
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Computer simulations of nitrogen-containing molecular systems at very high
density

van Klaveren, E.P.

Publication date
2001

Link to publication

Citation for published version (APA):
van Klaveren, E. P. (2001). Computer simulations of nitrogen-containing molecular systems at
very high density. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/computer-simulations-of-nitrogencontaining-molecular-systems-at-very-high-density(c7abc3d7-939a-40c5-b084-215838ea338f).html


1 1 

Introduction n 

1.11 Pressure: how to obtain a high-temperature solid of 
weaklyy interacting molecules 

Inn everyday life, a large number of substances appear in the solid state. The plastic 
keyboardd on which this thesis is written, or a metal hammer with which a computer can 
bee smashed in case of frustration, are both made of solid material. As a common-or-
gardenn definition of solids, one may speak of  ;those substances that can be transported 
withoutt containers'. However, although both hammer and keyboard are solid materials, 
theree are significant differences between metals and plastics. Usually, solid metals contain 
longg range order, whereas solid plastics do not: solid metals belong to the class of solids 
thatt are crystalline. The nature of the crystallinity of a substance may, however, also need 
furtherr specification. For instance, liquid crystals are crystalline in the sense that the long 
rangee orientational order of the building blocks (the molecules) is preserved, while there 
iss only short range positional order. On the other hand, plastic crystals have long range 
positionall  order, but the orientations of the building blocks are disordered. The solid 
phasess discussed in this thesis all involve a plastic crystal type, in the sense that they all 
havee (partly) orientational disorder. 

Forr mixtures, the situation becomes more complicated. For instance, molecules of a 
substancee B may dissolve in the crystal lattice of substance A. In such a solid solution, the 
BB molecules may either be located between the A lattice sites, i.e. dissolve interstitially. 
orr the B molecules may occupy A lattice sites, i.e. dissolve substitutionally. In particular 
forr the latter case, the underlying lattice still exhibits positional long range order, but 
thiss does not mean that it is a priori known whether a crystalline position contains 
moleculee A or B. For instance, A and B may form a pattern (a superlattice) or the 
moleculess may be completely randomly distributed over the lattice sites. If it is possible 
too change the composition of the mixture without altering the crystal structure, such a 
randomm distribution directly leads to an increase in configurational disorder. Of course, 
itt is also possible that the two molecular species do not mix at all; in that case, phase 
separationn occurs. Finally, the mixed solid may form a new structure that is not present 
inn 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 
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interactions. . 
Thee properties of a (mixed) solid, e.g. whether they are plastic crystals or not, or 

whetherr there is configurational disorder or not. are determined by the interactions be-
tweenn the atoms or molecules that constitute the solid. Therefore, crystals can be charac-
terizedd by the type of interaction of its constituting building blocks. Roughly, the interac-
tionss 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 
Waalss crystals. Moreover, in mixed crystals, there is a competition between the strength 
off  the unlike forces and the communal entropy. In van der Waals crystals, or molecu-
larr crystals, the bond between the molecules results from the van der Waals interaction. 
Thiss is a very weak interaction compared to those of the other crystal types. As a result, 
thee melting point of many molecular crystals is very low: the intermoleeular bond is too 
weakk to preserve the crystal at room temperatures and ambient pressures. However, the 
molecularr crystalline state can be produced at room temperature by applying pressure, or. 
inn an alternative view, increasing the density. When the pressure becomes high enough, 
crystallizationn occurs due to the reduction of the degrees of freedom. The solids studied 
inn this work indeed are molecular solids. For example, let us consider the substance that 
playss the main role in all chapters of this thesis: nitrogen. 

1.22 The role of nitrogen 

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

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

However,, from an experimental point of view, much more information about for in-
stancee the phase behaviour may be obtained if polyatomic molecules are used, as (Raman) 
spectroscopicc methods can be applied. Then, the excitation of the intramolecular modes 
providess information of a molecule's surroundings: Raman spectroscopy acts as a probe 
forr the molecular environment. For example, for the same mode, a different intramolecular 
vibrationall  frequency wil l 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 
iss possible to obtain (additional) information on the phase behaviour of substances if the 
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Figuree 1.1: The argon (left) and a nitrogen (right) molecule, as based on the atomic van 
derder Waals radii (3.4 and 3.31 A for Ar and N, respectively). Note the small deviation from 
sphericitysphericity for the latter: in this plot the width and height of the N2 molecule are larger 
andand smaller, respectively, than that of the Ar molecule. 

moleculee 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 
aree the obvious alternative, and the choice for nitrogen is based on the above-mentioned 
chemicall  inertness and its relatively small non-sphericity (see Fig. 1.1). Even though the 
non-sphericityy 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 
experimentall  studies performed in our laboratory, the simulations described in this thesis 
alsoo include nitrogen molecules as one of the basic molecular ingredients. 

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

1.33 This thesis 

Roughlyy speaking, the systems under study are weakly bound crystalline high-pressure 
mixturess 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 
too the pure components: the second component always plays a role in the behaviour of 
thee nitrogen molecules (and vice versa). This is obvious for mixtures in which the N2 

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

1.3.11 N 2 -noble gas van der Waals crystals 

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

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

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

Inn chapter 2. the distribution of noble gas atoms, in particular Ar atoms, over the two 
typess of lattice sites in the nitrogen crystal at high pressure, and its consequences for the 
phasee behavior, has been investigated with Monte Carlo simulations as a function of p. 
T.T. and I A , (iAr < 0.25). In particular, the experimentally detected redistribution of Ar 
atomss over the lattice sites [Koo98], as the conditions change, wil l be studied since this 
redistributionn suggests that despite the high pressures, a relatively fast diffusion occurs 
withinn the system. 

Wit hh the knowledge from experiments that the Ar atoms prefer the a sites, a series 
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off  calculations has been performed in which the orientational response of the N2 atoms 
underr the influence of increasing Ar content is investigated (chapter 3). We studied three 
order-disorderr transitions in the mixture, the £*-ö* transition being one of them. 

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

1.3.22 N2 clathrate hydrates 

Inn this system the second component is water. Here, the situation is quite different: only 
aa small amount of nitrogen molecules is dissolved in an ice-like lattice of water molecules. 
Thiss 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, 
insidee these cages, may be occupied by guest molecules such as N2. In fact, these struc-
turess 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 
compoundss is not fixed. By the inclusion of the guest molecules, these so-called clathrate 
hydratess are mixtures that belong to the class of inclusion compounds. This distinguishes 
thee clathrate hydrates from the solid solutions in which guest molecules dissolve intersti-
tiallyy in ice phases that may exist for pure water. Although the hydrogen bond obviously 
iss the dominant interaction as far as the host lattice is concerned, the interaction between 
thee guest and host molecules is predominantly of the van der Waals type. 

Althoughh the interest in clathrate hydrates has increased significantly during the 1950s, 
thee idea of double occupancy—the occurrence of two guest molecules inside one cage—has 
hardlyy been considered seriously. Considering the sizes of the smallest guest molecules 
(off  which N2 is an example) for which stable clathrates exist, a double occupation of 
thee cages is not expected {Fig. 1.3(d.e)). However, a number of other experimental re-
sultss [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 
doublee occupation of the large cages of a structure II clathrate hydrate, with N2 as guest 
moleculess [Kuh97]. The occurrence of double occupancy of similar molecules, such as C02 

andd CH4, may be important from the viewpoint of applications: natural gas hydrate de-
positss present across the sea floor are a potential energy resource, while ideas about the 
storagee of C 02 into such clathrates have been put forward. 

Althoughh the occurrence of double occupancy was suggested but not proven, we have 
investigatedd whether the occurrence of double occupancy is possible from a theoretical 
pointt of view. Using Molecular Dynamics (MD) simulations, we have systematically stud-
iedd the effect of double occupancy on the mechanical stability of the clathrate. Moreover, 
wee have investigated thermodynamic (chapter 5), structural (chapters 5 and 6) and 
dynamicc properties (chapter 7) of such clathrates. and compared them with known ex-
perimentall  results. We have also investigated the influence of double occupancy on the 
occurrencee of a pressure-induced amorphous phase [Han91] (chapter 6) . 
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Figuree 1.3: (a) The unit cell of a structure II clathrate hydrate, consisting of 136 water 
moleculesmolecules that form 8 large and 16 small cages. Only the small cages are visible, these 
formform a tetrahedral structure (note the tetrahedral arrangement along the diagonals of the 
facesfaces of the unit cell). The large cages form a diamond lattice, (b) the large and (c) the 
smallsmall cages. The O atoms of the water molecules are denoted by the dots at the vertices 
ofof the lines. The either covalently or hydrogen bonded H atoms are located inbetween 
neighbouringneighbouring O atoms, as illustrated by the large (0 atom) and small (H atom) shaded 
circlescircles in (c). (d) and (e) illustrate the free space diameters of the large and small cages 
(roughly(roughly 6.2 A and 4.6 A, respectively); a dotted circle denotes a nitrogen molecule, as 
givengiven by its molecular van der Waals radius (roughly 3.6 A). 

1.3.33 N 2 in cylindrical nanopores 

Inn the last study (chapter 8). the second component is a rigid cylindrical wall, in which 
nitrogenn 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 
geometryy is of the same scale as the molecular dimensions, the (phase) behaviour of the 
confinedd substance is strongly influenced by the confinement [ChrOl], If the dimension 
off  the pore is small enough, the structure at one side of the pore is influenced by the 
structuree at the other side of the pore. One may think of this in terms of interference of 
thee density oscillations induced by each wall [ZwaOl]. 

Inn 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 
materiall  also plays a role [Gel99]. In general, for higher pressures, the attractive part of the 
intermolecularr potential becomes less important as the molecules are 'forced' up to short 
intermolecularr distances, corresponding with the repulsive part of the potential. This also 
holdss for the molecule-wall interaction. I t is therefore expected that, at higher pressures, 
sincee the (attractive) nature of the molecule-wall interactions becomes less important, 
thee sheer geometrical confinement dominates the (phase) behaviour. 

Ramann measurements of geometrically confined N2 molecules in cylindrical nanopores 
suggestt the occurrence of a phase transformation in the layers near the wall upon the 
increasee of pressure [LotOl] . These so-called adsorbate layers consist of stacked monolayers 
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Figuree 1.4: Schematic representation of the two layers of the nitrogen 0 phase as seen 
alongalong the hep c axis. The open and closed circles denote the (orientationally disordered) 
moleculesmolecules in the different layers (A and B), that each form a triangular lattice. The large 
circlecircle indicates the included molecules in a pore. 

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

Inn chapter 8, we have made an effort to obtain microscopic insight into the behaviour 
off  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 
adsorbatee layers. The simulations are therefore performed with a cylindrical pore of the 
samee dimension. 

1.44 Computational methods 

Inn this study, we have used classical Monte Carlo (MC) and Molecular Dynamics (MD) 
simulationss [Fre96, A1186]. Such techniques are now standard, although more efficient tech-
niquess to simulate an increasing number of degrees of freedom are continuously devised. 
Wit hh both methods it is possible to calculate any static ensemble average, but the two 
techniquess have their own advantages. In addition to the ensemble averages, MD simu-
lationss provide information about the dynamics of the system under investigation. The 
mainn advantage of MC techniques is that unphysical moves can be carried out. The ben-
efitss of both techniques have been exploited in this thesis. We put littl e emphasis on the 
computationall  techniques; we mainly focus on the physic involved. However, occasionally 
wee wil l explain the approach we have followed. 




