and Raman
bands and the relaxation times measured by NMR are related with C1 and C2 [Til83,
Boh84]. For nonpolar molecules, C1 has no experimental significance, but in the MD
calculations it provides direct insight into the reorientational behaviour. C2 represents
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Figure 7.1: Calculated power spectra at 80 K, associated with the motion of the water
molecules, for case I (a), II (b) and III (c): O atoms (solid line) and H atoms (dashed
line). Due the truncation of the velocity ACF, its Fourier transform has spurious ripples
of nearly equal energy spacing [Dic69].

the time dependence of the anisotropy of the molecular polarizibility. In experiments,
the depolarized component of the scattered radiation can be written in terms of C2.
This component corresponds to rotational Raman scattering if the vibrational states are
unchanged. Moreover, it corresponds to the anisotropic part of the vibrational band in
the case of the vibrational Raman effect. For example, for liquid N2, the Fourier transform
of C2 is related with the rotational side bands in the Raman scattering spectrum [Bar73,
Chu75, Chu76].

7.3 Results and discussion

7.3.1 Intermolecular vibrational density of states

To investigate unambiguously the influence on the dynamics of the host lattice by the
three different types of filling, we have calculated z(ω) for three hypothetical cases: NL,S =
NL,D = 0, NS,S = 128 (case I), NS,S = NL,D = 0, NL,S = 64 (case II) and NS,S = NL,S = 0,
NL,D = 128 (case III). Figure 7.1 shows the results at 80 K and 1 kbar.
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We first discuss the general features that appear in the three calculated spectra. A
frequency gap between 350 and 525 cm−1 between the phonon modes (O atom motions)
and libron modes (H atom motions) is clearly present. Roughly speaking, the transla-
tional band consists of three branches: a low frequency branch with a maximum at about
75 cm−1, followed by an intensity dip around 120 cm−1 and two less intense branches
around 200 and 300 cm−1, respectively. The region below and above the dip at 120 cm−1

correspond to acoustic and optic vibrations, respectively [Ino96, Tse87]. The libron band
sharply rises at around 525 cm−1, reaching a maximum close to 575 cm−1. A dip at
620 cm−1 and a second peak near 630 cm−1 follow. After the second peak, an almost lin-
ear decrease down to 1100 cm−1 occurs, although in this range roughly three overlapping
branches around 700, 850 and 1000 cm−1 may be discriminated. The results are in corre-
spondence with those obtained earlier for single fillings [Ino96, Tan93b, Tse87, Tse84].

Upon a double filling of the large cages, the optic branch of the phonon band shows a
slight shift to smaller frequencies. As a result, the intensity dip at 235 cm−1 for both case
I and case II, has shifted to 225 cm−1 for case III and it is less deep. For the libron band,
an intensity decrease of the two main peaks (at 575 and 675 cm−1) is accompanied by a
small shift to lower frequencies as compared to case I and II. The shifts of both the optic
phonon branch and the libron band may indicate a weakening of the H-bonds.

A frequency decrease of the acoustic phonon band, as illustrated by the peak at
40 cm−1, is observed for case II only. In fact, the vibrational DOS for an empty host
lattice (not shown) is very similar to that of case II. The frequency lowering of in this
case the acoustic branch suggests a weakening of the host lattice. This correponds with
the intuitive idea that in that case a water molecule can spend a relatively large amount
of time away from its equilibrium position before colliding with a guest molecule. In this
picture, we may assert that filling the small cages substantially increases the rigidity of
the host lattice. These guests provide an excluded volume that damps out those lattice
modes that lead to an instability of the host lattice [Rod90]. Double occupancy of the
large cages also provides some support to the host lattice, albeit smaller than in the case
of a filling of the small cages. Thus, in this reasoning, for a single occupation of the large
cages the host lattice is less stable than for double occupation.

The results for the guest molecules (‘rattling phonons’ [Nol99]) are shown in Fig. 7.2.
We first focus on the single fillings. For the CM motions, one peak is observed in both
the small (near 66 cm−1) and the large (near 20 cm−1) cages. The smaller void space in
the small cages results in an increased hindrance of the guest translational motions as
compared to the large cages, leading to a lower frequency for the latter. Also, the peak
width is smaller in that case. In the spectrum of the N atoms, the rotational modes are
superimposed on the translational modes. The latter dominate the N atom spectrum. For
the small and large cages, an intensity increase on the low and high frequency side of the
CM peaks occur, respectively. As for the host lattice, our results for the guest molecules
are similar to those in other reports [Ino96, Tse87, Tse84].

For the double fillings, the dynamics of the guest molecules are clearly different: a
broad band between 0 and 200 cm−1 occurs, which consists roughly of two branches near
45 and 145 cm−1. Moreover, a peak near 21 cm−1, and a wing near 77 cm−1 can be
discriminated. This spectrum is in contrast with the relatively narrow peaks for single
fillings. The complex spectrum, in particular the peaks at 45 and 145 cm−1, possibly
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Figure 7.2: Calculated power spectra at 80 K for the (N2)CM (solid lines) and N atom
(dashed lines) motions for the three fillings: the small cages (a), large cages (b) and doubly
occupied large cages (c).

results from two different motions in different local environments. The peak at 20 cm−1,
at which the large cages in single occupation reveal the only peak, suggests a similar
translational component for both cases. Frequencies around 145 cm−1 are only present
for double fillings, this branch is possibly related to the enhanced hindrance due to the
smaller void space. For the N atom motions, increased intensities near 24 and 110 cm−1

are observed.
The appearance of a broad frequency range, including a peak at 145 cm−1 are unique

to the molecules in the doubly occupied cages. In principle, if in experiments a sufficient
amount of large cages contain pairs of molecules, a similar spectrum should be obtained.

In addition, we have calculated the vibrational DOS at 273 K (not shown). For the host
lattice, there is a shift of both the phonon and libron band to lower frequencies for all three
cases, obviously related to the thermal expansion. In contrast, a shift to higher frequencies
occurs for the guest molecules, a consequense of the increased thermal velocities of the
weakly bound guests. These temperature dependencies have been observed in previous
reports [Tan93b, Ino96]. For the double fillings, the two peaks found at 80 K (Fig.7.2(c))
broaden to such an extent that one broad, highly asymmetric peak results.

7.3.2 Mean squared displacements

Figure 7.3 shows the MSDs for the various types of atoms as a function of simulation
time at 273 K. For all atoms, the behaviour is typical that of a solid: there is an oscilla-
tory relaxation to a long-time, constant (horizontal) asymptotic value. Due to decreasing
statistics, the fluctuations in the curves increase as a function of time.

The O atoms have an asymptotic value of 0.35 Å2, which is close to the values found in
previous works [Hor97b, Tan93b, Rod90]. The MSD-vs-time behaviour of the H atoms is
practically the same as that of the O atoms, apart from a small upward shift of the curve
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Figure 7.3: The MSDs at 273 K as a function of time for the various atoms in the system.
The water molecules are indicated by the open symbols (on this scale, the MSDs for the O
and H atoms overlap). The guest molecules are denoted by the solid (CMs) and dashed (N
atoms) lines. Indicated are the N2 molecules in the small, singly occupied large and doubly
occupied large cages, respectively, with increasing line thickness (the CM motions of the
guests in the small cages for the greater part overlap with that of the water molecules).
For detailed simulation conditions, see text.

due to the librational motion of the water molecules; the asymptotic value is 0.37 Å2. The
asymptotic behaviour endorses the result that the doubly occupied clathrate is stable.

For the guest molecules, the asymptotic values for the CMs in the small, singly oc-
cupied large and doubly occupied large cages are 0.41, 2.0 and 5.5 Å2. As for the water
molecules, the course of the N atoms is very similar to that of the CMs. In this case, the
upward shift due to the rotations is 0.6 Å2.

Of course, the guest displacements in singly occupied large cages are much larger than
for the (singly occupied) small cages. The result that the MSDs for the doubly occupied
large cages are largest is counter-intuitive since in that case the available void space is
smaller. However, the result indicates that the presence of the N2 neighbour does not
prevent a N2 molecule from displacing through the large cage. The results correspond
with the distances of the guest molecules to the center of the cage (chapter 5): these are
0.22, 0.85 and 1.6 Å for the N2 molecules in the small, singly occupied large and doubly
occupied large cages, respectively. The characteristic equilibration time of the MSD curve
is a measure for the rate with which the molecules move through the cage. This is the
largest for double occupations, as expected from the presence of the neighbouring N2

molecule.
Support of the suggestion that each individual N2 molecule diffuses through the whole

cage is obtained from a plot of the trajectories of the CMs of the guest molecules. Fig 7.4
shows the trajectories for four guest molecules within three selected cages. These three
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cages were selected at random; other cages show similar behaviour. The trajectories are
consistent with the MSD plots (Fig 7.3). For the double fillings, each N2 molecule spends
a relatively large amount of time at each of two locations. These locations correspond
with local energy minima. However, each guest also spends some time inbetween these
energy minima. Both molecules migrate between their energy minima simultaneously.
This picture supports the idea of a rotating pair of N2 molecules. It is consistent with
the relatively long MSD equilibration time that the molecules spend a relatively large
amount of time in the local energy minimum and only occasionally migrate from one
local energy minimum to the other. The two kinds of motions may correspond with the
two components in the vibrational spectrum (Fig 7.2(c)). Although Fig. 7.4 only shows
two energy minima, it is likely that the energy minima are related with the four hexagons
that are present within the wall of the large cage. In an x-ray diffraction study it was
shown that the density distribution of the molecules in the large cages of air hydrates
have four maxima displaced from the center [Hon90].

7.3.3 Reorientational motion

Figure 7.5 shows C1 and C2 at 80 K. The general behaviour is as follows. The gaussian
behaviour indicates that the molecules behave as free rotators at very short times, which
is roughly followed by a (exponential) decay at medium times. An oscillation around a
slowly decaying or constant value follows. The results for the pure nitrogen fluid, shown
for comparison, are in agreement with previous results [Bar73, Chu75, Chu76]

For t > 1 ps, C1 shows a slow decay for the small and double fillings, the correlations
being larger in the latter case at all times. In contrast, correlations are absent for a single
filling of the large cages, as C1 oscillates around zero. For t > 10 ps (not shown), this is
the case for all fillings.

Absence of long time correlations for a single filling of the large cages occurs not
only for C1, but also for C2. For the guests in the small cages, C1 > 0 in the ps range
corresponds with a constant non-zero value of C2; for t > 10 ps it is still constant. Even
though C1 is largest for double fillings, it corresponds with a very slow decay of C2, which
is continued for t > 10 ps (but is non-zero up to 40 ps).

Compared to the fluid, in the ps range, the C1 correlations are smaller in the singly
occupied large cages; its behaviour is comparable with that of the classical free rotator.
This is undoubtedly due to the dimensions of the large cage, as a result of which the
molecular reorientations are less hindered. The collision time of these guest molecules,
as obtained from the peak of the vibrational DOS (Fig. 7.2(b)), is 1.7 ps. This is clearly
larger than the C1 and C2 correlation times as estimated from Fig. 7.5 (0.3 and 0.2 ps,
respectively), consistent with the idea of free rotation for the guests in the singly filled large
cages. This effect is overruled by the high local density for double occupation. Roughly
speaking, the orientational correlations persist longer as the available void space decreases:
it is increasingly difficult for a N2 molecule to lose its orientation due to the collisions
with its surroundings. This is illustrated by the slow decay in C1 and the very slow decay
in C2.

The slow decay in C1 is not unique to double fillings, as it is also observed for the small
cages. However, the very slow decay in C2 observed at longer times is a property of the
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Figure 7.4: The trajectories of molecules in randomly selected cages at 273 K. The open
circles denote the positions of the mass-centers of the N2 molecules with time-intervals of
0.1 ps, the lines connect subsequent positions. Shown are trajectories for molecules in a
small (a), singly occupied large (d) and doubly occupied large (c,d) cage: (c) and (d) are
the trajectories of the corresponding pair of molecules in the same large cage. The closed
dot denotes the center of the cage (obscured by the trajectories in case (a)). For all axes,
the difference between the maximum and minimum value is 4 Å. Note that the distance
between the positions is an estimate for the velocity. For detailed simulation conditions,
see text.

guests in the doubly occupied cages only. This corresponds to an increased intensity of the
low-frequency components. For the small cages, the C2 long-time value is constant. This
indicates that the guest molecules exhibit orientational preferences in the small cages. We
expect this order to be local. An orientational order does not occur for the singly filled
large cages, while the slow decay in C2 suggests the same for the doubly occupied large
cages. The behaviour at 273 K (not shown) is similar, obviously with correlation times
much shorter than at 80 K. Also, the decreased long-time value of C2 in the small cages
indicates that the orientational preference decreases with temperature.



100 7. The dynamics of doubly occupied N2 clathrate hydrates

1 2 3 4

0.0

0.2

0.4

0.6

0.8

1.0

 time / ps

 

C
2

0.0

0.2

0.4

0.6

0.8

1.0

(b)

(a)

C
1

Figure 7.5: The orientational correlation functions Cl with l = 1 (a) and 2 (b) at 80 K
for the N2 molecules in the small (solid line) and large cages in single (dashed line) and
double occupation (dotted line). The open squares denote the results obtained for the N2

fluid. The scatter increases with time.

In chapter 5, we have determined the orientational correlations of the two molecules in
the doubly occupied cages by a calculation of the (pair) distribution p(|cos(θij)|), where θij
is the relative angle between molecules i and j. The molecules turn out to have a preference
to be aligned, this alignment being caused by the N2–H2O van der Waals interaction.
Considering the tetrahedral symmetry of the large cage, this was an unexpected result.
Therefore, it seems worthwhile to investigate this further by calculating the ACF

C ′l(t) = 〈Pl(cos(θij(t′)))Pl(cos(θij(t′ + t)))〉. (7.4)

These functions provide information on the persistence of the alignment; again we have
calculated the functions for l = 1 and l = 2. The results are shown in Fig. 7.6. These cor-
relation functions behave in a very similar manner as C1 and C2, with similar timescales.
C ′1 shows a slow decay. In contrast, there is still a long-time correlation for C2, even for
t > 10 ps (not shown): the (‘quadrupolar’) alignment of the two molecules is long-lasting,
although the (‘dipolar’) relative orientations change from parallel to antiparallel.
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Figure 7.6: The autocorrelation functions C ′l (see text), for l = 1 (a) and 2 (b), at 80 K.
Shown are the results for double occupancy (the pairs of molecules in the large cages,
line) and for arbitrary pairs in the fluid (open squares). The scatter increases with time.

The figure also shows the results for the N2 fluid. In that case, the N2 molecules are
distributed homogeneously, and the assignment of pairs of molecules is arbitrary; the
orientations of such pairs of molecules are uncorrelated. The short-time behaviour of C ′2
is the same as in the clathrate. In contrast, there are no long time correlations in the fluid,
while such correlations are present in the doubly occupied clathrate, in particular for C ′2.
Hardly any decay in its long-time behaviour can be observed (up to 40 ps).

We conclude that the alignment of the two molecules is a long-lasting phenomenon.
The change from ‘parallel’ to ‘antiparallel’ is obviously a result of the reorientations of
the molecules, which explains the similar behaviour of C ′1 and C1 for the double fillings.
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7.4 Conclusions

When going from single to double occupancies, the vibrational DOS of the guest molecules
show the most distinct changes. We obtain narrow, symmetric peaks at 20 and 66 cm−1 for
the singly filled large and small cages, respectively. In contrast, for double fillings a broad
range of frequencies occurs, consisting roughly of two peaks at 45 and 145 cm−1. These
differences are expected to represent the most unique characteristic spectral feature of
double occupancy. However, experimentally it may not be trivial to discriminate between
the response from the guest and the host molecules. This is in particular the case for
incoherent neutron scattering as the cross section of the N atoms is much smaller than
for the H (or, alternatively, D) atoms. Therefore, the changes found for the host lattice,
although more subtle than for the guest molecules, are important from an experimental
point of view. For double occupancy, the libron band and the optic phonon branch shift
to smaller frequencies, as compared to single fillings. On the other hand, for the acoustic
phonon branch, there is no difference with a filling of the small cages; instead this branch
shift to smaller frequencies upon a single filling of the large cages.

There is a significant translational diffusion of the N2 molecules in the cages. Despite
the high local density, the thermal motions are in particular large for the doubly occupied
cages. Although the two N2 molecules spend a relatively large amount of time at local
energy minima separated by a distance of 3.2 Å, they migrate simultaneously to other
local energy minima. The two motions possibly correspond with the two peaks found in
the vibrational DOS for double fillings.

The N2 molecules in the small cages are, at least locally, orientationally ordered. For
single fillings, the molecules in the large cages behave similar to a free rotator. For double
fillings, the orientational correlations show a very slow decay at long times. The alignment
of the two molecules in the large cages is a long lasting phenomenon, although the relative
orientations change on the ps time scale.



Part III. N2 in Cylindrical Nanopores



The previous page schematically shows a snapshot of the contact layer in the 17 Å pore
at a density of 65 kmol/m3.



8

Confinement of N2 in cylindrical
nanopores at high densities

8.1 Introduction

Porous materials are substances that contain small interconnected voids. There is an
increasing interest in the behavior of (molecular) materials confined within narrow pores,
in particular freezing and melting behavior in nanoporous materials (see, e.g., Refs. [Gel99]
and [Chr01] and references therein). Simple liquids and solids can be stable in the pore
condensate state. The geometrical confinement as well as the interaction with the walls
leads to differences in phase behavior as compared to the bulk. In addition, differences in
microscopic details occur [Gel99].

One of the influences of confinement on the fluid–solid transition is a shift in the
melting and solidification temperatures, which in most cases has been found to be neg-
ative. Such a reduction in temperature is found to be inversely proportional to the pore
radius [War86]. In the pores, the transition shows a larger hysteresis than in the bulk; the
fluid and the solid phase coexist in a considerable temperature range. Usually, a distinc-
tion is made between the layers near the walls of the pore (the adsorbate state, consisting
of a number of adsorbed monolayers) and the substance in the middle of the pore (the
condensate state, which is a complete pore-filled state). In recent experiments on the phase
behavior of nitrogen at very high pressures (up to 5 GPa) [Lot01], both the fluid–solid
and the solid–solid transitions have been studied. Interestingly, a phase transition in the
adsorbed layers occurs, in particular within pores with a radius of 17 Å.

Nanoscale confinement (i.e. confinement at scales of the intermolecular interaction)
affects the phase behavior in the following ways. First, the sheer confinement involves the
absence of nearest neighbor molecules of the same type near the wall of the pore. Second,
the nature and shape of the interaction with the wall plays a role. This influence may be
analyzed by considering different materials with pores of the same geometry while using
the same condensate and vice versa. In addition, the structure of the porous material (e.g.
whether it is crystalline or amorphous) plays a role, as does the distribution of pore sizes
and shapes, the interconnectivity of the pores and the irregularities in the pore walls.

The most elaborate low-pressure study of N2 confined in nanoporous glasses has been
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performed recently by Huber et al. [Hub98, Hub99b]. The structural study showed that
the adsorbate state consists of at most four monolayers. The two-dimensional structure
of the adsorbed layers is fluid or amorphous, and it is temperature independent. The
observed pattern is consistent with a two-dimensional, triangular pattern with a small
coherence length (20 Å). The nearest neighbor distance is close to that in the β phase,
suggesting orientational disorder.

At higher vapor pressures and below the freezing point, the diffraction pattern can be
decomposed into contributions from the amorphous adsorbate state at the walls and the
quasi-bulk hcp solid capillary condensate state in the center of the pore. An exception
is the case of the smallest pore radius (12.5 Å), where the pore-filled state is similar to
the amorphous adsorbate state. It was found that the crystalline coherence is maximal
when the hcp c axis is parallel to the pore axis. The obtained results have been confirmed
in other studies of N2 in nanoscale pores [Mor00]. Moreover, for other small, weakly
interacting molecules, the behavior of the confined substance shows similarities with the
nitrogen results [Mor00, Chr01]

A large number of computer simulations have been carried out for both strong and
weak molecule–wall attractions in slit pores. Gubbins et al. [Rad00, Miy97] showed that
the (sign of the) shift in freezing and melting temperature depends on the strength of the
molecule–wall interaction. If the walls are made of the same material as the condensed
material, all layers freeze in unison at the bulk freezing temperature. For a stronger
or weaker molecule–wall attraction, the freezing temperature is elevated or depressed,
respectively. For strongly attractive walls, the contact layer freezes at a higher temperature
than the inner region. In contrast, for weakly attractive pores the solid nucleates in the
center of the pore, which leads to a depression of the freezing temperature. More tightly
packed layers lead to larger energy barriers between the free energy minima of the solid and
fluid phases; a smaller interlayer spacing increases the extent of hysteresis. Recently, these
authors have found experimental evidence [Wat99, SB01] for their simulation predictions.

In cylindrical pores, similar results have been obtained [Mad97], although the cylin-
drical geometry causes additional effects. For strongly attractive walls such layers are
arranged in a concentric manner around the cylinder axis as a consequence of the layer-
by-layer growth. Even though the contact layer has an elevated freezing temperature, the
inner region has a depressed freezing temperature compared to the bulk, as the hexagonal
packing becomes less perfect. In the weakly attracting cylindrical pores, the bulk-like solid
is formed such that there is a stacking of two-dimensional triangularly structured layers
normal to the cylinder axis.

Although a large number of computer simulations have been performed, including some
investigating vapor pressure effects [Miy00], to the best of our knowledge, no simulation
has been performed in which the effect of confinement at high pressures was investigated.
Since the information obtained by Raman spectroscopy [Lot01] is limited, such simu-
lations may be very useful to interpret the aforementioned experimental high-pressure
results, in particular the phase transition in the adsorbed layers [Lot01]. Therefore, we
have performed a series of molecular dynamics simulations of confined nitrogen in cylin-
drical nanoscale channels at high density.
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8.2 Simulation methods

8.2.1 Methods and potential models

In principle, grand canonical Monte Carlo calculations are the preferred method for simu-
lations of fluids in porous materials [All86]. However, we are interested in extremely high
densities, for which the insertion or deletion of particles will be unsuccessful. Therefore,
molecular dynamics (MD) simulations were performed, which brings the additional ad-
vantage of obtaining insight into the dynamics of the system. We adapted the DL POLY
[DLP98] code to obtain a version suitable for our purposes, i.e. simulations of molecules
confined in cylindrical geometries. In addition, a number of analysis programs were writ-
ten.

Here we mention only the MD techniques that have been used, details of the methods
employed can be found in Refs. [All86, Fre96, DLP98] and references therein. We have
performed micro-canonical (N, V, E) and canonical (N, V, T ) simulations, the latter with a
single Nosé–Hoover thermostat. No differences between the results were observed. The N2

molecules were modeled with rigid bonds using Fincham’s implicit quaternion algorithm.
The equations of motion were integrated using the Verlet leapfrog integration scheme.
The simulation time step was 2 fs.

For the N2–N2 interaction we have used the van der Waals part of the Etters site–
site potential [Ett86]. This potential leads to a very good agreement with experimental
results for the dense bulk fluid and the bulk solid high-pressure phases [vK00, Mul98,
Mic98, Bel90, Bel88]. Electrostatic interactions were ignored. To save time, we have used
a cutoff at 8.5 Å. A long range correction was not applied.

For the N2–wall interaction, we have employed the frequently used 10-4-3 Steele poten-
tial [Ste73a, Ste73b]. In this model, the wall of the porous material consists of a continuum
of graphite atoms. To indicate the physical parameters, we summarize how the model is
obtained. The graphite wall has a number density of ρw (0.114 Å−3) and consists of layers
that correspond with an infinitely large graphite basal plane (a hexagonal array), made of
Lennard-Jones (LJ) atoms with size σww (3.4 Å) and well-depth εww (28 kBK). By inte-
gration over the lateral solid structure, and summation over the stacked layers separated
by a distance ∆ (3.35 Å), Steele obtained an analytical expression for the interaction
between a LJ atom and the wall. This is a one-dimensional function of the perpendicular
distance r′ between the fluid atom and centers of the LJ atoms forming the surface of the
wall:

φSteele(r
′) = 2πρwεmwσ

2
mw∆

[
2
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(
σmw

r′
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−
(
σmw

r′
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− σ4
mw

3∆(r′ + 0.61∆)3

]
. (8.1)

In this model, the dynamics and the internal structure of the porous material are fully
neglected. In previous simulations, different models for a graphite wall have been com-
pared. No significant differences in the results were found for a smooth wall, a corrugated
surface [Miy97], or an atomistic model [She99]. We have applied the 10-4-3 potential for
each atom of the diatomic N2. The LJ parameters for the molecule–wall (mw) interac-
tion are obtained with the Lorentz–Berthelot mixing rules from the N–N interactions
(σNN = 3.31 Å and εNN = kBK).
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The 10-4-3 potential has been derived for flat surfaces. Intuitively, one expects a deeper
potential well for smaller cylinder radii. Indeed, an analytical expression for the molecule–
wall potential in which the interaction depends on the radius of the pore has been ob-
tained [Pet86]. The potential energy has also been calculated numerically for graphite
pores with a number of radii [Mad95, Mad97]. For methane–graphite interactions and
pore dimensions of 38, 29, and 19 Å, the well-depths are −13, −13.5 and −15.5 kJ/mol,
respectively [Mad97]. In the current study, the N2–graphite wall interactions and pore
sizes are of the same order of magnitude. Therefore, we may assume that the dependence
of the interaction on the pore radius may be neglected in first approximation, and we
employ the simplest model that at the same time contains the essential physics. The use
of the same potential while using different cylinder radii brings the advantage that the
influence of an increased degree of confinement only can be investigated more system-
atically. In the cylindrical case, r′ is the shortest molecule–wall distance. Applying the
10-4-3 molecule–wall potential for cylindrical pores leads to a discontinuity in the forces
at r = Rcyl − r′ = 0, with r the distance from the pore axis and Rcyl the cylinder ra-
dius. Although this discontinuity is relatively small, it can be removed in a similar way to
what is generally done for slit pores: instead of taking φSteele(Rcyl − r), one uses the sum
φmw(r) = φSteele(Rcyl − r) + φSteele(Rcyl + r).

In principle, other N2–wall interactions may result in different behavior of the con-
densed material [Rad00, Miy97]. However, despite the large differences for the molecule–
wall interaction, an elevation of the freezing point was predicted for nitrogen in both silica
and graphite pores [Rad00]. On the other hand, a depression of the freezing point of N2

in glass pores has been found experimentally [Hub99b]. In general, at high pressures, the
repulsive part of the potentials play the dominant role. Therefore, it is expected that
not the molecule–wall attraction but rather the sole geometrical confinement plays an
increasingly important role at higher pressures. Still, we have obtained an indication of
the influence of the molecule–wall potential model by occasionally performing additional
simulations in which we included the repulsive part of the Steele 10-4-3 potential only.
Only small differences are observed.

We are interested in the pressure region where the bulk β solid is the stable phase at
room temperature (2 to 5 GPa). This phase is an orientationally disordered hcp structure
with an almost ideal c/a ratio. The centers of mass are located on triangularly structured
layers, stacked in an ABA sequence. Experimental results at low temperatures and am-
bient pressures showed that the capillary condensed β phase is stable and that there is
a preference for the hcp c-axis to be along the pore axis [Hub99b], i.e. the ABA layers
are normal to the pore axis. Moreover, simulation studies of methane in cylindrical pores
with weakly attractive walls showed the appearance of an fcc solid with the triangular
ABC layers also normal to the pore axis [Mad97]. These observations are the motivation
for the choice of the β phase as the initial configuration in all our calculations, and for
taking its c axis along the cylinder axis.

In the simulations, the unit cell of the β phase is taken rectangular and contains four
molecules. To reflect the orientational disorder, the molecular orientations are chosen at
random. For the bulk simulations, we have taken 6, 4, and 4 unit cells in the a, b, and
c directions (384 molecules), respectively. Occasionally larger unit cells were used (32,
16 and 4 unit cells in the a, b, and c directions; 8192 molecules). For the calculations in
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cylindrical geometries, a cylinder corresponding to the appropriate radius is cut out of
this bulk configuration, with the c-axis parallel to the cylinder axis (along the z axis).
Thus, in the bulk as well as in the confined β phase, there are 8 layers in the c direction,
4 of each type A and B.

Starting with the β phase, the most likely candidates for the structures that may
occur within the pore are the following. First, the β phase may remain stable. The trans-
formation to a different stacking sequence (e.g. ABCA stacking, fcc phase) is considered
extremely unlikely. Therefore, the presence of layers normal to the cylinder axis is an
indication of the β phase. Such layers are referred to as axial layers. Second, a different
layering may occur with concentric layers parallel to the cylinder wall. Being normal to
the radial direction, we refer to these layers as radial layers. The radial layers may exhibit
a two-dimensional liquid or solid structure. Finally, a homogeneous fluid may appear.

Rcyl is the distance between the cylinder axis and the cylinder wall; it is the distance
at which the nuclei of the surface atoms in the pore wall are located in terms of the Steele
model. Because of the molecule–wall interaction, the wall is associated with an excluded
volume. For soft molecule–wall potentials, it is not trivial to obtain an estimate for the
volume accessible to the condensed material, as has been remarked in many previous stud-
ies. Usually one corrects for this by subtracting one molecular diameter in all dimensions
of confinement. Then, for the accessible volume, the cylinder radius would decrease with
∆R, being the molecular radius. Since the molecule–wall interaction is different from the
molecule–molecule interaction, we determined ∆R from the radial density profiles (to be
discussed later), which show the positions of the molecules near the wall. From a number
of simulations (∆R depends on the density, temperature, and Rcyl), ∆R = 1.5 Å has
been chosen. Thus, depending on the simulation conditions, we slightly overestimate or
underestimate ∆R. The starting conditions for the simulations are obtained as follows.
A volume of cylindrical shape with radius Rcut = Rcyl − ∆R is cut out of the a bulk β
structure at nearly the desired density, and ‘put into’ the pore. A reasonable choice of
∆R is important for the stability of the structure. If ∆R is too large, it would lead to
destabilization of the solid at the wall (surface melting). The sensitivity to ∆R has been
checked by taking slightly smaller and larger values than ∆R = 1.5 Å. We find similar
results.

In summary, we cut a cylindrical volume with radius Rcut out of the solid β phase
such that the c axis is parallel to the pore axis. Then we perform a simulation with a
molecule–wall interaction in a pore of radius Rcyl = Rcut +∆R. The length of the cylinder
depends on the density. Periodic boundary conditions were preserved in the z direction
only. Since the above mentioned experimentally detected high-pressure phase transition
was most evident for a pore size of 17 Å [Lot01], this is the pore size that we have applied
in the simulations.

8.2.2 Analysis tools

Axial density profiles [ρ(z) = N(z)/(Ndz/L), with N(z) the number of molecules in a
cylinder slice of thickness dz at z and N the total amount of molecules] and radial density
profiles [ρ(r) = N(r)/(N2rdr/R2

cut), with N(r) number of molecules in a cylindrical shell
of thickness dr at r] provide information about the (inhomogeneous) structure of the



110 8. Confinement of high-density N2 in cylindrical nanopores

capillary condensed solid. With ρ(z) and ρ(r), the presence of respectively the axial and
radial layers can be detected; both profiles are flat and equal to 1 for a homogeneous fluid.

More detailed insight into the structure of the confined material is obtained by calculat-
ing two-dimensional radial distribution functions (RDFs). Such RDFs may be calculated
both for the axial layers and the radial layers. The presence of such layers, and their
boundaries are inferred from the density profiles. If present, axial layers correspond with
the AB layers of the hcp β phase. For these layers, the 2D non-periodicity results in a
bias of the 2D RDFs. As long as only 2D RDFs for the same pore radius are compared,
this is not problematic. The 2D RDF for the radial layers is obtained by unwrapping
them (the 2D coordinates are x′ = rlayerφ and y′ = z, with rlayer, φ and z the cylindrical
coordinates of the molecule; rlayer is the average radius of the layer). In that case, 2D
periodic boundaries are applicable.

We also have calculated the angular distributions of the N2 molecules by the deter-
mination of the (single particle) distributions of |cos(θi)|, θi being the angle between
molecule i’s bond axis and the cylinder axis. Apart from an overall distribution, distri-
butions for axial and radial layers can be obtained. In addition, we have determined the
layer-averaged values of P2(cos(θi)), P2 being the second order Legendre polynomial.

It is also of interest to investigate the triangular structure within the layers. For exam-
ple, the AB layers of the hcp β phase all have triangular order within each (axial) layer.
On the other hand, previous experimental and simulation results for similar molecules
showed [Rad99, Hub99b] that the layers close to the pore wall have a triangular struc-
ture. Also, for monolayers of N2 adsorbed on flat substrates, triangular structures have
been found [Roo90, Mar94]. Thus, if the β phase transforms to a phase that exhibits
concentric layering, we expect that the triangular order within the axial layers decreases,
while that within the radial layers increases. Alternatively, if the β structure transforms
to a homogeneous liquid phase, there only is a decrease in the triangular order within
the axial layers. The triangular order within a layer is equivalent to the extent of which
a molecule’s nearest neighbors are arranged in a hexagonal fashion. Thus, the triangu-
lar order within a layer is quantified with an order parameter that probes the degree of
hexagonal nearest neighbor order [SB01, Rad99, Vee91, Vee89, Mer68]
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The inner summation is taken over the nearest neighbors Mi = 6 of molecule i within
the layer containing Nl molecules. θj is the angle between the vectorial i–j distance and a
fixed axis in that plane. For the axial layers, the outer ring of molecules is not included in
the summation over i (their inclusion would artificially lower (Φ2

6)l, as these molecules are
not completely surrounded by neighboring molecules due to the presence of the wall). For
the radial layers, 2D periodic boundary conditions can be applied. Again, distributions
and averages for the axial layers, the radial layers, and for the complete system can be
obtained.

The molecules within a layer may be attributed a 2D orientation, as determined by the
projection of the N2 bond axis on the plane of the layer. Then, the relative orientations
φij of the projected bond axes of molecules i and molecules j can be determined. We have
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calculated φij for the Mi = 6 nearest neighbors j of all molecules i within a layer. Again,
distributions and layer-averaged values of φij have been obtained.

To obtain an indication of the fluidity and therefore the diffusion, we have determined
the mean square displacements (MSDs) of the molecules in the complete system and
the layers. The latter is done by calculating the three dimensional displacements of the
molecules that constitute a selected layer at a certain timestep in the simulation. Of course,
it can not be excluded that during the calculation of the MSD, a particular molecule
migrates to another layer. From the slopes of the linear time dependence of the MSDs,
the diffusion constants have been estimated. In conjunction with the density profiles, we
can identify for instance the existence of a quasi 2D liquid [Rad99].

The method for calculating the intramolecular vibrational Raman frequencies of the N2

molecules in the solid is similar to that used previously [Mul98, Ett83]. A perturbation
calculation of a Hamiltonian that describes an an-harmonic vibrating molecule which
interacts with the surrounding molecules has been performed in 1958 [Buc58], with the
following result. In first order the shift with respect to the frequency of the isolated
molecule (2329.91 cm−1) is proportional to the axial forces acting on the molecule: ∆ω =
3.807 · 1010Fax. The frequencies are in units of cm−1 and the forces in Newton. Neither
the higher order terms, nor the correction for the vibration–rotation coupling, nor the
dispersion correction [Mic95] are taken into account in first approximation.

Occasionally, we gain an indication of the state of the system by taking snapshots of
the configuration.

8.3 Results

The calculations are performed at a temperature of 300 K. At this temperature, the bulk
β phase occurs for pressures between 2.4 and 4.7 GPa. In simulations, this corresponds
with densities between 48 and 54 kmol/m3. We have performed calculations near this
density range; thus for infinitely large pore radii, the β phase will remain stable. Details
of the simulation conditions and the results for the calculated configurational energy are
given in Table 8.1. It turns out that long equilibration times are needed for the system
to adapt to the geometrical confinement: the lengths of the calculations are at least two
nanoseconds.

Figure 8.1 shows the density profiles. For ρ(z), the distribution is flat for all of the
densities investigated: the eight axial layers that correspond with the β phase have van-
ished, which indicates that this structure is unstable. Even at the highest densities, not
even a hint of these layers is reflected in the profiles. Instead, ρ(r) shows that even at
34 kmol/m3, which is well into the liquid region of the bulk, a well distinguished layering
appears in the radial direction. For low densities, the peaks are decreasingly sharp going
towards the center (r = 0). Upon increasing the density, the peaks sharpen and shift to
larger radial distances, while the distances between the peaks (typically lying between 2.5
and 3 Å) decrease. These effects are increasingly important near the center of the pore. A
rather drastic shift occurs upon the appearance of a new peak at the center of the pore,
at 56 kmol/m3. A similar shift occurs as the central peak shifts off-center at 64 kmol/m3.
The snapshots in Fig. 8.2(a) show that these peaks correspond with a line of molecules
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N ρbulk L ρ E
416 35 26.55 34.49 −661
440 37.5 25.94 37.33 −572
472 40 25.39 40.90 −415
488 42.5 24.88 43.15 −282
504 45 24.41 45.42 −145
512 47.5 23.98 46.98 −21
520 48.75 23.77 48.14 73
544 50 23.57 50.78 384
552 52.5 23.19 52.37 598
560 53.75 23.01 53.56 771
584 55 22.83 56.27 1226
592 57.5 22.50 57.89 1524
600 60 22.18 59.51 1876
616 62.5 21.88 61.94 2411
632 65 21.60 64.38 3019

Table 8.1: The number of molecules N , the bulk-corresponding density ρbulk (in kmol/m3),
the length of the cylinder L (in Å) and the estimated density ρ (in kmol/m3) for the
simulations performed. Included are the results for the specific configurational energy (in
kBK).

along the cylinder axis, and a subsequent splitting into two off-central lines. The splitting
causes the wing in the peak at 4 Å of the radial density profile at 65 kmol/m3. In sum-
mary, the plots show that the β structure is unstable at all of the densities investigated. A
transformation to a structure with, in principle, a concentric layering of cylindrical shells
appears instead.

Figure 8.3 shows the 2D RDFs at various densities for the first (contact) and the fourth
layer; the latter is considered to be representative for the inner region. The appearance of
distances smaller than the molecular dimensions, observed for low densities in the inner
region of the pore, are unphysical as they are related with the procedure with which the
2D RDFs are obtained (see section 8.2.2).

For the contact layer, two density ranges may be discriminated. An increase in the peak
height and a narrowing of the peaks appear up to about 51 kmol/m3. This is accompanied
by a shift to smaller distances. From 50 to 56 kmol/m3, the first and second peak (in
particular the onsets of the peaks) show a small jump to smaller distances. For higher
densities, the changes in the shapes of the peaks are much smaller, mainly a slight shift to
smaller distances occurs. Apart from the above mentioned jump, the behavior is roughly
the same for the fourth layer. A gradual narrowing of the peaks occur up to 51 kmol/m3.
For higher densities, the shapes of the peaks remain more or less intact and mainly
a shift to smaller distances is observed. This shift appears as a jump between 60 and
64 kmol/m3, which is possibly related to the splitting of the central line of molecules into
two off-central lines (Fig. 8.1(b)). Comparing the results for the two layers (Fig. 8.3(a)
and (b)) we observe that, going towards the center of the pore, the peak height is reduced



Results 113

0 2 4 6 8 10 12 14

1

(b)

 

ρ(
r)

r / Å

-10 -5 0 5 10

1

(a)

ρ(
z)

z / Å

Figure 8.1: Axial (a) and radial (b) density profiles for the densities 64, 60, 54, 51, 45,
41, and 34 kmol/m3 (from top to bottom) for the 17 Å pore. The curves are shifted
downwards with 0.5 (a) and 2 (b) for clarity. The divergence at r = 0 observed for 54 and
60 kmol/m3 are a result of the definition of ρ(r).

(corresponding with an increased peak width). This is in particular the case for densities
below 51 kmol/m3. Otherwise, the results are very similar.

The A or B layers in the bulk β phase have a triangular 2D structure. The structure
of these layers can be compared with those of the radial layers in the pore (the inset
in Figure 8.3(a)). The overall agreement between the two distributions suggests that
a triangular arrangement also appears in the radial layers, as expected from the mere
existence of the 2D layers and the high densities. However, the peaks for the contact layer
in the pore are broader than in the bulk over the complete density range. For instance,
the peak near 6.3 Å clearly consists of two separate peaks in the bulk, whereas in the pore
it does not. For the contact layer, the asymmetry in the second peak at high densities
merely suggests the presence of two peaks. From these observations we conclude that,
even at high densities, all radial layers exhibit a smaller degree of structural order than
the AB layers of the β structure. Therefore, although the peaks in the 2D RDFs roughly
correspond with that of a triangular arrangement, the structural disorder within the layers
is relatively large, as it bears resemblance with that of a liquid.
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Figure 8.2: Snapshots of the N2 molecules in the pore. (a) shows the projections of the
positions of all molecules on the basal plane of the cylinder. (b) shows the configurations
of the ‘unrolled’ contact layers. The densities are as indicated, in kmol/m3. The length
of the cylinder as well as the average layer-radius change with density, as reflected in the
snapshots. The molecules are denoted by circles; the orientations are neglected.

The presence of the above hinted 2D triangular arrangement within the layers is in-
vestigated further with the hexagonal order parameter (Φ2

6)l. For comparison, we briefly
address the distributions of (Φ2

6)l for the AB layers in the bulk β phase, and in the fluid
(where layers have no physical meaning, Fig. 8.4(a)). As there is no structure in the fluid,
the most probable value is 0, larger values are decreasingly probable. Although in the β
phase the most probable value is close to 1, it does not equal 1 due to the thermal vibra-
tions in the solid. Both distributions correspond to what one expects from the presence
and absence of triangular order in the β and fluid phase, respectively.

For the contact layer in the pore, the shape of the (Φ2
6)l distribution for a density

of 34 kmol/m3 is comparable to that in the fluid (Fig. 8.4(a)). However, a quantitative
comparison shows that, even at the lowest densities, the triangular order in this layer is
significantly larger than in the bulk fluid. The broad distribution at 41 kmol/m3 indicates
an increased triangular order. For larger densities the distribution is qualitatively similar
to that in the β phase. The triangular order increases up to 51 kmol/m3, above which
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Figure 8.3: The 2D RDFs for various densities in the contact layer (a) and the fourth
layer (b). The densities indicated in the legend are in kmol/m3. The inset in (a) shows
the result for the AB (axial) layers in the bulk β phase at 60 kmol/m3.

there are only small changes with density. Comparing the distribution with that in the
bulk β phase, we observe that for all densities, the degree of triangular order in the contact
layer is smaller.

Figure 8.4(b), shows the layer-averaged values of (Φ2
6)l as a function of density for the

four outermost layers. After a slow increase up to 43 kmol/m3, the two outermost layers
exhibit a relatively large increase of about 0.25 between 43 and 45 kmol/m3. Subsequently,
they increase gradually to 0.7. For the third and fourth layer, a similar increase occurs
between 45 and 51 kmol/m3. Thus, for these layers, the triangular order appears at a
smaller rate and it occurs at a higher density. The degree of the triangular order increases
for layers closer to the wall, except at the highest densities, where the structures of the
layers are the same within statistical uncertainty.

We conclude that at low densities, the triangular arrangement within the radial layers
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Figure 8.4: (a) The distribution of (Φ2
6)l for the contact layer at the indicated densities

(in kmol/m3). The results for the bulk fluid (at 40 kmol/m3, squares) and the bulk β
phase (at 60 kmol/m3, circles) are shown for comparison. (b) The layer-averaged order
parameter for the four layers closest to the wall as a function of density. The numbers
indicate the layer index, the contact layer corresponding with 1. The smaller number of
molecules per layer in the inner region of the pore leads to a larger scatter.

is small, but it is larger than in the bulk fluid. The triangular order rapidly increases
between 43 and 51 kmol/m3. However, even at the highest densities such a hexagonal
nearest neighbor order is smaller than that in the AB layers of the β phase. The results
agree with those found for the 2D RDFs. The overall increase in triangular order as the
density increases is also observed in the snapshots of the contact layer, Fig. 8.2(b).

Since the N2 molecules are anisotropic, it is interesting to study not only the center-of-
mass structures, but also the orientational behavior. In many high pressure studies of pure
N2 as well as N2 mixtures, it has been found that the orientations of the N2 molecules are
closely related with the measured and calculated Raman spectra [Sch93, Mul98, Koo98,
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Figure 8.5: (a) The orientational distribution of the N2 molecules at 64 kmol/m3, θ being
the angle between the molecular bond axis and the z axis. Shown are the results for the
four layers closest to the wall (label 1 corresponding with the contact layer). The curves
are shifted upwards with 0.5. (b) The layer-averaged values of P2(cos(θi)) as a function
of density for the four indicated layers. (c) The distribution of orientational correlations
φij of a molecules with its six nearest neighbors, labels as in (a). The curves are shifted
upwards with 0.25. (c) The layer-averaged values of φij as a function of density for the
two layers closest to the wall (the scatter in the other layers is very large).

vK99a]. In particular for the small pores, the orientational behavior may be important
in the interpretation of the experimental results. Figure 8.5(a) shows the orientational
distribution of the molecules with respect to the cylinder axis at 64 kmol/m3 for the four
layers closest to the wall. The molecules exhibit a preference to be aligned along the pore
axis, which is obviously due to the curvature of the wall. The alignment decreases for the
second layer and subsequent layers.

The behavior of P2(cos(θi)) versus the density (Fig. 8.5(b)) shows that below 52
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kmol/m3, almost all the layers lack such an orientational preference. Again, the exception
is the contact layer, which exhibits a small preference even in this density range. For that
layer, the alignment gradually increase with increasing density. For all the layers, a rela-
tively large increase occurs at 52 kmol/m3, above which the molecules continue to exhibit
orientational alignment. The increase in orientational order is most pronounced for the
contact layer, as P2(cos(θi)) increases from 0.11 to 0.33. There is again a small increase
with density above 52 kmol/m3.

A number of orientational ordering patterns may be consistent with the observed
alignment along the pore. Moreover, it is interesting to find out which interaction causes
this alignment. Therefore, the relative orientational correlations of a molecule with its
six nearest neighbors are investigated in addition. The distributions of φij for the four
layers closest to the wall at a density of 64 kmol/m3 are presented in Fig. 8.5(c). The
inner region shows absence of such correlations, while the molecules in the two outer
layers have a preference for smaller angles, indicating a small preference for alignment of
nearest neighboring molecules. The average values of the angles between the neighboring
molecules for the two outer layers as a function of density are depicted in Fig. 8.5(d).
Above 51 kmol/m3, the molecules exhibit a small preference to be aligned with their
nearest neighbors. The flat distributions observed for densities below 51 kmol/m3 (not
shown) result in an average value of 45◦ for all the layers, indicating absence of relative
orientational correlations. We conclude that for high densities the molecules prefer to
be aligned along the pore axis. The alignment is larger for layers closer to the wall. In
addition, at high densities, the bond axes of nearest neighbor molecules also exhibit a
small preference to be aligned.

The MSDs of the molecules in the contact layer for various densities are shown as a
function of time in Fig. 8.6(a) (recall that molecules that are in the contact layer at a
certain moment may diffuse to other layers in the course of time). The results for the
bulk fluid and solid are shown for comparison. As usual, in the fluid, there is a linear time
dependence with a large slope, corresponding to a large diffusion coefficient. For solids,
there is a relaxation to a long-time, asymptotic value that is time independent (horizontal)
as shown for the bulk β phase. In that case, the equilibrated value of the MSD curve is
an indication of the thermal vibrations around the lattice sites.

For the contact layer in the pore, two density ranges may be discriminated. Up to
45 kmol/m3, the linear slopes of the MSD curves demonstrate liquid-like behavior, as
do the corresponding diffusion constants (Fig. 8.6(b)). For larger densities, the curves
increasingly resemble solid like behavior. However, the results are not the same as that of
a solid: the long-time behavior of the curves show a small increase with time. Although
this corresponds with much smaller diffusion constants than those at smaller densities
(Fig. 8.6(b)), there is still a long-time drift of the molecules, while simulations of the bulk
β phase show absence of such a drift.

Figure 8.6(b) shows that in the region below 51 kmol/m3, the molecular displacements
are larger when going to the center of the pore. The diffusion constants decrease linearly
with density for all the layers. At about 51 kmol/m3, there is an abrupt change in the
curve. This occurs at somewhat lower densities for the two layers closest to the wall. For
higher densities, the diffusion constants are on the order of 10−11 to 10−10 m2/s. This is
at least an order of magnitude smaller than those for a liquid but also at least an order
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Figure 8.6: (a) The MSDs of the molecules in the contact layer as a function of time, for
densities 34, 41, 45, 51, 56, 60, and 64 kmol/m3 (from top to bottom). The results for
the bulk liquid (at 40 kmol/m3, squares) and bulk solid β (at 60 kmol/m3, circles) are
included for comparison. (b) The diffusion coefficients for the complete system (circles),
and for the four layers closest to the wall, as a function of density (label 1 corresponding
with the contact layer).

of magnitude larger than for a plastic crystal near the melting temperature.
The intramolecular vibrational Raman frequencies are depicted as a function of density

in Fig 8.7. For all the layers, there is a monotonic increase of the frequency over the
complete density range. The density dependence is similar to that in the bulk [Mic95].
The average frequency in the contact layer is larger than that of the inner region. Since
the shapes of the frequency distributions are very similar for all the layers, the increase
in frequency for layers closer to the wall is simply a result of a shift of the distribution.
On average, also the second layer has a somewhat higher frequency than the other layers.
In summary, we find that the frequencies increase with density without the presence of
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Figure 8.7: The shift in the intramolecular vibrational Raman frequencies with respect
to the isolated molecule as a function of density. The circles denote the system-averaged
values. The numbers in the legend denote the layer index, the contact layer correspond-
ing with 1. The inset shows the static frequency distributions for these four layers at
64 kmol/m3.

an apparent jump.

8.4 Discussion

For the 17 Å pores, we find that the β phase transforms to a structure with concentric
layers, even though optimal conditions to preserve the stability of the β phase have been
provided such as the adjustment of the pore length to the eight AB layers. This observed
absence of the β phase is in agreement with experiments. Low pressure x-ray diffraction
measurements of N2 condensed in glass pores [Hub99a, Hub99b] show that, for larger
pore radii (≥ 25 Å), reflections very similar to those of the bulk β solid are observed in
addition to very broad peaks. In pores of radius 12.5 Å, such broad peaks are the only
peaks observed. The results are also in agreement with high-pressure Raman spectra of
N2 in silica pores [Lot01] (discussed in more detail below).

A comparison of Fig. 8.4(b) and Fig. 8.5(b) shows that at 52 kmol/m3, for all the
layers, the triangular order has taken place for the greater part, while the orientational
order is about as small as for the lowest densities. Moreover, the structural order takes
place in a much broader density range (43–51 kmol/m3) than the orientational alignment
(51–52 kmol/m3). From this, we suggest that the formation of the triangular order is
hardly related with the orientational alignment along the pore axis. It is, however, possible
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that the orientational order sets in after the formation of the central line of molecules at
high densities. Snapshots and density profiles show that this line is already present at a
density of 52 kmol/m3. At the appearance, the density in the radial direction exhibits
a relatively large increase. The molecules can lower their repulsive forces in the radial
direction by aligning their bond axes along the pore axis. The corresponding lowering of
the energy is increasingly beneficial for increasingly high radial densities. In particular,
this should lower the configurational energy of the molecules in the contact layer because
in the inner region the adjacent layers are not smooth, and because of the stacking faults
of the triangular layers in the radial direction. These necessarily occur due to the varying
curvature of the layers with radial distance. The results correspond with the observed
decrease in the alignment for molecules closer to the pore center.

In low-pressure x-ray diffraction studies [Hub99a, Hub99b], it was concluded from the
nearest neighbor distance that the molecules in the adsorbed layers exhibit orientational
disorder. Roughly speaking, we find in our simulations that the molecules exhibit orien-
tational disorder below a density of 51 kmol/m3. Neighbor-orientational correlations are
absent in this density range. For higher densities, an alignment along the cylinder axis for
all the layers. However, the neighbor-orientational correlations are only small in this den-
sity region. From these observations we conclude that the alignment along the pore axis
is not a result from the intermolecular interaction, but rather results from the curvature
of the wall. Therefore, for more realistic walls in a random pore network, orientational
disorder is probably the result.

Even for the lowest densities, a layering of concentric cylindrical walls is observed.
Closer to the pore wall, this inhomogeneity is larger. Although smaller than at higher
densities, there is also a non-negligible degree of triangular order within the radial layers,
even for the low density of 34 kmol/m3, which for the bulk is well into the fluid phase.
At the same time, broad peaks in the 2D RDFs are observed, which is typical for a fluid.
This is in correspondence with the fluid-like behavior as observed from the calculation of
the MSDs. Since on the other hand the density profiles show a distinct layering, especially
close to the pore wall, we must conclude that these layers behave as a 2D (or quasi 2D)
liquid.

Figures 8.4 and 8.6 show that for the two layers closest to the wall, the triangular
order has jumped to larger values at a density of 45 kmol/m3. Also, at that density
there is an abrupt change in the curve of the diffusion constant versus the density, i.e.
it is the density for which the diffusion constant becomes smaller than that typical for
a liquid. Similar correspondence is found for the third and fourth layer, in this case the
density being 51 kmol/m3. Thus we find that the absence and presence of hexagonal
nearest neighbor order is accompanied by a significant loss the molecular translations.
The diffusion constants are at least an order of magnitude smaller than that of a liquid.
However, in the simulations we do not a strict freezing of the molecules, as there is still a
small diffusion at the highest densities, even for the contact layer. In contrast, no long-time
displacements are observed for the simulated β structure. The 2D RDFs at the highest
densities show that although in the pore the peaks have narrowed as compared to low
densities, they are still much broader than those of the AB layers of the bulk β phase.
Thus, a significant amount of structural disorder is still present in the high density phase,
consistent with the small diffusion. The results are also consistent with the observation
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that (Φ2
6)l is smaller than in the crystalline β solid, although it is significantly larger than

at low densities. Therefore, we conclude that the system is amorphous, even though a
significant degree of triangular order is observed.

In a partly computational study of CCl4 in cylindrical porous glasses at low pressures,
evidence has been found for the existence of a liquid to ‘hexatic’ phase transition in the
contact layer [SB01]. The hexatic phase is characterized by a quasi-long range hexagonal
nearest neighbor order (or more specifically, nearest neighbor bond-orientational order),
but with short range positional order. The phase with hexatic layers near the wall and
2D liquid layers in the inner region is considered as an intermediate phase [Rad99] be-
tween the crystalline and liquid phase. Hexatic phases are predicted from the theory of
2D melting [Kos73, Hal78, You79] and have been observed in the form of hexatic smec-
tics [dG93, Bro89]. It manifests itself in a continuous transition for which the breaking of
the rotational and translational symmetries, that occur during the solid–liquid transition,
do not take place at the same temperature.

In those simulations, only for the largest pores a bulk-like crystalline solid appears
upon cooling. For somewhat smaller pore sizes, the inner region is amorphous at low
temperatures. The outer layers appear in the liquid to hexatic to crystalline phases upon
cooling. For even smaller pores, only liquid to hexatic phase transitions have been observed
for the outer region. The 2D crystalline phase corresponds with both long range positional
order and long range hexagonal nearest neighbor order. The liquid phase corresponds
with short range positional and short range hexagonal nearest neighbor order. However,
the hexatic phase corresponds with short range positional order and quasi-long range
hexagonal nearest neighbor order. This means that an indication for the presence of such
hexatic phases is already obtained from the occurrence of broad peaks in the 2D RDFs
on the one hand, accompanied with large values of (Φ2

6)l on the other hand [Rad99].
With this knowledge in mind, we find for our results that at low densities the layers

behave as a 2D liquid, in particular those close to the wall. At higher densities, almost
all the layers are hexatic, as (Φ2

6)l is large while the 2D RDFs demonstrate the absence of
long range positional order, consistent with the nonzero values for the diffusion constants
at high densities. Therefore, we propose that, upon increasing the density, we find a liquid
to hexatic phase transition very similar to those found for simulations in which confined
fluids were cooled.

The above mentioned x-ray diffraction results of N2 in glass pores [Hub99a] possibly
already indicate such a hexatic phase for the adsorbate state, as the diffraction pattern
on the one hand show broad peaks, whereas on the other hand the pattern resembles
the calculated pattern of a 2D triangular solid with a short coherence length of 20 Å.
These layers are considered to be either fluid or amorphous. The hexatic layers are on
the one hand amorphous in nature (absence of long range positional order), on the other
hand there is an underlying triangular structure (long range hexagonal nearest neighbor
order). This is consistent with the diffraction results. Depending on the temperature, it
is possible that in these experiments the layers are hexatic rather than amorphous.

In a high-pressure study [Lot01], a very broad low intensity peak was measured in the
Raman spectrum of N2 in 17 Å porous silica gel pores. Again, from the broadness of the
peaks, the presence of an amorphous structure was concluded. For pore radii of 32 Å and
larger, peaks very similar to that in the bulk solid dominate the spectrum. The average
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frequency of the molecules in the 17 Å pores was found to be smaller than that of the
bulk fluid and solid phases, and it jumps to higher frequencies at a pressure of 2.4 GPa,
attributed to a transition in the amorphous layers. The width of the peak increases as a
function of pressure below 2.4 GPa. For higher pressures, the width is roughly constant.

Despite the changes in structural and orientational order, the calculated Raman fre-
quencies do not show any a jump or significant change in the curve as a function of density:
only a monotonic increase as a function of density is observed for all the layers. This be-
havior is comparable to that in simulations of bulk N2 [Mic95]. Moreover, all the layers
have a similar frequency distribution. For the layers closer to the wall, the molecules have
a somewhat higher frequency. The results may indicate that the first order effect alone
is not sufficient to calculate the Raman frequencies [Mic95]. The second order effect may
play a role. Also, it may be that the inclusion of the dispersion correction in the frequency
calculations alters the results. It is also possible that the experimentally obtained jump in
the vibrational frequencies as a function of pressure [Lot01] is not related to the liquid to
hexatic transition that we find in the simulations. A discontinuity in the Raman spectrum
is not expected for such a continuous transition. If in the simulations there would be a
related frequency increase, it is possibly too gradual to observe as the transition occurs
over a broad density range.

8.5 Conclusions

When starting with the β structure, this structure does not remain stable in the range
of densities investigated. Instead a structure with concentric layers appears. Below 45
kmol/m3, all radial layers are fluid-like. Despite the fluid-like behavior, the triangular
order within the layer is larger than that within a homogeneous bulk fluid phase. This is
especially the case for the contact layer. In this density region, the molecules are orienta-
tionally disordered.

Between 45 and 51 kmol/m3, a relatively large increase in triangular order occurs
within the layers. Above 51 kmol/m3, the molecular translational motions are much
smaller than in the liquid; the fluid has solidified to a large extent. However, there is
still a small diffusive motion. Moreover, despite the large increase in triangular order be-
tween 45 and 51 kmol/m3, it is smaller than in the bulk solid. In addition, the 2D RDFs
still demonstrate the absence of long range positional order. The absence of long range
order accompanied by the presence of a relatively large degree of hexagonal nearest neigh-
bor order suggest that a hexatic phase occurs at high densities. Therefore, we conclude
that in the simulations a fluid to hexatic phase transition occurs upon the increase of
density. Between 51 and 52 kmol/m3, an increase in the orientational order occurs: the
molecules align along the pore axis, which is in particular the case for the contact layer.
As a consequence, neighboring bond axes show a small preference for alignment.

Neither the translational, nor the orientational transformation, is reflected in the be-
havior of the Raman frequencies versus the density. For all the layers, there is a monotonic
increase in frequency. No jump, nor a change in the slope have been found. This is possibly
a shortcoming of the calculation of the Raman frequencies, as we find both a structural
and an orientational transition.
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Samenvatting

Hoe een stof zich op macroscopische schaal gedraagt is sterk afhankelijk van de om-
standigheden waarin de stof zich bevindt, zoals de temperatuur of druk. In het algemeen
wordt een vloeistof vast als de temperatuur voldoende wordt verlaagd, maar ook als
de druk voldoende wordt verhoogd. De macroscopische eigenschappen kunnen worden
afgeleid uit het microscopisch gedrag van de moleculen waaruit de stof bestaat, bijvoor-
beeld op welke manier de orde of wanorde zich op moleculaire schaal manifesteert. Dat is
de werkwijze die in dit proefschrift is toegepast: aan de hand van een studie van het mi-
croscopisch gedrag van moleculen wordt het macroscopisch gedrag van een stof begrepen,
waarmee een bijdrage wordt geleverd aan de verklaring van experimentele resultaten.

Stikstof is een eenvoudig en chemisch inactief molecuul en kan daarmee model staan
voor fundamentele fysische processen die in de natuur voorkomen. Anderzijds heeft de
keuze voor stikstof experimentele redenen: aan dit molecuul kan men, vanwege de in-
tramoleculaire vibraties, Raman spectroscopisch onderzoek doen onder alle omstandighe-
den. Dat onderzoek betreft het gedrag van mengsels onder (extreem) hoge druk. De wens
om de resultaten beter te begrijpen, vormt de motivatie voor het onderzoek in dit proef-
schrift. Naar aanleiding van die resultaten zijn drie twee-componentensystemen onder-
zocht: stikstof–argon mengsels, clathraat hydraten van stikstof en stikstof in nanoporeus
materiaal.

Het microscopisch gedrag van mengsels onder hoge druk wordt bestudeerd door met
behulp van een computer een systeem van moleculen te simuleren. Nadat de temperatuur
en dichtheid, en de interacties tussen de moleculen zijn vastgesteld, kan het systeem
zich volgens de natuurwetten, opgelegd via een computerprogramma, gedragen. Aan de
hand daarvan kunnen macroscopische grootheden zoals de druk, maar ook microscopis-
che eigenschappen zoals het oriëntationele gedrag, en dynamische grootheden zoals de
diffusiecoëfficiënt worden uitgerekend.

Stikstof–argon Mengsels In hoofdstuk 2, 3 en 4, worden mengsels van stikstof met
edelgassen bestudeerd. Bij lage druk lost argon substitutioneel op in de hcp fase van stik-
stof. Voor meer dan 20% argon resulteert afkoelen van het mengsel in een oriëntationeel
glas: de oriëntaties van de N2 moleculen zijn ongeordend, maar ingevroren. Dat maakt
nieuwsgierig naar wat er bij de hoge druk fasen gebeurt, vooral vanwege het opmerkelijke
oriëntationele gedrag. De δ fase is kubisch en bevat twee soorten rooster posities. Die
posities hebben bolvormige (de a posities) en schijfvormige (de c posities) oriëntationele
wanorde. De eerste vraag die rijst is of de argon atomen, als ze in het hoge druk rooster
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oplossen, een voorkeur hebben voor een van de twee rooster posities. Experimentele re-
sultaten laten zien dat dit het geval is: de argon atomen hebben een voorkeur voor de a
posities. Het is uit de experimenten echter niet direct duidelijk wat de toename van de
argon component doet met het oriëntationele gedrag van de stikstof moleculen.

In hoofdstuk 2 is de distributie van argon en andere edelgassen over de twee rooster
plaatsen systematisch onderzocht als functie van de druk, temperatuur en samenstelling,
met maximaal 25 molprocent argon. Voor deze studie zijn Monte Carlo simulaties uit-
gevoerd bij constante druk, waarbij een extra, niet-fysische stap is gemaakt: op geregelde
tijdstappen worden de identiteit van het stikstof molecuul en het argon atoom verwisseld.
Om de berekening te versnellen is gebruik gemaakt van de techniek van oriëntationele bias.
Ook in de simulaties blijken de opgeloste argon atomen een voorkeur voor de a posities
te hebben. Binnen de δ fase bestaan drie temperatuur gebieden waarin het gedrag telkens
anders is. Bij lage temperatuur is de voorkeur voor de a posities bijna volledig, en het is
nauwelijks temperatuurafhankelijk. Dan volgt een temperatuur gebied waarin de voorkeur
sterk afneemt bij toenemende temperatuur. Vervolgens neemt de voorkeur langzaam af
naar; zo ontstaat een nagenoeg homogene verdeling. Een hogere druk resulteert in een
sterkere voorkeur voor de a posities, een toename van de hoeveelheid argon resulteert in
een minder sterke voorkeur. Voor kleinere edelgassen neemt de voorkeur voor de a posities
toe. De gevonden voorkeur is gelegen in de enthalpie: zowel het volume als de energie zijn
kleiner als de argon atomen op die 1rooster posities zijn geplaatst.

Met de wetenschap dat de argon atomen een voorkeur hebben voor de a posities, zijn
in hoofdstuk 3 en 4 ‘conventionele’ simulaties uitgevoerd. Hierin zijn de argon atomen
bij voorbaat op de a posities zijn geplaatst, zij het willekeurig. In deze simulaties is met
name onderzocht wat het gevolg is van de toename van het aantal argon atomen voor het
oriëntationele gedrag van de stikstof moleculen bij een typische druk van 7 GPa en voor
temperaturen van minimaal 50 K. Voor een 12 molprocent mengsel verliezen de stikstof
moleculen hun oriëntationele wanorde: een kubische, geordende fase is het gevolg. We zien
dus dat een toename van de configurationele wanorde (voor een 12 molprocent mengsel
is ongeveer 50% van de a sites bezet door een argon atoom) een oriëntationele orde tot
gevolg heeft.

In het mengsel zijn drie overgangen gevonden die gerelateerd zijn aan een verandering
van oriëntationele orde naar wanorde. De ε∗–δ∗ overgang verschuift naar lagere tempera-
turen. Volledig anders gaat het bij de overgang van bovengenoemde nieuwe fase naar de
δ∗ fase; deze verschuift juist naar hogere temperatuur bij toename van de argon compo-
nent. Maar de samenstelling blijkt helemaal geen invloed te hebben op de oriëntationele
tweede orde fase overgang binnen de δ∗ fase. Ook dit is in overeenstemming met de ex-
perimenten. Samenvattend betekent dit dat het oplossen van argon in het stikstof rooster
een drievoudige invloed heeft op de oriëntationele orde–wanorde overgangen.

Vanwege de translatie–rotatie koppeling heeft de samenstelling van het mengsel ook in-
vloed op het structurele gedrag van de moleculen. In hoofdstuk 4 blijkt dat een oriëntatione-
le orde–wanorde overgang nooit puur van oriëntationele aard is; er treden ook positionele
veranderingen op.
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Stikstof clathraat hydraten Het tweede systeem bestaat uit mengsels van water en stik-
stof, in dit geval gaat het om mengsels aan de stikstofarme kant (maximaal 19 molprocent
stikstof). Bij de juiste druk en temperatuur ontstaat in dergelijke mengsels clathraat hy-
draten. In clathraten vormen de water moleculen polyeders, die op hun beurt kristallijn
gerangschikte kooien vormen. Binnen deze kooien zijn gast moleculen opgesloten. Recen-
telijk zijn met stikstof clathraat hydraten een aantal metingen gedaan die duiden op de
aanwezigheid van ‘dubbele bezetting’: binnen één grote kooi van een structuur II clathraat
hydraat zijn twee stikstof moleculen zijn opgesloten. Gezien de afmetingen van de stik-
stof moleculen en de beschikbare vrije ruimte binnen de kooi is dit een controversiëel
resultaat. Bovendien zijn de experimentele aanwijzingen beperkt. Dat vormde de moti-
vatie voor het uitvoeren van een aantal simulaties, zodat de mogelijkheid van dubbele
bezetting systematisch wordt bestudeerd vanuit theoretisch perspectief.

Dit is gedaan met behulp van Moleculaire Dynamica simulaties. In hoofdstuk 5 blijkt
dat het dubbel bezette clathraat voor temperaturen, samenstellingen en drukken in de
buurt van de experimentele omstandigheden stabiel blijft. Het systeem bleek zelfs stabiel
bij hypothetische samenstellingen. De structuur van het gast rooster is on-onderscheidbaar
van dat bij enkele bezetting. Bovendien zijn zowel de energie als het volume ongeveer even
groot als in het enkel bezette clathraat. Deze resultaten impliceren dat het water rooster
sterk genoeg is om de locale spanning op te vangen, die door een stikstof paar op de wand
van een grote kooi wordt uitgeoefend. Het systeem blijft zelfs stabiel voor moleculen met
(maximaal) een 10% grotere diameter. Bij bestudering van het onderlinge gedrag van de
twee moleculen in de dubbel bezette kooi blijkt dat de moleculen een kleine voorkeur
hebben om parallel te zijn georiënteerd. Deze voorkeur wordt bevestigd door het lange-
tijdsgedrag van de oriëntationele correlaties (hoofdstuk 7).

In hoofdstuk 6 wordt een brug geslagen naar experimentele resultaten. Het berekende
neutronen diffractie patroon toont een grote mate van overeenstemming met de experi-
mentele resultaten. Desondanks blijkt uit de berekeningen dat het allesbehalve eenvoudig
is om aan de hand van de diffractie patronen de bezettingen van de kleine en grote kooien
te bepalen. Dit lijkt makkelijker te kunnen met behulp van Raman spectroscopie aan
de intramoleculaire modes: de Raman frequenties van de stikstof moleculen in de dubbel
bezette kooien is een aantal golfgetallen groter dan in de enkel bezette grote kooien, maar
enkele golfgetallen kleiner dan in de kleine kooien. Dit laatste is opmerkelijk, aangezien de
kortste gast–rooster afstanden voorkomen in het geval van dubbele bezetting. We hebben
dit echter kunnen verklaren aan de hand van de relatieve oriëntaties van de stikstof- en
de water moleculen.

De dynamische eigenschappen van deze clathraten zijn onderzocht in hoofdstuk 7. Het
intermoleculaire vibrationele spectrum van de gast moleculen toont één piek voor enkele
bezetting van zowel de kleine als de grote kooien. Bij dubbele bezetting verschijnt echter
een brede band, die grofweg uit twee pieken bestaat. Dit spectrum is dus een duidelijke
kenmerk van de aanwezigheid van dubbele bezetting. De fononen in het water rooster
blijken kleinere veranderingen te tonen bij dubbele bezetting.

De locale dichtheid in de dubbel bezette kooien is zeer groot. Het is daarom ver-
rassend dat de gast moleculen zich door de hele kooi verplaatsen, al blijken de moleculen
ook voorkeursposities te hebben. Mogelijk corresponderen de twee pieken in het vibra-
tionele spectrum met aan de ene kant de beweging binnen locale energie minima en aan
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de andere kant de beweging van het ene locale minimum naar het andere. Tenslotte is het
(re)oriëntationele gedrag van de stikstof moleculen onderzocht. De oriëntationele autocor-
relatie functies tonen dat er een (locale) voorkeursoriëntatie is voor de gast moleculen in
de kleine kooien. In de grote kooien bestaat zo’n voorkeur zeker niet bij enkele bezetting
en vermoedelijk ook niet bij dubbele bezetting.

Stikstof in cylindrische nanoporiën Het derde en laatste onderwerp bevat geen echt
mengsel, maar in termen van mengsels is het een systeem waarin complete fase-scheiding
is opgetreden: de tweede component die hier wordt bedoeld is een poreus materiaal,
waarin stikstof is geabsorbeerd. De porositeit van de bestudeerde materialen is echter
op nanoschaal, zodat er allesbehalve sprake van is bulk gedrag. Het (fase)gedrag wordt
in sterke mate bëınvloed door niet alleen de afmetingen van de poriën, maar ook door
de interactie (of beter gezegd: de aantrekkingskracht) met de wand. Tot recentelijk zijn
dergelijke moleculaire stoffen in nanoporiën alleen onderzocht bij dampspanningen als
functie van temperatuur. Het is voor deze systemen echter interessant om het fase gedrag
onder hoge druk te bepalen, omdat in dat geval niet zozeer de interactie met de wand,
maar eerder het puur geometrische effect een steeds belangrijker rol speelt.

Recentelijk zijn binnen ons laboratorium een aantal experimenten uitgevoerd bij ka-
mertemperatuur, waarin het gedrag van stikstof in nanoporeus materiaal als functie van
de druk is onderzocht. De Raman metingen duiden op een fase overgang van de moleculen
die aan de wand van de poriën zijn geadsorbeerd. Deze wandlagen bestaan uit een aantal
monolagen die op ieder een twee dimensionale amorf-achtige structuur hebben. Voor de
kleinste poriën bestaat de gehele pore ruimte uit dergelijke monolagen, zodat de overgang
zich voor die poriën het duidelijkst manifesteert.

Hoewel uit de metingen kan worden afgeleid dat bij de overgang de structuur van
het geabsorbeerde stikstof niet veel verandert, is de interpretatie van de experimentele
resultaten niet evident. Om deze interpretatie te vergemakkelijken zijn in hoofdstuk 8 een
aantal simulaties uitgevoerd van een model systeem van stikstof in gladde, cylindrische
poriën met dezelfde afmeting als in de experimenten. Met name het effect van een toene-
mende dichtheid is onderzocht. De begin configuratie was de β fase. Deze fase bleek voor
geen van de dichtheden stabiel. In plaats daarvan verschijnt een structuur bestaand uit
concentrisch cylindrische schillen. Beneden 45 kmol/m3 vertonen deze schillen een twee
dimensionaal vloeibaar gedrag. Tussen 45 en 51 kmol/m3 treedt er een grote toename op
van de trigonale ordening. Vanaf 51 kmol/m3 is er een veel kleinere translationele dif-
fusie van de moleculen, aan de andere kant is er geen sprake van lange afstands ordening.
Deze verschijnselen duiden erop dat bij hoge dichtheden een ‘hexatic’ fase ontstaat, en de
overgang die in de simulaties wordt waargenomen is een vloeistof–‘hexatic’ fase overgang.
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International Journal of Low Temperature Physics 111, 413 (1998)

Monte Carlo study of disorder in the high-pressure mixed crystal
N2–Ar
E.P. van Klaveren, J.P.J. Michels and J.A. Schouten

In order to obtain a better notion of the experimental results in our laboratory, Monte
Carlo calculations have been performed of the N2–Ar crystal on the N2-rich side, in the p–
T region where the ε and δ phases exist in pure N2. Considering the enthalpy, the system
prefers the Ar atoms to be located on the sphere positions. The ε∗ phase is present for
mixtures down to xN2 = 0.90, but is most likely metastable. The ε∗–δ∗ transition shifts
to lower temperatures with decreasing xN2 . The 2nd order transition within the δ phase
continues to exist to even smaller xN2 . In contrast to the ε∗–δ∗ transition, the transition
temperature for the 2nd order transition does not shift to lower temperatures. For a
mixture of xN2 = 0.83, it is within 5 K from the pure 2nd order transition at a pressure of
7.0 GPa.

Physical Review B 61, 9327 (2000)

Monte Carlo simulations of the distribution of Ar and other noble-gas
atoms in high pressure solid N2

E.P. van Klaveren, J.P.J. Michels and J.A. Schouten
chapter 2

The distribution of argon and other noble gas atoms over the two types of lattice sites in
the nitrogen crystal at high pressure, and its consequences for the phase behavior, has been
investigated with Monte Carlo simulations as a function of p, T , and xAr. We have used
(N, p, T ) simulations, with an additional unphysical move, consisting of a simultaneous
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identity change of two unlike molecules (a ‘swap’ move). To speed up the calculation,
orientational biased sampling was performed. The preference of the guest atoms for the
a sites turns out to be stronger in the δ∗ phase than in the ε∗ phase. Within the δ∗

phase, three temperature regions exist. At low temperatures, the preference for the a
sites is nearly complete and independent of T . At somewhat higher temperatures, the
preference for the a sites rapidly decreases as a function of T . Above this region, only
a small decrease towards a random distribution is observed. For 5% argon, this general
behavior is independent of pressure. A larger pressure results in a stronger preference for
the a sites. In contrast, increasing the Ar content within the same phase results in a less
profound preference. For smaller noble gas atoms this preference is stronger. The results
are in qualitative agreement with experiments.

Molecular Physics 96, 1613 (1999)

The change in phase behaviour and orientational order of solid N2

at high pressure under the influence of Ar: a simulation study
E.P. van Klaveren, J.P.J. Michels and J.A. Schouten

chapter 3

We have studied the influence of Ar atoms on the high-pressure phase behaviour of N2

by a Monte Carlo study of Arx(N2)1−x mixed solids. The results were obtained on the N2

rich side (0 ≤ x ≤ 0.25), in the region where the ε and δ phases exist in pure N2. The
ε∗–δ∗ transition shifts rapidly to lower temperatures with x: it has vanished for x ≥ 0.05.
For x ≥ 0.12, a cubic orientationally ordered phase appears. The transition from this
phase to the δ∗ phases shifts to higher temperatures with increasing x. The temperature
of the onset as well as the completion of the cascade process, responsible for the δ∗loc–δ

∗
rot

transition, is independent of composition. This transition disappears in the x-region where
the ordered phase is present for all temperatures below the transition to the δ∗rot phase.
Therefore, the influence of the isotropic diluents on the orientational behaviour of the N2

molecules is threefold. In the δ∗loc phase, the vibron frequencies show a splitting that shifts
as a function of x, which might be related to the occurrence of a tetragonal modification
of this phase.

International Journal of Modern Physics C 10, 445 (1999)

The orientational and structural properties of N2 and N2–Ar solids at
high pressure
E.P. van Klaveren, J.P.J. Michels and J.A. Schouten

chapter 4

The high pressure phases of N2 and N2–Ar mixed solids at 7 GPa have been investigated
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using Monte Carlo simulations. Orientational order parameters and displacements of the
molecules with respect to the positions of the space group were calculated. These tools
provide an appropriate way to study these solids. In the ε∗ phase, the displacement ∆ of
the e sites was found to be 0.05 Å. In the δ∗loc phase, the orientational confinement to a
disk of the N2 molecules at the c sites increases with Ar concentration. Within this disk,
the distribution is nonuniform, even at high temperatures. The orientationally ordered
disk molecules show a displacement along the line of closest intermolecular contact. For
the tetragonal modification of the δ∗loc phase, the c axis is perpendicular to these ordered
and displaced disks. At high Ar concentrations, the δ∗oo phase shows a large degree of
alignment of the disk molecules. In this phase, the equilibrium positions show a compli-
cated structure. Therefore, there are small but significant structural changes between the
δ∗loc, δ

∗
rot and δ∗oo phases.

The Journal of Chemical Physics 114, 5745 (2001)

Stability of doubly occupied N2 clathrate hydrates investigated by
molecular dynamics calculations
E.P. van Klaveren, J.P.J. Michels, J.A. Schouten, D.D. Klug and J.S. Tse

chapter 5

Classical molecular dynamics calculations were performed for a structure II clathrate
hydrate with N2 guest molecules in order to investigate the possibility of double occupancy,
i.e. two N2 molecules inside one large cage. For all of the pressures, temperatures and
compositions at which the simulations have been performed, the doubly occupied clathrate
remained stable. The structure of the host lattice is indistinguishable from that of a
singly occupied clathrate hydrate. The volumes and energies are linearly dependent on
the filling fraction. The range of values are the same for both the singly as well as doubly
occupied clathrates. In the doubly occupied cages, the O–N2 radial distribution function,
and therefore the structure in the vicinity of the N2 molecule, is similar to that of the
mixed fluid. An extensive investigation of the distances in the cages shows a large similarity
between singly and doubly occupied clathrates. All these results indicate that, upon filling
the large cages with pairs of molecules, the stresses on the host lattice are comparable
to those in single occupation. Small changes in the intermolecular interactions do not
affect the results. The clathrate hydrate destabilizes upon increasing the size of the guest
molecules by more than about 10%. We also find that the clathrate hydrate remains
stable when experimental conditions are closely followed, i.e. for partially doubly occupied
clathrates with a pressure dependent filling fraction. The calculated compressibility is the
same as in experiments.
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The Journal of Chemical Physics, accepted

Molecular Dynamics simulations of the properties of doubly occu-
pied N2 clathrate hydrates
E.P. van Klaveren, J.P.J. Michels, J.A. Schouten, D.D. Klug and J.S. Tse

chapter 6

We have performed molecular dynamics calculations to obtain a number of properties of
a doubly occupied structure II N2 clathrate hydrate, in particular to study its behavior
under higher pressures. The calculated neutron diffraction pattern is in agreement with
the experimental result. The effect of the presence of the filling of the small cages and of
the large cages (in either single or double occupancy) on the calculated pattern is demon-
strated and discussed. The calculated Raman spectra show that the average vibrational
frequency of the N2 molecules decreases in going from the singly occupied small cages to
the doubly occupied large cages and then to the singly occupied large cages, respectively.
The frequency distributions are explained in terms of radial distribution functions. When
applying large pressures at low temperatures, a clathrate–amorphous transition occurs for
a partially doubly occupied clathrate. The transition occurs at about the same pressure
as for single occupations, but the densification is larger for the latter. In both cases, the
transition is reversible.

The Journal of Chemical Physics, submitted

Computer simulations of the dynamics of doubly occupied N2 clath-
rate hydrates
E.P. van Klaveren, J.P.J. Michels, J.A. Schouten, D.D. Klug and J.S. Tse

chapter 7

We have studied the dynamical properties of doubly and singly occupied structure II N2

clathrate hydrates by performing a series of classical molecular dynamics calculations.
The vibrational density of states of the guest molecules show distinct changes when going
from single to double occupancies. At 273 K, a broad range of frequencies occurs, roughly
consisting of two peaks at 45 and 145 cm−1 instead of the narrow peaks that occur
for single occupancies of the small (66 cm−1) and large (20 cm−1) cages. For double
fillings, the libron band and the optic phonon branch of the host lattice shift to smaller
frequencies as compared to single fillings. In contrast, the acoustic phonon branch shifts
to smaller frequencies for a single filling of the large cages as compared to the other two
cases. Despite the high local density, there is a significant translational diffusion of the
N2 molecules in the doubly occupied cages. Occasionally both molecules simultaneously
migrate from one local energy minimum to another. The N2 molecules in the small cages
are, at least locally, orientationally ordered. In the large cages, the guests behave as a free
rotator. The molecules in the doubly occupied cages probably do not exhibit orientational
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order. However, the relative orientation of the two molecules, i.e. their alignment, is a long
lasting phenomenon.

To be submitted

Computer simulations of nitrogen in cylindrical nanopores at high
pressure
E.P. van Klaveren, M. Djordjevic, J.P.J. Michels and J.A. Schouten

chapter 8

We present a simulation study of nitrogen confined in a cylindrical nanoscale channel
of radius 17 Å at a temperature of 300 K in an attempt to interpret an experimentally
observed phase transition upon the increase of pressure (Lotz et al., Phys. Rev. B, August
2001). The calculations were performed for several densities, in the range where the bulk
fluid and β phase are stable. We find that the confined β phase is unstable at all of
the densities investigated. Instead, we observe the formation of a structure consisting of
concentric cylindrical shells. Below 45 kmol/m3, the layers exhibit two-dimensional fluid
like behavior. Between 45 and 51 kmol/m3, within the layers a relatively large increase
in the hexagonal nearest neighbor ordering within the layers is observed, indicating a
triangular structure. Above 50 kmol/m3, the diffusion within the layers is at least an
order of magnitude smaller than in the liquid density region. However, the two-dimensional
radial distribution functions demonstrate absence of long range positional order. This is
indicative of a ‘hexatic’ phase within the layers, and we thus find a fluid to ‘hexatic’
transition upon increasing density. A large increase in orientational order occurs between
51 and 52 kmol/m3: the molecules within the layers are aligned along the cylinder axis.
The triangular as well as the orientational order is larger for molecules closer to the wall.
The transitions are not reflected in the behavior of the Raman frequencies versus the
density.





Dankwoorden

Neem de koningin der wetenschappen, de wiskunde. Dit is wat de wiskunde
ons over het leven kan vertellen: als je één persoon uit het raam hebt geworpen
en je gooit er daarna nog eentje achteraan dan heb je twee personen uit het
raam geworpen.

Bert Keizer (uit: Het refrein is Hein)

Wetenschap bedrijven laat zich vergelijken met het lopen van een marathon in een grote
bak met stroop. Hoewel, misschien is een vergelijking met een estafette meer op zijn plaats;
nagenoeg elk onderzoek is immers gebaseerd op eerder verkregen kennis. Bovendien heb
ik dit werk niet in mijn eentje uitgevoerd, bovenstaand citaat illustreert immers dat
wetenschap mensenwerk is. Binnen en buiten de wetenschappelijke wereld heb ik steun
gekregen van een groot aantal personen, een dankwoord is dus op zijn plaats. Helaas gaat
de prozäısche kwaliteit van dit dankwoord genadeloos verloren doordat ik er niet aan
ontkom afwisselend in zowel de tweede als derde persoon enkelvoud te schrijven. Bovendien
zal ik voornamelijk, maar niet consequent, in de voltooid verleden tijd schrijven. Niet
omdat alle betrokkenen zijn overleden, maar omdat met de voltooiing van dit proefschrift
een periode in mijn leven is afgesloten - ook al hoop ik deze mensen ook in de toekomst
te ontmoeten.

Mijn promotor Jan Schouten bedank ik ten eerste voor zijn wetenschappelijke bijdra-
gen. Onze discussies leidden bij mij tot fysische inzichten, die klein zijn in eenvoud maar
groot in impact. De kwaliteit van onze artikelen nam met sprongen toe door je kritische
blik. Bovendien was je altijd beschikbaar om resultaten te bespreken. Ten tweede dank ik
je voor je praktische steun: een conferentie of aanschaf van materiëel was altijd mogelijk.
Hoe je dergelijke praktische dingen op een gewiekste en politiek-correcte manier regelde
was ook erg leerzaam. Ten derde viel er veel met je te kletsen, zoals tijdens de autoreis
naar de conferentie in Polen. Ik heb nog nooit zo lang achter elkaar in een auto gereden,
en ook nog nooit zo lang achter elkaar gediscussiëerd.

Co-promotor Jan Michels voorzag me in een aantal slimme trucs op simulatiegebied.
Vaak kwamen jouw inzichtelijke opmerkingen volkomen onverwacht, en dat gold ook voor
je humor. Zo tuurden we op een dag in het binnenwerk van een printer tot het A4’tje
eindelijk zou verschijnen. Er gebeurde niets. En opeens zei je: ‘Poes, poes, poes, kom
dan’. Altijd was ik verbaasd over de benijdenswaardige snelheid waarmee je een bepaald
idee in een programma implementeerde, terwijl dat bij mij veel langer duurde.
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Ook aan Eline Kooi heb ik veel te danken. Als zij me niet had gebeld om te zeggen
dat er een open positie was binnen de groep, was ik waarschijnlijk nooit gepromoveerd.
Wat ik in jou als wetenschapper altijd heb bewonderd, en waar ik stiekem jaloers op
was, is je uiterst pragmatische instelling waarmee je het vaak bij het juiste eind had. Dat
leidde onder andere tot je promotie, twee jaar geleden. Ik vond het jammer dat daarmee
een einde kwam aan onze gezamenlijke lunches en wandelingetjes naar de bakker—en de
bijbehorende persoonlijke gesprekken.

De andere ‘experimentele OIO’ was Heidi Lotz. Onze (lunch)gesprekken waren altijd
zeer politiek correct en intellectueel verantwoord. Zo vond ik het leuk om ‘de maandag
erna’ de Zomergasten avonden te bespreken. Of soms Noorderlicht. Naar aanleiding van
Heidi’s nanopore resultaten begon student Miran Djorjevic met de uitvoering van een
aantal simulaties. Het laatste onderzoek in dit proefschrift is een voortzetting van de
veelbelovende resultaten die hij in zijn scriptie beschreef. De altijd hyperenthousiaste
Floris Smit was ook een simulatie-student binnen de groep. Het was erg prettig om in
het eerste jaar met voorganger en directe collega Arnaud Mulder te kunnen praten over
de onderwerpen binnen het veld. Ook de altijd accurate Willem Koster was er nog in
mijn beginperiode. De werkbesprekingen en andere gesprekken met Klaas Prins, Allan
Hollander en Mark de Langen verbreedden mijn wetenschappelijke horizon.

I wish to thank Dennis Klug and John Tse for the opportunity to visit cold, cold
Ottawa in the first two months of 2000. Your supervision and support was helpful, and
the discussions were very instructive. Thanks to your assistence we were able to make a
swift start with the clathrate calculations, and increase their quality. I also like to thank
Hidenosuke Itoh for useful discussions and for being a pleasant roommate. Thanks to Dick
and Carmelia Holt for their hospitality.

Bij simulatiewerk zoals dit is het onvermijdelijk dat er veel contacten zijn met de
mensen van systeembeheer. In mijn beginperiode verliep de ondersteuning vooral via Paul
Langemeijer, Jaap Berkhout, Henk Pot en Thijs Post. Thijs beheerde met liefde de oude
IBM workstations, zijn vertrek naar IBM was dan ook geen verrassing. Er werd in die tijd
veel gemopperd over het systeembeheer, al was het maar omdat mopperen nu eenmaal een
van de favoriete werkzaamheden binnen koffietijd is—iets waaraan ook ik me met plezier
schuldig heb gemaakt. Zoals altijd leiden veranderingen tot protest. En dus nam de lust
tot mopperen toe met de komst van een nieuw beleid en een nieuw hoofd systeembeheer,
Gert Poletiek. Maar het enthousiasme en de ongelooflijke inzet waarmee Derk Bouhuijs en
ook Marc Brugman dit nieuwe beleid hebben uitgevoerd deed de publieke opinie omslaan.
Als een digitale turbo-injectie raasden zij door het gebouw, en hun namen gonsden er
achteraan. Buitengewoon sympathiek was de beslissing om op ons verzoek de snelle Digital
Alpha workstations te installeren—ondanks het ‘Sun-beleid’. Cees Bol was degene die de
installatie van de Alpha’s uitvoerde en die het meeste onderhoud deed. Wat ons betreft
was het je moeite zeker waard.

Een deel van de berekeningen zijn echter uitgevoerd op de IBM SP2 supercomputer
en het Beowulf cluster van de Stichting Academisch Rekencentrum Amsterdam (SARA).
De communicatie en een groot deel van de praktische ondersteuning verliepen via Willem
Vermin. Flip de Leeuw dank ik voor het gebruiken van zijn PC met de toen nog supersnelle
Pentium II 300 MHz processor.
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De begeleiding van studenten bij het computerpracticum Fysische Informatica II deed
ik met plezier, en ook de samenwerking met toenmalig docent Eric Hennes verliep erg
prettig. Eric had voor de studenten een breed scala aan eind-projecten op het gebied
van numerieke natuurkunde ontworpen en verzameld, waarover hij met enthousiasme kon
praten.

Gelukkig werd mijn langzame en gebrekkige administratie gecompenseerd door het
snelle en accurate secretariaat van de Stichting Fundamenteel Onderzoek der Materie
(FOM), en dan heb ik het met name over de (reis)declaraties die via Ria Slob–van der
Wal en Annette Middelwaart liepen. De Universiteit van Amsterdam kan nog veel leren
van de waardering die de Stichting FOM voor zijn promovendi heeft. De roddel dat je
als natuurkunde-promovendus het beste af bent bij de FOM zal dan ook nog wel een
tijdje blijven bestaan. Mariet Bos verzorgde vanuit de UvA op doortastende wijze het
contact met de FOM. Verder hielpen Ineke Baaij en Roos Visser van het secretariaat met
administratieve kwesties.

Met collega Bas Wolschrijn kreeg ik in de loop der tijd een steeds vriendschappelijker
band. Herhaaldelijk hoogtepunt tijdens de lunch waren de dialogen waarin we steeds meer
scenes uit het fantastische ‘The Big Lebowski’ op somden. Wel jammer dat je niet meer
wilde tafeltennissen toen ik steeds beter werd. Omdat Bas atoomfysicus is, bracht ik de
lunch ook steeds vaker door met de andere mensen in zijn groep: Nandini Bhattacharya,
Rik Jansen, Ronald Cornelussen, Cor Snoek, Robert Spreeuw en Ben van Linden van den
Heuvel.

Michel Zwanenburg kwam af en toe met driftige voetstappen richting mijn kamer
lopen, om vervolgens jongleerlessen te krijgen. Het resultaat was zo mager dat ik op
een dag besloot de jongleerballen te verstoppen. Wel was het gezellig kletsen. Michels
kamergenoot Jeroen Bongaerts keuvelde gezellig mee. Tom Hijmans, nooit te beroerd
voor een ironisch grapje, heb ik beter leren kennen tijdens het ‘International Symposium
on Thermophysical Properties’ in Boulder. Ook met Gijs van Soest, Hessel Castricum en
Joost Overtoom maakte ik af en toe een praatje.

Ook was het erg leuk om kennis te maken met een groot aantal collega’s uit binnen
en buitenland, zoals tijdens conferenties. Meer contact had ik met de andere deelnemers
gedurende de zomerscholen, zoals met Gregor Skacej na ‘Advances in the Simulations of
Liquid Crystals’. Vlak voor de ‘Workshop on the calculation of material properties using
total energy and force methods and ab initio molecular dynamics’ ontmoette ik Marc
Koper omdat hij mij betrapte op mijn krakkemikkige Engels toen ik naar de bus vroeg.
Pardoes sprak hij mij in het Nederlands aan. Het is voor mij een bijzondere ervaring
dat uit een toevallige, wetenschappelijke ontmoeting zo snel een diepe vriendschap kan
ontstaan. Ondanks de enorme vlucht die je wetenschappelijke carriëre maakt, houd je
gelukkig interesse voor de vele andere zaken die het leven biedt.

Door Chiel Postma besefte ik me dat er buiten de academische wereld mensen rond-
lopen die intelligenter zijn dan menig doctor. In veel discussies bleek maar weer dat jij
ergens toch weer consistenter (of misschien moet ik zeggen: conservatiever) over na had
gedacht dan ik. Bovendien heb je mij en mijn onderzoek geholpen met je grondige pro-
grammeerkennis. Onze vriendschap is niet de eenvoudigste, maar wel een van de meest
betekende die ik heb gekend.
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Joris van den Berge heeft in zijn hoedanigheid van text editor het manuscript voor
dit boekje doorgenomen, en hij heeft me geholpen aan specifieke ICT kennis die ik af
en toe nodig had. Als hij me niet had bijgestaan bij tal van doe-het-zelf projecten, was
ik nooit gepromoveerd. Onze vriendschap heeft gelukkig ook ontspannende en gezellige
momenten opgeleverd. Lennaert van Veen en ik hebben veelvuldig onze respectievelijke
harten gelucht over de opgedane promotiefrustraties. Daarnaast vielen er nog heel veel
andere netelige levenskwesties te bespreken. Verademend.

Twee vriendinnen die zich door hun lekenschap niet lieten ontmoedigen en altijd een
buitengewoon grote interesse in de inhoud van mijn werk hebben getoond zijn Jolande
Merlijn en mr. Marion de Graaf. Aan Joost Wiesman durfde ik niet zoveel te vertellen,
omdat hij in zijn onbevangen lekenblik de neiging heeft om een onderzoek en passant te
ontmaskeren als een broddelwerkje.

Verder zijn er nog een aantal niet nader te noemen vrienden en naasten die in eerste
instantie weinig met dit proefschrift te maken hebben, maar die in de afgelopen periode
belangrijk waren. In dat kader wil ik Ramo de Boer noemen. Ik ben hem dankbaar voor
onze gesprekken, ze betekenden en betekenen veel. Mijn schoonmoeder Emma Calkhoven
dank ik voor het regelmatig in- en bijspringen op diverse fronten.

Mijn vader en moeder, en mijn broers en zussen Peter, Rineke, Christa, Jan en Frank
wil ik danken voor de onbezorgde jeugd die ik heb gehad. Ondanks het MAVO advies
van de stellige ‘hoofdmeester’ van de ‘lagere school’, besliste mijn moeder om me naar
de HAVO te sturen. Dat heeft een niet onbeduidende invloed gehad op de aanvang en
voltooiing van dit proefschrift.

Tenslotte wil ik mijn vriendin Marie-José Calkhoven bedanken. Ook jij weet een beetje
hoe het is om een promotieonderzoek te doen. Jij ondersteunde me als ik, na een dag lopen
door de stroop, uitgeput thuis kwam. Of je deelde mijn enthousiasme over veelbelovende
resultaten—ook al snapte je er niets van. Ik heb genoten van jou, en van de dingen die we
samen hebben gedaan. Elke dag opnieuw was ik gefascineerd door de intensiteit waarmee
je in het leven staat. Bovendien heeft onze relatie een ontzaglijk grote invloed op mijn
leven en persoonlijkheid gehad. Dankjewel.






