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Abstract

Fluids, especially liquid crystals, enclosed in porous materials exhibit a rich phase beha-
viour which can be exploited in both the study of the fundamental properties of the fluid
itself, as well as its confinement. Nuclear magnetic resonance spectroscopy of xenon dis-
solved in the confined fluid is a sensitive and noninvasive method to study these systems.
The purpose of this thesis is to develop and validate computational methods which can be
used to interpret, as well as predict the structure and 129Xe NMR of the fluid.

The work used a combination of classical simulations of coarse-grained molecular
models with quantum-chemical parameterisation for the pairwise-additive potential ener-
gies and the 129Xe nuclear shielding tensors. More specifically, Monte Carlo molecular
simulation was used to study the structure and phase behaviour of a uniaxial liquid crys-
tal in a cylindrical nanocavity. Next, a small number of xenon atoms was added to the
simulation and the nuclear shielding of 129Xe was computed from the simulated config-
urations. Finally, the factors contributing to the maximum of the chemical shift of 129Xe
in water were studied with a semianalytical cavity model, which was parameterised using
a combination of molecular dynamics simulations and quantum-chemical calculations.

It was found that planar anchoring of liquid-crystal molecules at the walls of a cyl-
indrical cavity promotes orientational order well above the isotropic-nematic phase trans-
ition temperature and the sharp isotropic-nematic transition of the bulk liquid crystal is
replaced by a gradual paranematic-nematic transition. At lower temperatures the forma-
tion of translationally ordered phases is hindered by the packing of molecules at the wall.

The 129Xe shielding computed from the simulations corresponds qualitatively to earlier
experimental results for xenon dissolved in a liquid crystal enclosed in the small cavities
of controlled pore glass. The gradual change of orientational order at the paranematic-
nematic transition is hard to observe in the isotropic shielding, especially in very small
pores, but the transition reveals itself in the anisotropic part of the shielding.

The semianalytical cavity model qualitatively reproduces the maximum of the 129Xe
chemical shift in water. The extremum is interpreted as arising from the interplay of
the variation in water density and the collisions of the Xe solute with its nearest water-
molecule neighbours. The interpretation suggests the chemical shift maximum could be
observed also in other solvents.

Keywords: molecular simulation, nuclear magnetic resonance spectroscopy, liquid crys-
tals, xenon, fluids, nanocavity, porous material
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1 Introduction

1.1 Simulated xenon NMR

The traditional divide in science has been between theory and experiment. However,
already for many decades there has been a third branch, computation, which intersects
with both of the former. On the one hand, data processing with sophisticated algorithms
and artificial intelligence enables scientists to find features in data that would not be easily
observed with just the scientist’s intuition and theoretical models. On the other hand,
computers are used to simulate theoretical models, that would otherwise be intractable
with analytical methods. In this thesis, simulation of theoretical models is used to interpret
experimental nuclear magnetic resonance (NMR) data, as well as to provide predictions
for systems not yet studied. The subjects of the present simulations are the behaviour of
liquids and liquid crystals (LCs) and the NMR of 129Xe atoms dissolved in these systems.

NMR is a versatile method to study many systems and phases of matter from gases
to complex nanosystems and from small, simple molecules to entire living tissues [1].
NMR is a spectroscopy method, which means it studies the emission and absorption of
radiation in a material. In NMR, the sample is placed in a strong static magnetic field,
which creates a difference between the energies of different spin states of the atomic
nuclei in the system. Radio-frequency radiation is then used to create transitions between
these energy levels. The transitions back to the equilibrium can be observed as radio-
frequency radiation emitted by the sample. The frequency distribution of this radiation
is the NMR spectrum and the process of returning to equilibrium is called relaxation.
Both the frequency content and the relaxation rate can be linked to static and dynamic
properties of the material. In this thesis, only the properties of the static 129Xe spectrum
are simulated but simulations of mechanisms responsible of relaxation would in many
cases be equally realisable.

129Xe NMR has been used successfully to study liquids, LCs and porous materials [2–
4]. Xenon possesses some properties which are particularly useful for its use as a NMR
"spy" atom. It is chemically inert but has a large electron cloud that is relatively easily
deformed by its environment. This adaptation is reflected in the nuclear shielding of the
atom and observed in the NMR spectra. Temperature dependence of the noble gas solute
chemical shift usually follows the solvent density. For most liquids, density is a monoton-
ously decreasing function of temperature. As is well known, water makes an exception
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to this rule and has its maximum density at 3.984 ◦C at standard pressure, well above
its freezing point [5]. Rather surprisingly, the chemical shift of 83Kr in an aqueous solu-
tion of krypton is known to have a weak maximum at approximately 45 ◦C [6]. Similar
anomalous behaviour can therefore be expected for Xe chemical shift.

The chemical shift of xenon has been used by Tallavaara, Telkki and Jokisaari [7] to
study the phase behaviour of a uniaxial LC (Merck Phase IV) confined to controlled pore
glasses (CPGs) with a wide range of pore diameters from 81 Å to 2917 Å. Earlier, Long et
al. [8] studied the ZLI 1132 LC in 2000 Å cavities of so-called Anopore materials. The Xe
NMR experiments of Tallavaara et al., compiled in Tallavaara’s PhD thesis [9] provided
new reference data for LCs in nanosized cavities and were a key motivator for the work
presented here.

Studying the phase behaviour of LCs and other complex liquids requires simulations
of thousands of molecules in a broad range of temperatures and is usually done with
classical Monte Carlo (MC) or molecular dynamics (MD) methods, since the use of ab
initio methods would be prohibitively expensive in terms of computational time [10, 11].
However, the molecular interactions such as the ones responsible for the energetics of
the system or the 129Xe shielding originate from the electronic structure of the system
and their accurate treatment needs to be done quantum-mechanically. Efficient mapping
of the interactions to the classical simulation sometimes necessitates a coarse-grained ap-
proach, in which the atomistic structure of a molecule is substituted with fewer interaction
sites for reduced complexity and computational cost of the simulations [12, 13]. In this
work, simplified molecular interactions are used to accelerate both simulations and the
computation of 129Xe NMR parameters from the simulated trajectories [14].

Earlier in our research community, Lintuvuori, Straka and Vaara [15] simulated Xe
atoms in bulk uniaxial LC and found that the small amount of dissolved Xe did not af-
fect the phase behaviour of the LC. The computed shielding of the Xe reproduced many
of the qualities of experimental Xe shielding, such as discontinuities of trends at phase
transition temperatures. This work created the basis for the methodology extended in the
LC simulations of this thesis.

1.2 Outline of the thesis

The aim of this thesis is to present and validate methods for computing the NMR spec-
tra of 129Xe atoms in fluids and in nanosized confinement. Although the methodology
plays a large part in the thesis, the motivation behind was always the interpretation of
existing experimental results for Xe NMR. These included the nuclear shielding of xenon
dissolved in a LC confined to the small cavities of a porous material [7, 16] as well as the
peculiar temperature behaviour of the chemical shift of atomic noble gases dissolved in
water [6]. The results bear significance to the study of porous materials, LCs confined in
them [17–20], as well as the use of hyperpolarised 129Xe to study many other liquid-like
environments [21, 22].

The thesis consists of this introductory part and three original papers. In Paper I, the
structure and phase behaviour of a uniaxial LC confined to cylindrical nanocavities of
different sizes were studied with MC molecular simulation. This created the basis for the
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a) b)

Figure 1.1. a) Side view of the Gay-Berne liquid crystal (grey spheroids) and xenon atoms
(red spheres) in a cylindrical cavity, a snapshot from simulation in Paper II. Cavity radius
R = 9ς0, where ς is the small diameter of one LC molecule. b) Schematic representation
of a xenon atom in a virtual cavity (transparent blue) formed by the nearest-neighbour
water molecules. A partial snapshot from the molecular dynamics simulation of xenon in
water in Paper III.

work in Paper II in which the nuclear shielding of 129Xe was computed from simulations
of atomic 129Xe dissolved in the confined LC [Fig. 1.1 a)]. In Paper III, the relation
of water density and temperature to the chemical shift of 129Xe dissolved in water was
studied with multiple combinations of quantum-chemical (QC) and simulation methods.
Out of these, this thesis focuses on the semi-analytical cavity model [Fig. 1.1 b)] which
was derived based on the work done in Papers I and II.

To support the original papers, the theoretical background as it was applied in the
current work is presented in Secs. 2-5. The order parameters used to evaluate the liquid
crystal structure in Papers I and II, are introduced in Sec. 2.1. 129Xe NMR as a mediator
between experimentally and computationally determined structures of fluids is presented
in Sec. 3. The theory of MC molecular simulation as it is applied here, is reviewed in
Sec. 4. The molecular models used in Papers I and II, as well as the cavity model in
Paper III, are reviewed in Sec. 5. These include the potential energy surfaces for the
simulations, as well as the functional forms of the Xe nuclear shielding. A major piece
of work behind Papers I and II was developing an efficient MC molecular simulation
program to simulate the phase behaviour of liquid crystals in the nanocavities. The main
features of the simulation program are summarised in Sec. 6. The main findings of the
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original papers are reviewed in Sec. 7 with concluding remarks given in Sec. 8.
The theory of the quantum-chemical calculations behind the parameterisations of the

molecular interactions is considered to be out of scope for this thesis since those computa-
tions were not done by the author. Where needed, references to original works are given.
More general presentations of molecular simulation methods can be found for example in
the books by Allen and Tildesley [10] and Frenkel and Smit [11].



2 Ordinary liquids and liquid crystals

Common crystalline solids have a regular three-dimensional structure [23]. It can be de-
scribed with three lattice vectors, which each connect two atoms in equivalent positions.
Together the vectors form the primitive cell. A single crystal is formed by repeating the
primitive cell structure in all three dimensions. This makes the crystal both translation-
ally as well as orientationally ordered in all three dimensions. The consequence of the
three-dimensional order in crystalline solids is that they are anisotropic, in other words
orientation-dependent in many of their physical properties. As an example, the refrac-
tion and reflection of electromagnetic radiation depend on the incident angles between
the incoming beam and the lattice vectors of the crystal. Ordinary liquids possess neither
translational nor orientational long-range order. They are isotropic, which means that all
orientations of the material are equivalent. As is well known, at constant pressure, the
density of most liquids increases as temperature decreases until the material solidifies.
Equally well known is that the most common liquid on Earth, water, makes an exception
to this rule and its density at atmospheric pressure has a maximum in the liquid phase [5].

Liquid crystals are anisotropic liquids. They exhibit some properties of both liquids
and crystalline solids [23]. The defining feature of LCs is the long-range (on the molecular
scale) orientational order of the molecules. This sets LCs apart from, e.g., plastic crystals,
in which there may be translational order, but not orientational order of molecules. LCs
can also have long-range translational order in one or two directions, but not all three.
This separates them from ordinary crystals. In LC phases, the molecules are also more
mobile than in solids. The LCs usually appear macroscopically liquid-like and, within the
material, the molecules self-diffuse and rotate [24].

LCs are classified to many subcategories. Among them, this work will only con-
sider the so-called thermotropic uniaxial LCs. In thermotropic LCs, the phase transitions
between LC phases (and others) are driven by changes in temperature (and/or pressure).
This can be contrasted to lyotropic LCs, in which the phase transitions result from changes
in the concentration of the LC component in the solution. In a uniaxial LC there is ori-
entational order in a single direction. The constituents of a uniaxial thermotropic LC are
commonly molecules with either an elongated rod-like or flattened disk-like shape [23].
Onsager [25] showed in 1949 that steric repulsion between long hard rods is enough for
the formation of anisotropic, liquid-like phase, at suitable densities [23]. In reality, mo-
lecular interactions are more complex. The molecular shape, the van der Waals dispersive
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interactions and electrostatics all play a role in the formation of LC phases [23]. Further-
more, interactions with external electromagnetic fields or interfaces can either increase or
decrease order in the LC phase. Due to the self-organising quality of LCs, introducing
even a weak aligning force to some of the molecules can induce order on a macroscopic
scale. In the extreme case, the external force can bring about order in to an otherwise
disordered phase.

2.1 Order parameters

The orientational and translational order in LC phases can be quantified with order para-
meters. These can be linked to the macroscopic properties of the LC such as optical
birefringence and the NMR parameters which will be discussed in Sec. 3. The free en-
ergy of the LC can be related to its order parameters through mean-field or Landau-de
Gennes type of phenomenological theories [23]. With these it is possible to analyse the
different contributions of for example surface interactions or external fields to the LC or-
der [23, 26–28]. Unfortunately, the analytically tractable forms of these theories do not
usually include realistic molecular interactions. To include them, molecular simulation
methods, such as those presented in Sec. 4, are needed.

The orientation of an axially symmetric molecule with the unit vector û along its
unique axis (Fig. 2.1) can be described with the 3× 3 orientation tensor

s =
1

2
(3ûû− 1) . (2.1)

Here, 1 is the identity tensor. If û is expressed in spherical coordinates with respect to an
arbitrary cartesian coordinate system the orientation tensor becomes

s =
1

2

 3 sin2 θ cos2 φ− 1 3 sin2 θ cosφ sinφ 3 sin θ cosφ cos θ
3 sin2 θ cosφ sinφ 3 sin2 θ sin2 φ− 1 3 sin θ sinφ cos θ
3 sin θ cosφ cos θ 3 sin θ sinφ cos θ 3 cos2 θ − 1

 . (2.2)

For a group of molecules the average orientation tensor S = 〈s〉 is called the orientational
ordering tensor. If the molecules form a uniaxial LC and if the coordinate system happens
to be chosen such that the average orientation of the molecules is along the direction
θ = 0, then S is diagonal in this coordinate system, S = diag(− 1

2P2,− 1
2P2, P2), and

P2 = 〈P2(cos θ)〉 =
1

2
〈3 cos2 θ − 1〉. (2.3)

Here θ is the angle between the unique axis of the molecule and the director, the vector of
the average orientation of the axes of all molecules. P2(cos θ) is the second rank Legendre
polynomial.

The orientation parameter P2 is used to distinguish the nematic (N) from the isotropic
(I) phase. In the isotropic phase P2 = 0 and for a fully oriented phase P2 = 1. In the
nematic phase, P2 is usually in the range from 0.3 to 0.7 [29]. P2 can be computed as
the magnitude of the unique eigenvalue of S [30]. The corresponding eigenvector is the
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û

x

y

z

n

Figure 2.1. Left: Schematic showing the unit vector of orientation û along the long axis
of an ellipsoidal molecule. Right: Nematic phase formed by rodlike molecules. The
director n shows the average orientation of the molecules.

director. In NMR of uniaxial LCs, the observed quantities often contain the component
of S along the external magnetic field

Szz = P2(cosβ)P2, (2.4)

where β is the angle between the LC director and the external magnetic field (z-axis). A
LC with positive anisotropy of diamagnetic susceptibility tends to orient parallel (β = 0)
to the external field. For negative anisotropy, the orientation is perpendicular (β = 90◦).

In the smectic-A (SmA) phase the LC is ordered into layers perpendicular to the dir-
ector. The layers form a periodic structure and therefore the density along the director
ρ(z) can be expressed as a Fourier series [23, 31]

ρ(z)

ρ0d
= d−1 + 2d−1τ1 cos(2πz/d) + ..., (2.5)

when the origin of the z-coordinate is suitably selected to reside at the center of one of
the smectic layers. Here d is the distance between the smectic layers and ρ0 is the average
density along the z-direction. The coefficient τ1 is the translational order parameter and
is obtained as

τ1 = ρ−1
0 d−1

∫ d/2

−d/2
ρ(z) cos(2πnz/d) dz = 〈cos(2πz/d)〉. (2.6)

τ1 can be used to distinguish the SmA phase from the nematic. Again the parameter
values range from 0 to 1, corresponding to lack of order and perfect order, respectively.

In the smectic-B phase and some crystalline (Cr) phases there exists long-range hexagonal
positional order inside the layers. In the smectic-B phase there is no correlation in the
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hexagonal order between the layers, unlike in the crystalline phases. The local hexagonal
order around molecule i can be measured with the bond-orientational order parameter [31]

ψ6(ri) =

∑
j w(rij) exp(6iθij)∑

j w(rij)
, (2.7)

where the sum is over all other molecules j in the same layer. rij is the length of the
center-to-center vector rij between two molecules. θij is the angle between rij and a
chosen reference direction in the smectic plane. The weighting function w(rij) is used
to select the nearest neighbours of i from the same layer. For the whole system the order
parameter is the absolute value of the average ψ6 = |〈ψ6(ri)〉| [23, 32]. Similarly to the
other order parameters mentioned earlier, the values of ψ6 range from 0 (unordered) to 1
(perfectly ordered).

2.2 Liquid crystals in porous materials

Nanoporous materials have a multitude of interesting applications as well as potential for
new ones. Properties such as the size, geometry, interconnectivity and surface roughness
of the pores can be tuned for many purposes, including filtration, gas absorption and drug
transport [33]. In the context of this thesis the focus is limited to materials in which the
pores can be approximated as cylindrical with the pore diameter ranging from a few tens
of Ångströms to a few hundred. The pores are also assumed long, such that the pore
length is several times the pore diameter. These criteria are filled by a group of controlled
pore glasses (CPGs) [7, 9], Vycor [34] as well as tubular silica nanochannels [17, 19, 35–
38] among others. LCs and porous materials have at least a two-fold relationship. On the
one hand, the properties of porous materials can be studied by observing how the phase
structure and phase transition temperatures change for the confined LC as compared to
the bulk. On the other hand, the phase behaviour and structure of the LC can be tuned
with the confinement for applications [39].

The alignment of LC molecules at the confinement wall is called anchoring [23]. The
main types of anchoring for uniaxial LCs are planar and homeotropic. For a rod-like mo-
lecule, these correspond to tangential and perpendicular alignment, respectively, of the
long axis of the molecule at the surface. Planar anchoring can be of several subtypes,
in which the molecules favour either random or uniform orientational alignment. Also
the anchoring can be a mixture of homeotropic and planar, when the angle between the
wall surface and the long axis of the molecules is nonzero but less than 90◦. The anchor-
ing types are naturally averages and idealisations and the overall alignment depends on
surface roughness among other things.

Since the interaction with the wall can either favour a certain orientation or diminish
it, the effect in both cases is the smoothening of the sharp I-N transition of the LC. The
phenomenon can be described with the Landau theory of a nematic LC by including a
non-random field with linear dependence on the scalar orientational order parameter of the
LC [39]. The resulting, partially ordered phase between isotropic and nematic is called
paranematic (PN) and the I-N transition becomes a PN-N transition. The orientational
order in the PN phase, induced by a wall, is inhomogeneous, since the (dis-/)orienting
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effect of anchoring is local and diminishes away from the wall.
The interaction between the cylindrical cavity and the LC model in this thesis favours

planar anchoring. Homeotropic anchoring in cylindrical cavities is in many respects a
more complex case as the boundary conditions do not allow a homogeneous orientational
or translational order and defects often occur [39]. While the phenomenology of defects
is rich and presents fundamental problems in applied physics [40], it is rather different
from what is observed for planar anchoring. Therefore the cases of homeotropic anchor-
ing are left out of the discussion when comparing the simulation results in this thesis to
experiments or other simulation works.

The phase behaviour and structure of uniaxial LCs confined to porous materials have
been studied experimentally with X-ray scattering, calorimetry, dielectric spectroscopy,
optical birefringence as well as xenon and deuterium NMR [39]. Phenomenological mod-
els have been developed to relate the anchoring strength and order in the experiments [26–
28, 41]. Regarding this thesis, perhaps the most interesting experimental reference is the
work by Tallavaara et al. [7, 9] in which they assigned the 129Xe spectra in LC confined
to CPGs based on the bulk phase behaviour, which showed that the LC had isotropic,
nematic and solid phases at the temperature range of the experiments. In the smallest
pores, the LC appeared to not have a nematic phase at all, or at least a clear transition
between nematic and isotropic was missing. The solid-to-nematic phase transition tem-
perature in the confined LCs was clearly seen from the Xe chemical shift. In general
there was a pore-size-dependent depression of this transition temperature as compared to
the bulk. This resembles the well known effect of confinement to the melting point in
isotropic fluids [42].

Molecular simulation studies of LC structure in a cylindrical confinement, as known
by the author, are not numerous. Andrienko and Allen have performed simulations of a
nematic LC with hard elongated molecules and homeotropic anchoring [43]. Their work
concentrated on finding and classifying confinement-induced defects in the LC structure.
Ji et al. [44–46] used constant-volume MD simulations of the Gay-Berne LC model with
a wall consisting of fixed Lennard-Jones particles to study the structure and dynamics of
LCs in cylindrical confinement. However, it was known from previous bulk LC simula-
tions that constant-volume simulations might not be able to accurately reproduce the trans-
lationally ordered smectic and crystal phases [31, 47]. More recently, Viveros-Mendez,
Gil-Villegas and Aranda Espinoza [48] simulated hard spherocylinders in a cylindrical
confinement to see the effect of different length-to-width ratios and packing fractions into
the phase behaviour. Tsujinoue, Nozawa and Arai [49] studied chiral rod-like molecules
with dissipative particle dynamics, a stochastic method to model the dynamics of complex
fluids [11]. In bulk, the molecules formed a cholesteric phase, a chiral nematic with dir-
ector orientations forming a helix, but in the cylindrical confinement the common nematic
phase was found instead. Wand and Bates [50] created a model in which multiple LC mo-
lecules were represented by one interaction site with adjustable chirality. They simulated
a LC consisting of these sites in a cylindrical geometry with both planar and homeotropic
anchoring. With planar anchoring and the chirality removed they found the director to
lie along the axis of the cavity. The constant-pressure simulations of Papers I and II fea-
ture van der Waals -type interactions between the molecules and planar anchoring on the
wall. They represent in many respects one of the most realistic modeling works of LCs in
cylindrical cavities to date.



3 Chemical shift of 129Xe in liquids and liquid crystals

The phenomenological effective NMR spin Hamiltonian forN nuclei in a (static) external
magnetic field B0 can be written in frequency units as [1]

Ĥ =

N∑
i=1

− γi
2π

Îi · (1−σi) ·B0 +

N−1∑
i=1

N∑
j=i+1

Îi · (Dij +Jij) · Îj +

N∑
i=1

Îi ·Qi · Îi. (3.1)

Here, Îi denotes the dimensionless spin of nucleus i, B0 is the external magnetic field and
σi is the shielding tensor of nucleus i. Dij and Jij are the tensors of the direct dipole-
dipole coupling and the (indirect) spin-spin coupling between nuclei i and j. Qi is the
quadrupole coupling tensor, which is nonzero only for nuclei i with spin quantum number
Ii > 1/2 [51]. All the tensors in Eq. (3.1) can be expressed as 3× 3 matrices in a chosen
Cartesian coordinate system. Of all the terms in Eq. (3.1), the first one is generally much
larger than the others in high-field NMR experiments, especially for the non-quadrupolar
nuclei, such as 129Xe, which has I(129Xe) = 1

2 . For quadrupolar nuclei such as 131Xe,
the last term can have a large contribution to the observed NMR spectra. In fluids, the
effects of Dij and especially Jij are generally smaller. In ordinary liquids, Dij vanishes
due to isotropic averaging by molecular motions. This thesis focuses on NMR of 129Xe
dissolved in liquids and LCs and therefore the attention is directed to the spectral features
produced by 129Xe shielding.

The shielding is a two-index tensor, which can be divided into isotropic and anisotropic
parts:

σi = σiso
i 1 + σaniso

i . (3.2)

σi results from the electron cloud surrounding the nucleus. For an isolated 129Xe atom
the electron cloud is spherically symmetric. The symmetry is broken when the atom is
in close contact with other atoms and their electron clouds interact. The effect of the
shielding is that at the site of the nucleus, the magnetic field is slightly different from
the externally applied B0, generally in both strength and orientation. This results in the
observable chemical shift

δi =
σi,ref − σi
1− σi,ref

(3.3)

where the scalar quantity σi is called the shielding constant. As seen from Eq. (3.3) above,
the chemical shift is expressed with respect to a known reference. For xenon, the natural
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reference is the dilute monoatomic gas shielding, which can be used for both experiments
as well as computations.

In a strong magnetic field B0 along the z direction in the laboratory frame, shielding
constant σi appearing in Eq. (3.3) is the zz-component of the shielding, σi,zz , which
generally depends on the isotropic and anisotropic parts of the shielding:

σi,zz = σiso
i + σaniso

i,zz . (3.4)

Phenomenologically, the experimentally observed shielding can be treated as an average
over several contributions from the environment of the nucleus over finite time. The
symmetry of the shielding tensor then follows the symmetry of the environment of the
nucleus. In isotropic media the anisotropic part of the shielding is rotationally averaged
to zero, but in anisotropic media such as LCs it contributes to the observable chemical
shift. The anisotropic part can also contribute to the line shape in the spectra and is, in
part, responsible of relaxation.

Lounila et al. [52] presented a phenomenological equation connecting the temperature
dependence of the observable shielding of a noble gas solute to the solvent density, as
well as to the orientational and translational order parameters of the LC in the isotropic,
nematic and SmA phases:

σ(T ) =σ0 + [1− α(T − T0)]{σd[1 + 2cτ2
1 (T )]

+
2

3
P2(cosβ)∆σd[S(T ) + 2cσ1(T )τ1(T )]}. (3.5)

Here, S(T ), τ1(T ) and σ1(T ) are the orientational, translational and combined orientatio-
nal-translational order parameter, respectively. σ1(T ) represents the correlations of ori-
entational and translational order. Temperature-dependent density is approximated around
a point T0 with a linear function ρ0[1 − α(T − T0)]. σ0, σd = ρ0σ

′
d and ∆σd = ρ0∆σ′d

are the shielding of the free atom and the deformation contributions to the shielding and
its anisotropy, respectively, caused by the neighbouring atoms. β is the angle between the
LC director and the main magnetic field of the spectrometer.

In principle, the model allows extracting, based on the temperature dependence of the
129Xe chemical shift, the constants α and σd from the isotropic phase and ∆σd from the
nematic phase. In practice, the LCs may exhibit discontinuities in density at the phase
transition temperatures and the constants α, σd and ∆σd might have slightly different
values at different LC phases. The model assumes that the deformational contributions to
the shielding can be taken as perturbational and directly proportionaly to the local density.
Then the temperature dependence of shielding follows the temperature dependence of
density in the isotropic phase. In Paper III it is seen that this does not hold for 129Xe
in water, but one must also take into account a factor dependent on the energetics of
collisions between the solute and the solvent molecules.

Within the Born-Oppenheimer approximation it can be said that the shielding is a func-
tion of the coordinates of the nuclei surrounding i. Starting from the microscopic view-
point one can formulate the virial expansion [53]

σ(T ) = σ0 + σ1(T )ρ+ σ2(T )ρ2 + . . . . (3.6)

Here, σ0 is again the shielding of the free atom. The higher terms with coefficients
σ1(T ), σ2(T ), ... represent deviations from the free atom shielding due to two-body, three-
body, etc. interactions, respectively. The formulation of the virial expansion can be done
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directly via the cluster expansion, and is quite lengthy. For a more complete view of the
topic one is referred to books in statistical mechanics, such as Ref. [54] and the early
works of Kirkwood [55, 56], as well as Uhlenbeck and Beth [57, 58]. In the computa-
tional framework of this thesis (Sec. 5) the shielding is treated as pairwise-additive. This
corresponds to truncating the expansion of Eq. (3.6) after the second term. The subject is
discussed more in Sec. 5.1.

As can be seen from Eq. (3.1) the shielding can also be expressed as a derivative of the
energy of the system,

σi = 1 +
∂2E

∂µi∂B0

∣∣∣∣
B0=µi=0

, (3.7)

where µi = γi~Îi is the magnetic moment of nucleus i. This observation can be used also
as the basis for computing the shielding quantum chemically. Unfortunately quantum-
chemical computations are inherently expensive in terms of computational time needed
to solve the Schrödinger equation approximatively even for small systems of a few small
molecules. To enable comparison with experiments, solvent effects and the thermody-
namic state of the system have to be included indirectly in the results. This is enabled
by tools such as the MC molecular simulation reviewed in the next Section and the NMR
force field approach introduced in Sec. 5.



4 Monte Carlo molecular simulation

4.1 Metropolis Monte Carlo

Let us suppose that one wants to calculate the expectation value of some quantityAwhich
depends on M coordinates q = q1, q2, . . . , qM but not from any momenta. For concrete-
ness A could be for example the orientation parameter of a nematic LC or the nuclear
shielding of a xenon atom in water. The expectation value of A is

〈A〉 =

∫
A(q)f(q) dq, (4.1)

where f(q) is the normalised probability density of q and the integral is over all possible
q. In the constant-volume, constant temperature (NV T ) ensemble

f(q) =
exp[−βU(q)]∫
exp[−βU(q)] dq

= Z−1
NV T exp[−βU(q)], (4.2)

where U(q) is the potential energy function (PEF) of the system and β = (kT )−1, which
is often called the inverse temperature. ZNV T is the configuration integral. When M
grows large, the integrals of the kind of Eq. (4.1) or ZNV T become often impossible to
compute analytically and also computationally too expensive to solve with straightforward
numerical integration. Similar integrals are encountered in statistical theories of LC order
and can be treated with for example the mean-field approach [23].

To include more realistic intermolecular interactions the problem is solved with Markov
Chain Monte Carlo (MCMC) methods a.k.a. Monte Carlo molecular simulation, as is done
here, or with MD simulations [10, 11]. The MCMC method is based on advancing the
state of the simulated system with pseudorandom transitions to which the following con-
ditions apply [59]:

1. The probability of the transition from state m to n, πmn, depends only on the prob-
abilities fm and fn of the states m and n, respectively, and not of any of the states
preceding or following them. This property makes the simulation a Markov process
and the generated sequence of states a Markov chain.
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2. Ergodicity: any state k can be reached from any other state m with a finite number
of transitions.

3. The transitions obey the so-called balance condition [60]. Often the stricter detailed
balance condition, fmπmn = fnπnm is fulfilled.

In the Metropolis solution the transition is divided into two parts [61]:

fmαmnpmn = fnαnmpnm. (4.3)

Here, αmn is the probability of proposing the transition from state m to n and pmn is
the probability that the transition is accepted. In the Metropolis solution the proposal
probability is chosen to be symmetric: αmn = αnm. The remaining clever step is to
choose pmn = min(1, fnfm ) and the condition of detailed balance is fulfilled. The feature
of the Metropolis solution that makes it attractive for molecular simulation is that the
acceptance probability depends only on the ratio of the probabilities of states m and n.
Therefore one does not have to compute the configuration integral. The MCMC is an
importance sampling method. The simulation produces snapshots of coordinates with the
probability they would appear in the thermodynamic ensemble in question. No additional
weighting is needed to compute ensemble averages. The single-particle moves employed
in the simulations of Papers I and II are explained in Sec. 6.2.

4.2 Constant-pressure, constant-temperature Markov Chain Monte
Carlo

TheNV T MCMC method can be extended to the constant-temperature constant-pressure
(NPT ) ensemble by introducing a barostat via trial moves in the system volume [62].
The method is introduced here in the context of N rod-like particles with positions rN

and orientations ûN in a cylindrical pore with radius R (and height h) as in Papers I and
II. The derivation of the acceptance probability for a volume move in the more common
rectangular geometries can be found in many works such as Refs. [10, 11, 62]. The proper
derivation starts from the derivation of the partition function for the isobaric-isothermal
ensemble, which is not a trivial task [11, 63–65]. The configuration integral is propor-
tional to the partition function and is here taken as given. The manipulation of the con-
figuration integral given below is used to justify the acceptance probability used for the
volume moves in the cylindrical system. The probability is in essence the same as ob-
tained in Refs. [10, 11, 62].

Now the NPT ensemble average is written as

〈A〉 =Z−1
NPT

∫ ∫
A(rN , ûN , R, h) exp{−β[U(rN , ûN , R, h) + PV ]} drN dûN dV.

(4.4)

Here U(rN , ûN , R, h) is the potential energy of the system, which may generally depend
on the positions and orientations of the particles, as well as from the radius and height of
the cavity. It is convenient to express the volume element as dV = 2πR dR dh and the
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positions in cylindrical coordinates, in which r = (ρ, φ, z). The configuration integral
becomes

ZNPT =

∫ ∞
0

2πR dR
∫ ∞

0

dh exp(−βPV )

N∏
i=1∫ R

0

ρi dρi

∫ 2π

0

dφi

∫ h

0

dzi

∫
dûi exp[−βU(rN , ûN , R, h)]. (4.5)

Next the integral is simplified with substitutions S = R2 and si = ρ2
i :

ZNPT =

∫ ∞
0

π dS
∫ ∞

0

dh exp(−βPV )

N∏
i=1∫ S

0

1

2
dsi

∫ 2π

0

dφi

∫ h

0

dzi

∫
dûi exp[−βU(rN , ûN , R, h)]. (4.6)

Then the positions are written in scaled coordinates to remove the dependence on the
system dimensions: s′i = si

S , φ′i = φ
2π , z′i = zi

h , r′ = (s′, φ′, z′) [11]. With these it can
be written that

ZNPT =

∫ ∞
0

dV V N exp(−βPV )

N∏
i=1∫ 1

0

ds′i

∫ 1

0

dφ′i

∫ 1

0

dz′i

∫
dûi exp

[
−β[U(r′N , ûN , R, h)]

]
=

∫ ∞
0

dV exp (−βPV +N lnV )

N∏
i=1∫ 1

0

ds′i

∫ 1

0

dφ′i

∫ 1

0

dz′i

∫
dûi exp

[
−β[U(r′N , ûN , R, h)]

]
. (4.7)

From here it can be seen that the acceptance probability for a trial move in the NPT
ensemble is

pmn = min

{
1, exp

[
−β(Un − Um)− βP (Vn − Vm) +N ln

Vn
Vm

]}
(4.8)

This acceptance probability is valid for a trial move for which the a priori probability of
the move is symmetric in volume. If the probability should be symmetric in for example
the logarithm of volume, the probability will be slightly modified [11]. In practice the
volume moves include the scaling of the positions of all particles and therefore the total
energy of the system needs to be computed before and after the move to decide for its
acceptance.

In Papers I and II a bulk LC is simulated in a rectangular box (cuboid). Here three
different combinations of moves are employed. In phases without translational order –
the isotropic and the nematic – all the box sides are scaled together with the same factor.
To correctly reproduce the translationally ordered phases, anisotropic volume moves are
preferred in them [47]. The LC director was along the z-direction. Therefore in the
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smectic phase the area in the xy-plane was allowed to vary independently of the box
length in the z direction. In the low-temperature crystal phase all the box sides are scaled
independently. For the LC in the cylindrical cavity it was chosen to scale the box only in
the z-direction, along the cylinder axis. Making volume moves in the square of the radius
either independently of z or together with it is technically also possible but would have
obscured the results by making the radius of the cavity a variable.

The pressure is in general an anisotropic tensor, which can be computed through the
virial. The components of the tensor can be used to monitor the equilibration during
simulations. For the cylindrical geometry important advances in the computation of the
virial pressure were made only very recently [66, 67].

4.3 Parallel tempering

Parallel tempering (PT) is a variant of the more general replica exchange algorithm [68].
In PT, several copies of the same system (replicas) are simulated in parallel, at different
temperatures. Periodically, two replicas i and j are selected and an attempt to swap their
temperatures is made. If the swaps are successful, PT allows the replicas to cross high en-
ergy/enthalpy barriers by making a round-trip via higher temperatures. This can accelerate
thermalisation and the sampling of the phase space in rugged energy/enthalpy landscapes.
In NV T ensemble simulation the temperature swap is accepted with probability

W (βi ↔ βj) = min {1, exp [(βi − βj)(Ei − Ej)]} . (4.9)

Here, βi = 1/(kBTi) and Ei is the energy of replica i. PT can be used to parallelise an
NPT ensemble simulation to several temperatures and/or pressures [69]. If all replicas
have the same pressure, the acceptance rule of Eq. (4.9) is modified by replacing the
energies Ek, k = i, j with the enthalpies Hk = Ek + PVk, where Vk is the volume of
replica k.

In Papers I and II, the constant-pressure PT algorithm was used to cover a broad range
of temperatures in the LC simulations. The average probability of the PT swap being ac-
cepted depends on the distributions of energies/enthalpies of both replicas i, j. For large
systems, the distributions are narrow and more replicas are needed to cover the same tem-
perature range, as compared to a smaller but otherwise similar system. In special cases
this dependence on system size can be avoided [70]. In general, achieving efficient ex-
change especially between temperatures separated by a phase change can be challenging.
Many different approaches have been proposed for optimising the set of temperatures
and sampling performance of the PT method by relying either on measured or theoret-
ically estimated exchange rates [71–79]. For the simulations in Paper II the exchange
rates were measured during short simulations and the set of temperatures was adjusted
to reach a minimum target rate for exchanges between adjacent temperatures. Even with
these adjustments it was found that realising efficient PT swaps across phase transition
temperatures of LCs was challenging.



5 Simplified intermolecular interactions

5.1 Pre-parameterised pairwise-additive models

As was seen in Sec. 4, the potential energy function of the system governs the behaviour of
the molecules in the simulations. The PEF contains all the intermolecular interactions as
well as any external fields. A molecule is comprised of nuclei and the surrounding cloud
of electrons. Electrons can only be described accurately with quantum mechanics, which
means molecular interactions need the same level for their accurate description [80]. In
practice, high-level quantum-mechanical simulation of thousands of molecules of a relat-
ively small nanosystem is a daunting task.

The work in the included Papers makes extensive use of simplified molecular interac-
tions, which have been created by:

1. Grouping several particles to a single interaction site.

2. Approximating the interactions between sites as pairwise additive.

3. Preparameterising the interaction between two sites.

These steps from 1 to 3 apply to the potential energy functions, as well as to the nuc-
lear shielding tensors which are computed from the trajectories of molecules in post-
processing. The process of parameterising a pairwise additive model for a NMR property
such as shielding is analogous to the parameterisation of the potential energy function,
hence it is sometimes dubbed as the NMR force field method [14]. Step 1 ranges from
the common atomistic view of combining the nucleus and the cloud of 54 electrons of
a xenon atom as a single site to the extreme of modeling all the atoms in the wall of a
long cylindrical cavity as a single unit, as was done in Papers I and II. Combining several
atoms to a single interaction site is commonly called coarse-graining [13].

The ingredients of preparameterisation are i) a suitable functional form of the coarse-
grained interaction and ii) a series of quantum-chemical calculations for a pair (or group)
of molecules or atoms. Here the so-called supermolecule method is used. The interaction
contribution to energy is defined as the difference between the energy of the interacting
molecular pair/group and the energies of the separate molecules [80]. To the 129Xe nuc-
lear shielding the definition is analogous and the reference is the shielding of the free
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atom as explained earlier. As a simple example of a target function, the Lennard-Jones
(LJ) potential

U(r) = 4ε

[( ς
r

)12

−
( ς
r

)6
]

(5.1)

depends only on the intermolecular distance r. This form was used to describe the pair-
wise interactions between two Xe atoms in Paper II. The parameterisation task is to de-
termine ε and ς , which give the well-depth and contact distance, respectively. In the
simplest form the energy for a pair of Xe atoms is determined with electronic structure
calculations at different distances r between the nuclei. The function of Eq. (5.1) is then
fitted to the results of these calculations via parameters ε and ς . In Paper II these paramet-
ers were obtained from state-of-the-art quantum chemical calculations by Hanni, Lantto
and Vaara [81].

For more complex molecules, such as the mesogens of Papers I and II, it is reason-
able to perform an energy minimisation calculation, a.k.a. geometry optimisation to the
monomer geometries before the pair properties are computed. Here some or all the nuc-
lear coordinates are allowed to vary. This is usually done using computationally less
expensive methods, e.g., density functional theory (DFT), than the final energy calcula-
tions. If the molecule is rigid enough, the deformation effects caused by neighbouring
molecules are small and the optimised monomer geometry is a good approximation in the
condensed state [80]. Since the nuclei are fixed during the pair property calculations, it is
the direct changes in the electronic structure that determine the interaction.

When the chosen target function has higher symmetry than the molecular pair, it is
necessary to average over QC calculations of several molecular arrangements. In the
models of Papers II and III Boltzmann averaging,

〈A〉 =

∑
mAm exp(−βUm)∑
m exp(−βUm)

, (5.2)

was used. Here A is either the interaction energy or the component of the 129Xe nuclear
shielding tensor and each m represents, say, different relative orientations of the two
molecules. Am and Um are then the property and the pair interaction energy for each
arrangement, respectively.

The pairwise-additivity of step 2 above not just simplifies the parameterisation of the
models, but also greatly reduces the needed computational resources to simulate the
models. In a system of n particles there are n(n − 1)/2 ∝ n2 pair interactions but
n(n − 1)(n − 2)/6 ∝ n3 three-body interactions and, in general, n!

(n−k)!k! k-body inter-
actions. Grouping particles reduces n and therefore has a dramatic impact on the number
of interactions in the system. In practice, the pairwise additivity means that the k-body
interactions with k > 2 are either neglected or effectively included in the pair terms.
An example of both cases are the pairwise chemical shift (PCS) and the effective pair
chemical shift (EPCS) parameterisations used in Paper III, as reviewed in Sec. 5.9.

The topic of creating potential energy functions or force fields for molecular simula-
tion is vast and often the process is partly based on trial and error where the force field
parameters are iteratively improved based on comparison of simulation results with ex-
periments [10]. In the following Secs. 5.2-5.9, the aim is to introduce the models for the
interaction energies and 129Xe nuclear shielding tensors used in Papers I-III and outline
the process of their parameterisations where needed.
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Figure 5.1. Schematic showing two ellipsoidal LC molecules with their orientation vec-
tors ûi and ûj and the center-to-center vector rij .

5.2 Gay-Berne liquid crystal

Molecular models of other than lattice simulations of LCs range from simple hard rods to
fully atomistic ones [12, 82, 83]. For the simulations of confined LCs in Papers I and II
the Gay-Berne (GB) LC model [84] was chosen due to its ability to reproduce several LC
phases, as well as for its significantly lower computational cost as compared to atomistic
models. The GB potential describes the interaction of two rod-like mesogens with a shape
reminiscent of ellipsoids of revolution. The basic form is similar to the LJ potential:

UGB(ûi, ûj , rij) = 4ε(ûi, ûj , r̂ij)
[
R−12

GB −R−6
GB

]
. (5.3)

The potential well depth ε(ûi, ûj , r̂ij) and the dimensionless distance function RGB are
anisotropic functions of the unit vectors ûi and ûj , which define the orientations of the
two molecules, as well as the center-to-center vector rij , which has the corresponding unit
vector r̂ij . Fig. 5.1 shows a schematic of the two ellipsoids with the vectors appearing in
the potential. RGB is written as

RGB = [rij − ς(ûi, ûj , r̂ij) + ς0]/ς0, (5.4)

where rij = |rij |. ς0 is the distance at which UGB crosses zero when ûi, ûj and rij are
all perpendicular to each other, the so-called cross-configuration. Fig. 5.2 b) shows the
Gay-Berne potential in selected molecular arrangements. The anisotropic contact distance
function was originally defined by Berne and Pechukas as [85]

ς(ûi, ûj , r̂ij) =ς0

{
1− χ

[
(ûi · r̂ij)2 + (ûj · r̂ij)2 − 2χ(ûi · r̂ij)(ûj · r̂ij)(ûi · ûj)

1− χ2(ûi · ûj)2

]}−1/2

,

χ =
κ2 − 1

κ2 + 1
; κ = ςe/ςs. (5.5)
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Table 5.1. The reduced units used in simulations of the Gay-Berne liquid crystal [10].

density ρ∗ = ρς30
temperature T ∗ = kBT/ε0
energy E∗ = E/ε0
pressure P ∗ = Pς30/ε0

Here, ςe and ςs are the contact distances in the end-to-end and side-by-side configurations
of the two mesogens, respectively.

The strength of the interaction is defined with the functions

ε(ûi, ûj , r̂ij) =ε0ε
ν(ûi, ûj)ε

′µ(ûi, ûj , r̂ij), (5.6)

ε(ûi, ûj) =
[
1− χ2(ûi · ûj)2

]−1/2
, (5.7)

ε′(ûi, ûj , r̂ij) =1− χ′
[

(ûi · r̂ij)2 + (ûj · r̂ij)2 − 2χ′(ûi · r̂ij)(ûj · r̂ij)(ûi · ûj)
1− χ′2(ûi · ûj)2

]
,

(5.8)

and

χ′ =
κ′1/µ − 1

κ′1/µ + 1
; κ′ = εs/εe. (5.9)

Here, ε0 is the well-depth of UGB in the cross configuration. εs and εe are the potential
well-depths in side-by-side and end-to-end configurations of two mesogens [Fig. 5.2 b)].
With the Gay-Berne model it is common to use reduced units, which are here marked
with an asterisk and defined by scaling distances with ς0 and energies with ε0 as listed in
Table 5.1.

Bates and Luckhurst studied the parameterisation (κ, κ′, µ, ν) = (4.4, 20, 1, 1) and
observed that with high enough pressures it produces the bulk LC phase structure smectic-
B – SmA – N – I, with increasing temperature [31]. Later, de Miguel, del Rio and
Blas [32] examined smectic phases of the model more thoroughly and assigned the low-
temperature phase as crystalline, instead of smectic-B. In Papers I and II, the (4.4, 20, 1,
1) parameterisation was used exclusively due to its rich and well-studied phase behaviour.

In a uniaxial LC, the elongated molecules can rotate around their long axes, which
can be used to justify the rotational symmetry of the GB mesogens in the LC phases.
In low-temperature crystalline phases in which the motion of the molecules is severely
hindered, this feature of the potential may not be realistic. Liquid crystal molecules can
contain flexible parts such as the tails formed by acyclic alkanes [29]. The GB LC model
is, on the contrary, entirely rigid. It is also missing electric multipoles which are present
in many real LC molecules. GB mesogens have been decorated with point charges and
dipoles and flexible parts have been added [86–89]. It is, however, a formidable task to
parameterise and test a new molecular model if a particular phase behaviour is desired.
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Figure 5.2. Potential energy curves for the interactions of GB molecules, Xe atoms and a
cylindrical cavity with radius R = 9ς0. For the intermolecular interactions, the horizontal
axis shows the intermolecular distance (in units of ς0). For interactions with the wall it
represents the distance of the particle centre from the wall. a) GB-Xe,e and GB-Xe,s
denote the potential energy curves UGB-Xe when Xe is at the end and on the side of the
GB molecule, respectively. Uw,Xe is for the potential energy between the Xe atom and
the cavity wall. UXe-Xe is the mutual interaction of two Xe atoms. The insets represent
the relative orientations of the GB molecule and the Xe atom in the "side" and "end"
configurations. b) GBT, GBee, GBss and GBX denote the potential energies for the GB-
GB interaction in T, end-to-end, side-by-side and cross configurations, respectively. The
insets represent the relative orientations of the GB molecules in each case. c) Interactions
of a GB particle with the wall. GB-Wall,r, GB-Wall,θ and GB-Wall,z represent potential
energies Uw,GB for a GB particle oriented in three orthogonal directions, radial, azimuthal
and along the cavity axis, respectively.
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5.3 Potential energy function of xenon in a liquid crystal

In Paper II, a small amount of xenon atoms are added to the LC to compute the 129Xe
shielding from the simulated trajectory. The pair interaction potential between the GB
particle and the Xe atom can be defined simply by setting ûj = 0, (the orientation vector
of the Xe atom) in the GB-potential [15, 88], which gives

UGB-Xe = 4ε(ûi, r̂ij)

[(
ςGB-Xe
0

RGB-Xe

)12

−
(
ςGB-Xe
0

RGB-Xe

)6
]
. (5.10)

For the GB-Xe potential, the anisotropic distance RGB-Xe and range ς(ûi, r̂ij) are defined
as

RGB-Xe =r − ς(ûi, r̂ij) + ςGB-Xe
0 , (5.11)

ς(ûi, r̂ij) =ςGB-Xe
0 [1− χGB-Xe(ûi · r̂ij)2]−1/2 (5.12)

and

χGB-Xe =1−
(
ςGB-Xe

e

ςGB-Xe
s

)−2

. (5.13)

Here, r is the distance between the centers of the two particles. ςGB-Xe
e and ςGB-Xe

s refer to
the distances where the potential crosses zero when the Xe atom is at the end and on the
side of the GB molecule, respectively. These molecular arrangements and the respective
potential energies at different intermolecular distances are depicted in Fig. 5.2 a).

The well-depth of the potential is defined by

ε(ûi, r̂ij) = εGB-Xe
0 [1− χ′GB-Xe

(ûi · r̂ij)2]µ
GB-Xe

(5.14)

χ′
GB-Xe

= 1−
(
εGB-Xe

e

εGB-Xe
s

)1/µGB-Xe

. (5.15)

Here, εGB-Xe
0 sets the well depth of the potential when the Xe atom is on the side of the

GB molecule. εGB-Xe
e and εGB-Xe

s are the potential well-depths at the end configuration and
the side configuration, respectively. The parameter µGB-Xe can be used to further adjust
the anisotropy of the potential.

Altogether, the Xe-LC potential has three parameters, ςGB-Xe
e / ςGB-Xe

s , εGB-Xe
e /εGB-Xe

s ,
and µGB-Xe, with additionally εGB-Xe

0 and ςGB-Xe
0 setting the overall strength of the interac-

tion and the contact distance between the Xe atom and the LC molecule. The quantum-
chemical parameterisation used for the Xe-LC potential in Paper II was mostly taken from
the earlier work by Lintuvuori et al. [15]. As it is central to the Paper II, the main points
are reviewed here. An atomistic model of a generic mesogen was generated to roughly
match the GB potential parameterisation of Bates and Luckhurst. The molecule had a
biphenyl core and two saturated hydrocarbon tails. A schematic of the model and the
coordinate system used to parameterise the Xe-LC potential and nuclear shielding models
is shown in Fig. 5.3. The LC monomer was fully geometry optimised with DFT before
the Xe atom was introduced. The QC computations for the Xe with the LC monomer
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Figure 5.3. The atomistic model used to parameterise the Xe-LC potential energy and
nuclear shielding [15].

were repeated for three different polar angles θ = 0, 30◦, and 90◦ at several distances
between the Xe and the LC. For the nonzero polar angles, the calculation was repeated
for six different azimuthal angles φ separated by 60◦. The data for the Xe-LC PEF fitting
was determined at the resolution-of-identity second-order Møller-Plesset perturbation the-
ory (RI-MP2) [90–92]. Results were Boltzmann-averaged [Eq. (5.2)] over the azimuthal
angles at T = 300 K. The Xe-LC PEF parameters ςGB-Xe

0 = 3.6 Å, ςGB-Xe
e /ςGB-Xe

s = 3.32,
εGB-Xe
0 = 105.57 meV and εGB-Xe

e /εGB-Xe
s = 0.16 were determined by fitting the QC data

to Eq. (5.10) at θ = 0 and 90◦ and µGB-Xe was manually adjusted to reproduce the QC
data at 30◦. The GB-Xe interaction strength was set to the same scale with the GB in-
teraction by performing the same level of computations for a parallel LC molecule dimer
and Boltzmann-averaging over the two azimuthal angles corresponding to the orientations
of each of the mesogens. This data was fitted with a Morse potential and the well-depth
parameter of the GB potential was estimated as ε0 = 157.58 meV.

In Paper II, a significantly larger value was chosen for the εGB-Xe
0 than in Ref. [15],

since it was found that the parameter ε0 = 157.58 meV was actually the well-depth in
the side-by-side configuration of the LC molecules and not the cross-configuration well-
depth as it should be. This value is used to scale the GB-Xe interaction strength in the
simulations. Three different values εGB-Xe

0 /ε0 = 1.24, 1.55 and 1.86 were tested to see
how sensitive the spatial distribution functions of xenon are to the Xe-LC interaction
strength. It was found that between the three values tested, the differences were small, but
all of them reproduced the experimentally observed Xe behaviour better in the LC phases
as compared to the original εGB-Xe

0 /ε0 = 0.67 of Ref. [15].

5.4 129Xe shielding in a uniaxial liquid crystal

The solvent contribution to xenon shielding was parameterised in the work of Lintuvuori et
al. [15] using the same atomistic model and rotational averaging as for the Xe-LC PEF in
Sec. 5.3. The system of 129Xe atom and the ellipsoidal LC molecule has Cs symmetry in
the general case. This means that the shielding tensor has five independent components
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Figure 5.4. Schematic view of the local coordinate systems used to define the a) Xe-LC
and b) Xe-Xe shielding tensors.

and can be written as

σGB-Xe =

 σxx 0 σxz
0 σyy 0
σzx 0 σzz

 . (5.16)

when placed to the local coordinate system as defined in Fig. 5.4 a). The components
were then parameterised using the functions

σxx =σs
xx(RGB-Xe) sin2 θ + σe

⊥(RGB-Xe) cos2 θ,

σyy =σe
⊥(RGB-Xe),

σzz =σs
||(RGB-Xe) sin2 θ,

σxz =σxz(RGB-Xe) sin θ cos θ

and

σzx =σzx(RGB-Xe) sin θ cos θ. (5.17)

Here, RGB-Xe is the anisotropic distance function of Eq. (5.11). The superscripts e and
s refer to configurations where Xe is at the end of the LC molecule (θ = 0) and on the
side (θ = 90◦), respectively. The subscripts || and ⊥ refer to the directions parallel and
perpendicular to the long axis of the LC molecule. The parameterisation was computed
with DFT at the B3LYP level. Each of the shielding functions was parameterised in the
form

f(RGB-Xe) =
A

R
p(RGB-Xe)
GB-Xe

(5.18)

where p(RGB-Xe) is a polynomial and A is a constant. Details of the computation as well
as the parameters resulting from the fit can be found in the original work by Lintuvuori et
al. [15].
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Figure 5.5. Schematic showing the principal axis system (PAS) of the particle-wall in-
teraction tensor and the vector d between a spherical particle and an infinitesimal wall
element.

The Xe dimer has D∞h symmetry [Fig. 5.4b)] and its shielding has a simple diagonal
form: σXe-Xe = diag(σXe-Xe

⊥ , σXe-Xe
⊥ , σXe-Xe

|| ). The parameterisation was done using the
high-level, relativistically corrected ab initio coupled-cluster singles and doubles data by
Hanni et al. [93] with the functional form f(r) = A/rp(r), r = |rij | for the chemical
shift and the shielding anisotropy. The parameters for the fit can be found from the original
work by Hanni et al. [93].

5.5 Cavity models

The work presented in the included Papers employs several different cases of interactions
of particles with their confinement. In Papers I and II, the Gay-Berne LC is enclosed in a
cylindrical cavity. In Paper II, xenon atoms are added to the confined LC and the 129Xe
nuclear shielding is computed, including the contribution from the cavity wall. In Paper
III, the 129Xe shielding in water is analysed with a model of spherical confinement. All
these interaction models have a common mathematical basis, which is reviewed in this
subsection in its most general form needed to reproduce the particle-wall interactions in
Papers I-III. The specifics of each interaction are then laid down in the following subsec-
tions.

The cavity walls in the models of Papers I-III are described as consisting of smoothly
and evenly distributed particles. The interactions between these wall elements and a
particle in the cavity, e.g., 129Xe atom, are assumed to be pairwise additive. The total
particle-wall interaction is given by the integral over the wall surface or volume. The in-
teraction between a particle and an infinitesimal element at the wall can be described as a
cylindrically symmetric tensor similarly to the Xe-Xe shielding tensor. If the z-axis of the
coordinate system is placed along the vector d between the particle and the wall element
as in Fig. 5.5, the tensor has a simple diagonal form T = diag(T⊥, T⊥, T||). This form
is invariant in rotations around the z-axis, so the choice of the x and y axes in Fig. 5.5
is arbitrary. Any Cartesian coordinate system with this z-axis orientation is a principal
axis system (PAS) of the interaction tensor. In the PAS, the isotropic average T and the
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anisotropy of the tensor ∆T are

T =
1

3
(2T⊥ + T||) (5.19)

∆T = T|| − T⊥ (5.20)

and they depend only on the distance between the particle and the wall element, d = |d|.
Due to the cylindrical symmetry T can be expressed as

Tab(d) = T (d)δab +
2

3
∆T (d)sdab, (5.21)

in any coordinate system obtained from the PAS by a rotation. Here sdab is the orientation
tensor of d,

sd =
3

2
d̂d̂− 1

2
. (5.22)

and d̂ is the unit vector along d. The total interaction is given by

T total
ab (d) = ρwall

∫
wall

(
T (d)δab +

2

3
∆T (d)sdab

)
dd (5.23)

where ρwall is the number density of particles in the wall.
In what follows, the interaction between the particle and the wall element is paramet-

erised in the form

T (d) =
∑
n
Tn

dn

∆T (d) =
∑
n

∆Tn

dn , (5.24)

where n > 3. The coefficients Tn and ∆Tn are obtained for example from a fit to QC
data or adjusted to reproduce empirical data. An alternative form to express the sums is

T (d) =
∑
n T
′
n

(
ς
d

)n
∆T (d) =

∑
n ∆T ′n

(
ς
d

)n
, (5.25)

where ς is a range parameter and has the same units of distance as d. Now it is easy to see
that from the isotropic part one can recover for example the LJ 12-6 potential of Eq. (5.1)
by including only the terms with T ′12 → 4ε and T ′6 → −4ε. Similarly as the LJ potential
can be adjusted for different molecules by substituting different values to ς , the range of
the particle-wall interactions can be adjusted in the more general sum of Eq. (5.25).

The functional form of Eq. (5.24) is general enough to represent a multitude of different
interactions and it can be integrated analytically over various wall shapes. In the simplest
cases, such as the PEFs used in this work, the interaction is a scalar function, which
behaves like the isotropic average T (d). In the following subsections, the total interaction
is formulated for an infinitely thick wall of an infinitely long cylindrical cavity (Papers
I and II) and a thin-walled spherical cavity (Paper III). After deriving each model the
specific parameterisations used in the included Papers are briefly reviewed.
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Figure 5.6. Definitions used when integrating the Xe nuclear shielding tensor compon-
ents and other particle-wall interactions over the x, y-plane in the cylindrical cavity. The
z-axis points towards the viewer. R is the radius of the cavity. rw is the distance between
the wall and the Xe atom. rφ is the angle-dependent lower boundary for integration over
the radial coordinate r.

5.6 Particle in a cylindrical cavity

Here, the interaction model for a point-like particle in a long cylindrical cavity with
smooth walls is derived based on the model of the previous subsection. The system has
C2v symmetry. Therefore if the coordinate axes are chosen as in Fig. 5.6, only T total

xx , T total
yy

and T total
zz are nonzero in Eq. (5.23). For the integration it is convenient to make a trans-

formation to cylindrical coordinates (r, φ, z), x = r cosφ, y = r sinφ, z = z as illus-
trated in Fig. 5.6. The distance between the Xe atom and a wall element is d =

√
r2 + z2.

The diagonal components of the orientation tensor in these coordinates are

sxx =
3

2

r2

r2 + z2
cos2 φ− 1

2

syy =
3

2

r2

r2 + z2
sin2 φ− 1

2

szz =
3

2

z2

r2 + z2
− 1

2
. (5.26)
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With the sum-of-inverse-powers representation of the isotropic average and anisotropy of
Eq. (5.24) one arrives at

Twall
xx = ρw

∑
n

[(
Tn −

∆Tn
3

)
J1,n + ∆TnJ2,n

]
Twall
yy = ρw

∑
n

[(
Tn −

∆Tn
3

)
J1,n + ∆TnJ3,n −∆TnJ2,n

]
Twall
zz = ρw

∑
n

[(
Tn −

∆Tn
3

)
J1,n + ∆TnJ4,n

]
, (5.27)

where the integrals to be computed are written as

J1,n =

∫
wall

r

(r2 + z2)n/2
drdφdz

J2,n =

∫
wall

r3 cos2 φ

(r2 + z2)n/2+1
drdφdz

J3,n =

∫
wall

r3

(r2 + z2)n/2+1
drdφdz

J4,n =

∫
wall

z2r

(r2 + z2)n/2+1
drdφdz. (5.28)

The volume to integrate over is the volume of the infinitely thick wall of the infin-
itely long cylindrical cavity with inner radius R. The integration procedure follows
the one presented by Zhang, Wang and Jiang [94]. The details are given in the Elec-
tronic Supporting Information of Paper II. The tensor components in Eq. (5.27) become

Twall
xx (k,R) = ρw

∑
n

Pn(k,R)

[(
Tn −

∆Tn
3

)
Ĩ

(0)
n−3(k) +

n− 1

n
∆TnĨ

(2)
n−3(k)

]
Twall
yy (k,R) = ρw

∑
n

Pn(k,R)

[(
Tn −

∆Tn
3

+
n− 1

n
∆Tn

)
Ĩ

(0)
n−3(k) − n− 1

n
∆TnĨ

(2)
n−3(k)

]
Twall
zz (k,R) = ρw

∑
n

Pn(k,R)

(
Tn −

∆Tn
3

+
1

n
∆Tn

)
Ĩ

(0)
n−3(k), (5.29)

where k = 1 − rw/R and rw is the shortest distance between the particle and the wall.
The functions appearing in the above formulas are

Pn(k,R) =
2
√
πΓ[ 1

2 (n− 1)]

Γ(n2 )(n− 3)Rn−3(1− k2)n−3
. (5.30)

and

Ĩ
(m′)
n−3 (k) =

1

2

n−3∑
l=0

(
n− 3

l

)
kl[1 + (−1)l]

Γ
(

1
2

)
Γ
[

1
2 (l +m′ + 1)

]
Γ
[

1
2 (l +m′ + 2)

] ×

2F1

[
−1

2
(n− 3− l), 1

2
;

1

2
(l +m′ + 2); k2

]
, (5.31)
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where 2F1 is the hypergeometric function, as defined in Eq. (15.1.1) of Ref. [95] and
Γ is the gamma function [96]. The terms with odd l vanish from the sum. For scalar
interactions ∆T = 0 and the isotropic average is

Twall(k,R) = ρw

∑
n

Pn(k,R)TnĨ
(0)
n−3(k). (5.32)

Although the derivation was presented for an infinitely thick wall, the result easily
allows one to define a cavity of arbitrary finite thickness δR simply by subtracting the
cavity with the outer radius, e.g. Twall(k,R) − Twall(k,R + δR). For cavities multiple
times longer than their diameter the infinitely long cavity should be a good approximation,
since the range of interactions ∝ d−n, when n > 3 are fairly short. For the same reason,
a straight slab wall could be used as an approximation for cavities with very large radius.
In this thesis, all interactions have a fairly steep distance dependence with n ≥ 6.

5.7 Mesogen in a cylindrical cavity

An interesting way to control the interactions of LC molecules with slab walls was presen-
ted by Micheletti et al. [97]. There, the wall is described as consisting of smoothly and
evenly distributed LJ particles and the LC interacts with the wall through two LJ sites em-
bedded in each mesogen. The interaction between one site and the wall is defined as an
integral of the LJ interaction [Eq. (5.1)] over the wall surface/volume. The combination
of embedded LJ sites and the cylindrical cavity model of the previous section was used
in Papers I and II. Fig. 5.7 shows the dimensions of the models. The LJ 12-6 potential
terms are inserted to Eq. (5.32) with T12 → 4εwς

12
w , T6 → −4εwς

6
w, ρw → ρwς

3 and
R→ R/ςw:

U site, w(k,R) = 4εwρw

[
P12(k,R/ςw)ς12

w Ĩ
(0)
9 (k)− P6(k,R/ςw)ς6wĨ

(0)
6 (k)

]
(5.33)

The total interaction is given by the interaction of both sites:

Uw =
∑

site=A, B

U site, w(k,R). (5.34)

The strength of the LC-wall interaction was scaled so that, when the molecule is paral-
lel to the wall, the maximum well-depth is twice the well-depth of the GB interaction.
The Xe-wall interaction in Paper II has the same form as the single-site interaction of
Eq. (5.33) and its strength and contact distance were scaled to be in proportion to the
Xe-LC interaction, so that the range and strength parameters in Eq. (5.33) are substituted
with ςw → ςXe

w = 0.8 and εw → εXe
w = 1.33989, respectively. Fig. 5.2 a) and c) show the

Xe-wall and LC-wall potentials, respectively, as used in Papers I and II.
It would be possible to construct the cavity wall of fixed atoms. However, then it is less

straightforward to implement pressure control in simulations as one would have to define
how these atoms act in a volume move. The walls of the cavity are assumed solid, which
should keep its density more or less constant in the range of pressures and temperatures at
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Figure 5.7. Schematic representation of the dimensions of a cylindrical cavity with radius
R = 9ς0, a Gay–Berne particle (GB), embedded Lennard-Jones sites (LJ) and a xenon
atom (Xe).

which a liquid or LC inside undergoes more drastic changes of volume. It would also be
necessary to decide what kind of atoms or molecules the walls consist of. Alternatives to
fixed atoms could be for example to fix a layer of GB mesogens on the walls. However,
a regular arrangement of GB particles would impose some orientational ordering effect
which was not desired in this work.

When the cavity is in effect a single interaction site, the computation of many interac-
tions between the enclosed molecules/atoms and the fixed atoms on the wall are avoided.
An implementation-friendly and computationally efficient form of Eq. (5.33), originally
presented by Zhang, Wang and Jiang [94] is given in Paper I and implemented in the sim-
ulation code introduced in Sec. 6. When the radius of the cavity is fixed, the efficiency of
the computation could be increased also by tabulating the potential.

Most real-life surfaces are rough at the atomistic level. Neither a completely smooth
wall, as presented here, or an atomistic, regular wall represents this adequately. Ji [98]
used a spherical indentation model to create rough cylindrical cavities with walls of fixed
atoms. Micheletti et al. [97] chose to arbitrarily decrease the exponent of the repulsive part
of the LJ potential to account for the irregularities and roughness of real walls, effectively
integrating their slab wall over a LJ9-6 potential. The less steep repulsion at the wall
should allow more surface penetration of the enclosed molecules and possibly make it
easier for the LC structures to stabilise between the walls.
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5.8 Xenon shielding in a cylindrical cavity

The contribution of the wall of the cylindrical cavity to the Xe shielding is formulated in
Paper II using the model reviewed in Sec. 5.6. The parameterisation of the model is based
on the same quantum-chemically computed Xe-Xe shielding curve as already mentioned
in Sec. 5.4. This time the Xe dimer shielding by Hanni et al. [93] is fitted to the sum-of-
inverse-powers form presented in Eq. (5.24) via coefficients σn and ∆σn. The results of
the fit are represented in Table 1 of the Electronic Supporting Information of Paper II.

Although the Xe-Xe shielding does not explicitly depend on the well-depth parameter
of the Xe-Xe PEF, the strength of the Xe-Xe and Xe-wall shieldings are assumed to be
similarly proportional to each other as the corresponding PEFs. Therefore the shielding
is scaled by multiplying it with the ratio of the well-depth parameters, εXe

w

εXe-Xe
0

. In addition
to that, the coefficients σn and ∆σn are scaled term-wise with the ratio of the contact
distance parameters in accordance with Eq. (5.25). Altogether, the combined substitutions

Tn → εXe
w

εXe-Xe
0

σn

(
ςXe
w

ςXe-Xe
0

)n
and ∆Tn → εXe

w

εXe-Xe
0

∆σn

(
ςXe
w

ςXe-Xe
0

)n
are made to Eq. (5.29) and the

wall contribution to the 129Xe shielding can be written as

σwall
xx (k,R) =ρw

εXe
w

εXe-Xe
0

∑
n

Pn(k,R)

(
ςXe
w

ςXe-Xe
0

)n [(
σn −

∆σn
3

)
Ĩ

(0)
n−3(k)

+
n− 1

n
∆σnĨ

(2)
n−3(k)

]
σwall
yy (k,R) =ρw

εXe
w

εXe-Xe
0

∑
n

Pn(k,R)

(
ςXe
w

ςXe-Xe
0

)n [(
σn −

∆σn
3

+
n− 1

n
∆σn

)
Ĩ

(0)
n−3(k)

− n− 1

n
∆σnĨ

(2)
n−3(k)

]
σwall
zz (k,R) =ρw

εXe
w

εXe-Xe
0

∑
n

Pn(k,R)

(
ςXe
w

ςXe-Xe
0

)n(
σn −

∆σn
3

+
1

n
∆σn

)
Ĩ

(0)
n−3(k).

(5.35)

In Paper II the coefficients σn and ∆σn are expressed in the units of ppm Ån. If one would
express Eqs. (5.35) in the form of Eq. (5.25), the contact distance parameter dependence
would become explicit, σn = σ′n(ςXe-Xe)n, where σ′n now is in ppm. From this it is
easier to see that the scaling with the ratio of contact distance parameters corresponds to
a substitution ςXe-Xe → ςXe

w .

5.9 Particle in spherical confinement

A semianalytical model of a xenon atom in a spherical cavity is used in Paper III to
study the peculiar temperature behaviour of the 129Xe chemical shift in water. Here, a
generic model is developed for the particle-wall interactions of a point-like or spherical
particle inside a thin-walled spherical cavity. In Paper III, the model is used to describe
the nearest-neighbour water molecules of 129Xe in water. The starting point is the general
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Figure 5.8. Xe atom in a spherical cavity. The size of the cavity has been exaggerated to
clarify the figure.

formulation of Sec. 5.5. Now, the integration over the wall is done in spherical coordinates
with the origin at the center of the cavity. Using the definitions shown in Fig. 5.8 the
vector d can be written as

d = R− r. (5.36)

So its length is
d =

√
R2 + r2 − 2rR cosφ, (5.37)

where φ is now the zenith angle in spherical coordinates. The dyadic in the orientation
tensor of Eq. (5.22) becomes

d̂d̂ =
RR−Rr− rR + rr

R2 + r2 − 2Rr cosφ
. (5.38)

To calculate the anisotropic part, the dyadic d̂d̂ is written in spherical coordinates,
using

r = (0, 0, r)T (5.39)
R = R(cos θ sinφ, sin θ sinφ, cosφ)T. (5.40)
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Due to the C∞v symmetry of the system only the diagonal elements of the dyadic need to
be considered. The diagonal is

1

d2
(R2 cos2 θ sin2 φ,R2 sin2 θ sin2 φ, d2 −R2 sin2 φ). (5.41)

The total interaction between the cavity wall and the particle is an integral over the
wall surface. The area of a surface element is R2 sinφdφdθ. The isotropic part becomes

T total = ρS
∑
n

TnR
2

∫ 2π

0

dθ

∫ π

0

sinφdφ

(R2 + r2 − 2rR cosφ)
n/2

= ρS
∑
n

TnIn

In = 2π
R

r

(R− r)2(R+ r)n − (R+ r)2(R− r)n
(n− 2)(R2 − r2)n

. (5.42)

The components of the anisotropic part are

T total, aniso
⊥ =ρS

∑
n

∆Tn

[
R4

∫ 2π

0

cos2 θdθ

∫ π

0

sin3 φdφ

(R2 + r2 − 2rR cosφ)n/2+1
− 1

3
In

]
=ρS

∑
n

∆Tn

[
1

2
Jn −

1

3
In

]
T total, aniso
|| =ρS

∑
n

∆Tn

[
−Jn +

2

3
In

]
(5.43)

Jn =2πR4

∫ π

0

sin3 φdφ

(R2 + r2 − 2rR cosφ)n/2+1

=4πR

{
(R− r)n(R+ r)2[r2 + (n− 2)rR+R2]

n(n− 2)(n− 4)(R2 − r2)nr3
−

(R− r)2(R+ r)n[r2 − (n− 2)rR+R2]

n(n− 2)(n− 4)(R2 − r2)nr3

}
. (5.44)

Subscripts || and⊥ stand for the components along r and perpendicular to it, respectively.
Since the wall is considered thin, ρS is now the surface number density of the cavity wall.

In Paper III, the spherical cavity model is parameterised quantum-chemically for 129Xe
surrounded by water. The water molecules form the walls of the virtual cavity. The
Xe atom moves isotropically in the cavity so only the isotropic part, [Eq. (5.42)] of the
cavity model is used. The anisotropic part might be relevant for example for modeling of
relaxation due to chemical shift anisotropy, but at least in the case of 129Xe in water, other
relaxation mechanisms, such as dipole-dipole relaxation would have to be included in the
model as well.

5.10 Parameterisation of the model for xenon shielding in water

Two parameterisation models for the shielding were used: In the PCS approach, the QC
computations were performed for selected arrangements of the Xe-water molecule pair,



48

which are represented in Fig. S3 of the Supplementary Information of Paper III. In the
EPCS approach, clusters of water molecules surrounding the Xe atom, such as shown
in Fig. 1.1 b), were taken from a MD simulation trajectory. The Xe chemical shift in
the water cluster is then divided into contributions from each Xe-water pair. In this way
the many-body contributions are included in the functional form of the pair chemical
shift to a good approximation. The potential energy of the xenon atom in the cavity is
in both cases parameterised similarly as in the PCS approach. The quantum-chemically
computed potential energies and shieldings were fitted to their respective inverse power
series representations of the form in Eq. (5.24). The parameters of the fits are given in
Sec. S2 of the Supplementary Information of Paper III.

The expectation value of the 129Xe chemical shift inside the spherical cavity at a given
temperature is computed as a Boltzmann average

δ(T ) =

∫ R
0
δ(r, T ) exp

[
−V (r,T )

kBT

]
r2 dr∫ R

0
exp

[
−V (r,T )

kBT

]
r2 dr

=

∫ R

0

δ(r, T )p(r, T ) dr. (5.45)

If one substitutes the cavity models for the chemical shift δ(r,R) and the PEF V (r, T ) in
the form of Eq. (5.42), one arrives at

δ(T ) =ρS(T )K(T ),

K(T ) =

∫ R
0

∑
n δnIn exp

[
−ρS

∑
m VmIm
kBT

]
r2 dr∫ R

0
exp

[
−ρS

∑
m VmIm
kBT

]
r2 dr

. (5.46)

Here, the temperature dependence of the surface number density ρS(T ) is made explicit.
It can be seen that the cavity model breaks the chemical shift δ(T ) into factors coming
from ρS(T ) and what can be called the kinetic factor K(T ). The surface number density
is given by

ρS(T ) =
Z(T )

4πR(T )2
, (5.47)

where Z(T ) is the coordination number of water molecules in the first hydration shell and
R = R(T ) is the temperature-dependent radius of the cavity.

The separation of δ(T ) in the two components in Eq. (5.46) allows us to attempt to
understand the reasons underlying the temperature maximum. The kinetic factor K(T )
represents the collisions between Xe and H2O and besides temperature it depends on the
PEF of the xenon atom in the cavity. As the PEF also depends on ρS(T ), the separation
into the two components is not entirely clean. Since the 129Xe chemical shift is a very
steep function of the intermolecular distance, the contributions from molecules far away
are mostly negligible and the first hydration shell will determine most of the shielding.
Therefore, only these nearest neighbours of the Xe atom are included in the model and a
thin-walled cavity is used. In practice it is also seen that the probability p(r, T ) becomes
very small already with values r smaller than R and that R does not vary much with tem-
perature, which make it possible to substitute a temperature-independent radius rmax < R
as the upper limit of integration in Eqs. (5.45) and (5.46).



6 Hybrid-parallel Monte Carlo molecular simulation
program

6.1 Overview

This section presents the MC simulation program CoarseMC, written in the course of
this project by the author. In Papers I and II, CoarseMC was used to efficiently simulate
confined and bulk LCs with dissolved Xe atoms. The code implements the uniaxial GB
(Sec. 5.2) and LJ (Sec. 5.1) potentials, as well as the mixed GB-LJ potential (Sec. 5.3).
With these, a range of pure and mixed systems of the two particle models can be studied
in bulk or confined to a smooth-walled cylindrical cavity (Sec. 5.7). The program was de-
signed to be easily extendable with new molecular models and was most recently used for
a simulation of molecules consisting of two GB interaction sites [99]. The particle types
and interactions available in CoarseMC are presented in Secs. 6.2 and 6.3, respectively.

CoarseMC enables sampling in the NV T and NPT ensembles in a rectangular or
cylindrical simulation cell. The dimensions in which periodic boundary conditions and
minimum image convention can flexibly be chosen for the dimensions needed. Sampling
of phase space is accelerated by utilising multi-core CPU architectures with an OpenMP
implementation of the domain decomposition (DD) algorithm [100] and an MPI imple-
mentation of parallel tempering [68], which can be used individually, or as a combination
in a hybrid-parallel simulation. The implementations of these algorithms are briefly re-
viewed in Secs. 6.5 and 6.6, respectively.

CoarseMC is written following the Fortran 2008 standard [101]. Where flexible or in-
terchangeable models are needed, the program is implemented in an object-oriented fash-
ion. Most of the object-oriented capabilities used in the source code are already present in
the Fortran 2003 standard, which has wide compiler support [102]. Fortran 2008 features
have been used cautiously, taking into account the present status of implementation of the
standard in commonly used compilers [103]. The package uses and includes the Cephes
Mathematical Library written in C for the computation of hypergeometric functions [104].

The output and input of CoarseMC are formatted as Javascript Object Notation (JSON).
It is a human-readable, general and flexible format, which allows the user to validate the
syntax in their input files and modify the files easily with freely available tools. The I/O
is implemented with the JSON-Fortran library [105]. A few Python 2.x scripts to prepare
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the input files and process the output of the program have been included in the package for
convenience. The package contains a user manual and examples of preparing input and
processing the output files generated by the program. The program is provided to users
with the MIT License and is downloadable from GitHub [106].

To the author’s knowledge there are no open-source MC simulation codes that would
be aimed at coarse-grained simulations and offer the same set of algorithmic options, in-
teractions and customisability as CoarseMC does. Some MD codes come close, though.
LAMMPS is a very versatile package, including GB and LJ interactions as well as many
others with efficient parallelisation of the MD algorithms [107, 108]. It also has some
MC capabilities and in many cases it is probably an excellent alternative to CoarseMC.
Another alternative is GBMolDD [109]. It can simulate the GB and LJ models and in-
cludes PT and DD. It is however a bit unclear whether the code is freely available and if
it is suitable for simulations of confined liquids.

6.2 Particles

Fig. 6.1 shows a simplified class diagram of the relations of the derived types in CoarseMC.
The current version of the program implements two particle models: point and rod. The
main responsibility of the particle types is to define the trial MC move of a single particle.
This is indicated in Fig. 6.1 as the type-bound procedure move() in the base type point.
For a point the move is a finite translation, which is complemented by a rotation of the
unit vector of orientation for a rod.

The particles are handled in CoarseMC as particlegroups. A group consists of 1...N
particles of a single type. Each group has a name, which is used to attach interactions to
the particles in the group. The particles in a particlegroup share the interactions connected
to the group. Each particlegroup contains a cell list type of neighbour list to accelerate
the computation of non-bonded pairwise interactions [10]. The need for a cell list and the
minimum cell size are computed on-the-fly and adjusted automatically using the largest
pair interaction cutoff radius and the maximum translation distance in a single particle
MC move.

The purpose of grouping particles is to make particle types independent of the possible
types of interactions acting upon them and to simplify the computation of interactions.
This way the particle types in CoarseMC know nothing about the specific interactions
they are involved in or about the types of other particles in the simulation. This makes
the derivation of new types of particles from particle possible without "ripple effects" or
breaking the program structure. The derived particles could be for example rigid or flex-
ible composites comprising rod-like and point-like interaction centers. With the relatively
independent particle groups, particle types and interactions, there can be for example two
particlegroups of type rod in a simulation of a mixture of rodlike particles, where both
groups can have different intermolecular interactions.
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point
+x; y; z

+move()

single_interaction

+potential(particlei, simbox, out: energy)

particlegroup

rod
+ux; uy; uz

gblj_interactiongb_interaction lj_interaction

pair_interaction

+potential(particlei, particlej, rij, out: energy)

lj1wall_interaction lj2wall_interaction

Model::Main

Figure 6.1. A simplified UML class diagram of the essential derived types in CoarseMC.
Only the key abstract procedure interfaces are included to indicate the main responsibil-
ities of the types. point is the base type of all particle models. It is specialised by the rod
type. Types single_interaction and pair_interaction are the base types of all interactions.
The type particlegroup acts as the glue between particles and interactions.

6.3 Interactions

In CoarseMC there are two cases in which interactions are computed:

1. The change in potential energy related to a single particle move.

2. The change in the total potential energy when the simulation box is scaled in an
NPT ensemble volume scaling move.

The total energy of a system of two particle groups 1 and 2 is computed as a sum of
interactions

U = U11 + U22 + U12 + U1 + U2, (6.1)

where U11 and U22 represent mutual interactions of particles within groups 1 and 2, re-
spectively. U12 are the interactions of particles in group 1 with particles in group 2. U1

and U2 represent interactions with external fields for groups 1 and 2, respectively. Based
on Eq. (6.1), the interactions in CoarseMC are divided to two classes: pair_interaction
and single_interaction. The former is the base type for interactions acting between two
particles. The latter is the base type for interactions applied on a single particle at a time.
Fig. 6.1 shows the relations of the currently implemented interactions in CoarseMC.

CoarseMC is designed for short-ranged, pairwise-additive interactions. Three single-
site interactions have been implemented as subtypes of pair_interaction, as shown in
Fig. 6.1. The two most well-known are the uniaxial GB potential of Sec 5.2 for rod-
type particles and the LJ 12-6 potential for points (Sec. 5.1). Mixing of the two particle
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types in a simulation is feasible by connecting groups of rods and points with the GB-LJ
potential, which was introduced in Sec. 5.3.

single_interaction is the base type for the interactions of particles with external fields,
such as an electric/magnetic field, or the walls of the simulation box. As shown in Fig. 6.1,
CoarseMC currently implements two single_interactions. The lj1wall_interaction de-
scribes interactions of LJ particles (points) with a cylindrical wall consisting of smoothly
and evenly distributed LJ particles. This was used for the Xe-wall PEF in Paper II. For
rod-type particles, the corresponding interaction is the lj2wall_interaction. Here, the in-
teraction with the wall is realised with two embedded LJ sites, which are placed symmet-
rically on the axis of the rod as was elaborated in Sec. 5.7. The cylindrical wall is used in
conjunction with a cylindrical simulation box.

When the interaction between two particles i and j is computed, there are several things
that need to be solved to dispatch the computation to the right procedure. These can be
done either at run-time or compile-time and include

1. the particlegroups m,n the particles i and j belong to

2. the type of interaction

3. the types of particles i and j.

In CoarseMC the interactions between particlegroups are stored in a symmetric matrix
where the group names correspond to matrix indices. This matrix is used to solve issue
1 in the list above. Types extended from pair_interaction override its potential(particlei,
particlej,...) subroutine which solves issue 2. Internally, pair_interactions uses the select
type construct of Fortran 2003 to solve issue 3 if needed. This design makes it possible to
extend the collections of interactions and particle types relatively independently of each
other. Similarly to pair interactions, CoarseMC stores the single_interactions to an array
where the array index corresponds to a particlegroup name. The downside of the flexibility
is – as is usual – that there is a performance penalty. The price of selecting the interactions
at runtime has not been quantified in the case of CoarseMC. It would probably be possible
to further mitigate the effect of this dynamic dispatching by refactoring it from the particle
level to the particlegroup level.

6.4 Ensemble sampling

CoarseMC supports sampling in the NPT and NV T ensembles. Sampling of the canon-
ical NV T ensemble is realised via single-particle moves. Trial moves depend on the type
of particle as explained in Sec. 6.2. The move is accepted or rejected with the Metropolis
rule (Sec. 4). The moves are performed in periodic sweeps. One sweep includes trial
moves of all particles in sequence.
NV T ensemble sampling is extended to the NPT ensemble sampling with the intro-

duction of trial volume scaling moves, which act as the barostat as explained in Sec. 4.2.
As is common, the moves include the scaling of particle positions accordingly. In CoarseMC
the volume moves are attempted every sweep after the particle moves. The trial volume
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moves in CoarseMC are performed in a sequence, which can include changes of box di-
mensions in any of the dimensions x, y, z, individually or combined, as elaborated earlier
in Sec. 4.2.

6.5 Domain decomposition

When the system to be simulated is large enough, wall-clock time of the simulations is
reduced by dividing the work geometrically to many processor cores with domain decom-
position [100]. In DD the simulated system is divided geometrically to subsystems or
cells. The sizes of the cells are chosen so that two particles in non-adjacent cells do not
interact with each other and their trial moves can be performed in parallel [100]. This is
possible when the pairwise interactions between particles are short-ranged and/or trun-
cated. Ideally, DD distributes the computations in MC moves evenly to cores/threads and
as the number of molecules in the simulation increases, CPU cores can simply be added
to keep the wall-clock time of the simulation constant. In practice DD involves some
amount of synchronisation and the details of its implementation determine the scalability.

In CoarseMC, DD is based on the three-dimensional cell lists of the particlegroups.
Parallelisability of the moves is guaranteed by adjusting the minimum cell size always to
rc,max +2∆x, where rc,max is the maximum cutoff radius of any of the pair interactions and
∆x is the maximum translation distance in a single-particle move. For large enough sys-
tems CoarseMC applies DD automatically if OpenMP is available. When DD is applied,
the calculation of the total energy in volume scaling moves is also parallelised.

Fig. 6.2 displays an example of the speedup achieved in wall-clock time with DD in an
NPT ensemble simulation as compared to a serial run. Number of MC sweeps completed
was measured from simulations of fixed duration with 1, 2, 4, 8 and 16 threads with
one thread per CPU core. The simulated system consisted of 32000 rods in a periodic
rectangular box with initial dimensions 41ς0, 35.5ς0, 75.6ς0, interacting with the Gay-
Berne (4.4, 20, 1, 1) potential with a cutoff rc = 5.5ς0. Each sweep included trial moves
of all particles and isotropic scaling of the simulation box. As can be seen from Fig. 6.2,
the speedup is close to linear all the way to 16 threads. The slightly superlinear scaling
with 2, 4 and 8 threads is possibly due to more efficient cache usage when the load is
distributed among several CPU cores. Increasing the number of threads to 24 did not
result in any speedup as compared to 16 threads. As a rule of thumb, DD in CoarseMC is
most efficient when there are roughly 2000 GB particles per CPU core.

6.6 Implementation of parallel tempering

The implementation of the PT method in CoarseMC is based on the MPI Message Passing
Interface. The swaps are performed by a master replica, which collects the temperatures
and energies/enthalpies from all replicas. The swapping process follows the suggestion
by Chodera and Shirts [110]: Two replicas i and j are selected at random from all the
replicas and their temperatures are attempted to swap. This is repeated many (N3

replicas)
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Figure 6.2. Speedup with DD as compared to a single-thread run. Measured from NPT
ensemble simulations of 32000 Gay-Berne particles in a periodic rectangular box. Black
dots show the results with 2, 4, 8, and 16 OpenMP threads. The dashed line indicates
linear speedup. Note the logarithmic scale on both axes.

times before the new temperatures are communicated back to the replicas.
Since it is common to apply PT swaps only every 10th sweep or so, the effect of the

algorithm on the total runtime is negligible. Exchanging temperatures has advantages over
exchanging configurations (particle coordinates and box dimensions). The most important
advantage is that the cost of MPI communication does not depend on system size, when
only temperatures are swapped.



7 Summary of Papers

7.1 Phase behaviour of a liquid crystal in cylindrical pores

The aim of Paper I was to find out the phase behaviour and structure of a uniaxial LC in a
small cylindrical cavity with planar anchoring and to compare it with the bulk LC, as well
as with experiments. The GB (4.4, 20, 1, 1) model of Sec. 5.2 was used to describe the LC.
The cavity wall consisted of smoothly and evenly distributed LJ particles and the LC-wall
interaction was implemented with embedded LJ sites in the LC molecules, as explained
in Sec. 5.7. Three cavity sizes with radii R∗ = 7, 9 and 11 were studied. The cavity
with radius R∗ = 9 is approximately of the same size as cavities in CPG materials with
a 81 Å pore diameter [7, 16]. This model of the confined LC was simulated at constant
pressure, P ∗ = 2.0, using the NPT MC method introduced in Sec. 4 with the parallel
tempering algorithm (Sec. 4.3). The temperature range T ∗ = 0.8, . . . , 2.0 was selected to
cover the I, N, SmA and Cr phases of the bulk LC, which was simulated for a reference.
Periodic boundary conditions and the minimum image convention were employed along
the axis of the cylindrical cavity and in all three dimensions in the bulk LC simulation.
Orientational, translational and bond-order parameters (Sec. 2.1) were computed from the
snapshots recorded from the simulation.

The most notable differences in the phase behaviours of the bulk and the confined
system is the higher orientational order (P2) in the confined LC at high temperatures and
the lower bond-orientational order (ψ6) at the low temperatures, as revealed by Figs. 7.1 a)
and c), respectively. The director of the confined LC was found to be always along the
cylinder axis. Similar director configuration has been found for a more coarse LC model
with planar anchoring and adjustable chirality when the chirality was set to zero [50].
In the cylindrical pore, the partially orientationally ordered paranematic phase appears
at temperatures in which the bulk LC exhibits a sharp I-N transition. Similar behaviour
has been observed experimentally in silica nanochannels with small diameters [35–37].
The gradual increase in orientational order from T ∗ = 2.0 towards lower temperatures
is similar for the cavities with radii R∗ = 9 and R∗ = 11 in Fig. 7.1 a), but differs
for the smallest cavity with R∗ = 7 which has significantly higher orientational order at
T ∗ ≥ 1.8.

The SmA-N transition temperature for the bulk LC at T ∗ = 1.43 is virtually unchanged
by the confinement as can be seen from Fig. 7.1 b). Below the transition temperature, τ1
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Figure 7.1. Simulated order parameters a) P2, b) τ1 and c) ψ6 as well as the mesophases
for the liquid crystal (LC) confined in cylindrical cavities with radiusR∗. The mesophases
are denoted as PN=paranematic, N=nematic, and SmA=smectic-A. X1 and X2 are two
unknown low-temperature phases. The shaded and white regions are guide to the eye
for the temperature regions of corresponding mesophases. Order parameters for bulk LC
are also presented for comparison. For the bulk LC, the crystal - smectic A (Cr-SmA)
transition lies at T ∗ = 1.32(1), smectic A - nematic (SmA-N) at T ∗ = 1.43(1) and the
nematic-isotropic (N-I) at T ∗ = 1.64(1).

is slightly lower overall in the cavities as compared to the bulk. The appearance of a
crystal phase, evident from the high bond-orientational order parameter of the bulk LC at
T ∗ < 1.32, is missing in the confined LCs in our work. Instead, at the low temperatures,
the wall induces a radial density wave, which decays towards the center of the cavity in
the N and PN phases, but persists throughout the cavity at T ∗ ≤ 1.0 (Fig. 6 in Paper I).
The missing solid phase in the cavities makes the temperature range of the SmA phase
significantly broader as compared to the bulk LC. The broadened temperature range of
the SmA phase was seen also by Kityk and Huber for rodlike molecules in silica glass
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nanochannels [36].
The mechanism by which the LC-wall interaction changes the phase behaviour be-

comes clearer by looking at the simulated order parameters as a function of distance from
the cavity wall at different LC phases, in Figs. 7.2 and 7.3. In the PN and nematic phases,
the orientational order of the LC monomers close to the wall is significantly higher than
in the central parts of the cavity as seen in Fig. 7.2. This schematically agrees with the
model of Kityk et al. [35] for the PN-N transition. A radially inhomogeneous ordering
was found also by Całus et al. [18, 111] with dielectric relaxation measurements for LCs
in nanochannels. As can be seen from Fig. 7.2, in the PN phase the core region of the LC-
filled cavity is actually almost isotropic in the cavities with radii R∗ = 9 and R∗ = 11,
while at the same temperature, the molecules close to the wall exhibit P2 values similar as
in a nematic bulk LC. This behaviour is similar to the spatial dependence of orientational
order observed by Ji et al. [44] for a similarly sized cavity. However, in the smallest cavity
simulated here (R∗ = 7), the orientational order resembles that of a nematic phase even
at the center of the cavity at the highest temperatures simulated. The origin of the lower
translational order and especially bond-orientational order in the confined LCs is similar
to the increased orientational order. The particles close to the wall are less translationally
ordered than the ones further away from it as can be seen from both the τ1 profiles at
T ∗ ≤ 1.30 as well as in the the ψ6 profiles at T ∗ ≤ 1.07 in Fig. 7.3.

According to our simulations, already in quite small cavities on the order of 100 Å
in diameter, there is a core region which is isotropic in the PN phase. Although it was
not tested with simulations in Paper I, this isotropic core region seen in the cavities with
radii R∗ = 9 and R∗ = 11 could possibly be reoriented with external fields. The size of
the isotropic/reoriented region could be tuned for a certain temperature by the selection
of suitable cavity size. It seems there is a limit to this tunability, however, since already
in the cavity with R∗ = 7 the isotropic core was not observed at any of the simulated
temperatures.

Compared to our simulation results, an even more gradual PN-N transition as a func-
tion of temperature was found in NV T ensemble MD simulations for a similarly sized
cylindrical cavity by Ji et al. [44]. This exaggerated graduality is likely due to the NV T
ensemble simulation being unable to reproduce the first-order phase transition from iso-
tropic to nematic even in a bulk LC [31]. Similar reasons are likely behind the missing
N-SmA transition in the work of Ji et al., which contrasts our broad SmA-phase tem-
perature range. An I-PN-N transition was seen also as a function of packing fraction in
the MC simulations of hard spherocylinders with length-to-width ratios of 5, 7 and 9 by
Viveros-Méndez et al. [48]. Of these the smallest ratio is close to our GB molecule with
the contact distance ratio κ = 4.4. The cavity-induced nematic order was seen to be
dependent on the cavity radius in a simulation of cholesteric LCs by Tsujinoue et al. [49].

Contrary to experiments [35–37], quenched disorder effects lowering the temperatures
of the PN-N or N-SmA transitions are not observed in our simulations, probably as a
result of the completely smooth walls and straight cavity in our model. More realistic
cavity models for porous materials would include some amount of surface roughness. This
might change how the PN-N transition appears as it might be that, similarly as a smooth
interface introduces order which is propagated to the inner cavity, a disordered wall might
result in order appearing first at the core of the cavity and propagating towards the walls
even below I-N transition temperature of the bulk LC. In the SmA phase, the translational
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Figure 7.2. Simulated orientational order parameter P2 profiles for confined Gay-Berne
liquid crystals (LCs) in cylindrical cavities with three different radii R∗, at five temper-
atures. The LC phases for the curves are paranematic (PN), nematic (N) and smectic-A
(SmA). X1 and X2 are two hitherto unknown low-temperature phases.

order was seen to already propagate from the core towards the walls (Fig. 7.3) so the effect
of moderate surface roughness would probably not be dramatic for the smectic phases.

The reason for the distance-to-wall-based translational order could be that the chosen
LC-wall interaction favours a different packing on the wall as compared to the bulk LC.
This might arise from the use of the embedded LJ sites in the LC monomers. Another
possible cause is that the wall is too hard or impermeable to allow the molecules close to
it to settle in the way that the collective behaviour of the LC would dictate. This could
appear as some sort of metastability in the low-temperature phases. This could not be con-
cluded with certainty from the simulations. However, it was noted that the equilibration
of the confined LCs at the lowest temperatures simulated took significantly longer than in
the corresponding bulk LC simulation and the observed order was somewhat dependent
on how fast the LC was equilibrated (Sec. 2 of the Electronic Supplementary Information
of Paper I).



59

0.0

0.2

0.4

0.6

0.8

1.0

R∗ = 7

T ∗ = 0.80, X1
T ∗ = 1.07, X2
T ∗ = 1.30, SmA
T ∗ = 1.59, N
T ∗ = 1.93, PN

0.0

0.2

0.4

0.6

0.8

tr
an

la
tio

na
lo

rd
er

pa
ra

m
et

er
τ 1

R∗ = 9

0 2 4 6 8 10 12
distance from the wall = r∗w

0.0

0.2

0.4

0.6

0.8

R∗ = 11

0.0

0.1

0.2

0.3

0.4

0.5

R∗ = 7

T ∗ = 0.80, X1
T ∗ = 1.07, X2
T ∗ = 1.30, SmA
T ∗ = 1.59, N
T ∗ = 1.93, PN

0.0

0.1

0.2

0.3

0.4

bo
nd

-o
ri

en
ta

tio
na

lo
rd

er
pa

ra
m

et
er

ψ
6

R∗ = 9

0 2 4 6 8 10 12
distance from the wall = r∗w

0.0

0.1

0.2

0.3

0.4

R∗ = 11

Figure 7.3. Simulated translational order parameter τ1 (left) and bond-orientational
order parameter ψ6 (right) profiles for confined Gay-Berne liquid crystals in cylindrical
cavities with three different radii R∗, at five temperatures. The LC phases for the curves
are paranematic (PN), nematic (N) and smectic-A (SmA). X1 and X2 are two hitherto
unknown low-temperature phases. At temperatures T ∗ = 1.30, 1.59 and 1.93 the curves
for ψ6 overlap each other.

7.2 Chemical shift of 129Xe dissolved in a nanoconfined liquid crystal

In Paper II, the aim was to see how the structure and order in the cylindrically confined
LCs is reflected in the nuclear shielding of dissolved 129Xe. Here, xenon atoms were
added to the simulation model of Paper I. The number of xenon atoms accounted for
0.62% of the molecules in each of the simulated systems. The cavity with radius R∗ = 9
was selected from the previous work. A larger LC-filled cavity with R∗ = 18 was also
simulated using a hybrid parallel simulation with domain decomposition (Sec. 6.5) to-
gether with parallel tempering. The cavity sizes corresponded roughly to the two smallest
of the CPG materials studied by Tallavaara et al. [7, 9], with average pore diameters of
81 Å and 156 Å. Bulk LC with Xe was simulated as reference. The simulation paramet-
ers are listed in Table 1 of Paper II. Due to the difficulties met in Paper I in simulating
the confined LC structures at the temperatures in which bulk LC is a crystalline solid,
the temperature range was restricted from below to the occurrence of the SmA phase.
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Figure 7.4. a) Orientational order parameter P2 and b) translational order parameter τ1
as a function of temperature in the two confined systems with radii R∗ = 9 and R∗ = 18,
as well as in the bulk.

Xenon atoms were modelled as LJ particles and the Xe-LC and Xe-wall interactions were
defined as in Secs. 5.2 and 5.5, respectively. The 129Xe shielding was computed using
the quantum-chemically preparameterised models of Sec. 5.4 for the Xe-LC and Xe-Xe
shielding tensors. The latter was used as the basis of the derivation of the wall contri-
bution to the shielding as explained in (Sec. 5.8). Bulk susceptibility corrections to the
shielding were not estimated or applied due to the qualitative nature of the study and since
their overall effect was assumed to be small [112].

Similarly to the results of Paper I, the smooth N-PN transition is seen in the orienta-
tional order parameters in Fig. 7.4 a) in both cavities at T ∗ > 1.7. Overall, the higher
orientational order in the confined LCs in the PN phase as compared to the bulk isotropic
phase is reflected as decreased values (increased magnitude) of all 129Xe shielding para-
meters in Fig. 7.5. In the anisotropic shielding in the cavity with R∗ = 9 the PN-N
transition is visible as a small change in slope at T ∗ = 1.85, . . . , 1.95 of the curve in
Fig. 7.5 c), but the isotropic shielding in Fig. 7.5 b) gives hardly any clue of the trans-
ition. In the larger cavity, the change in orientational order with temperature is steeper
[Fig. 7.4 a)] and a weak N-PN transition can be found even in the isotropic shielding in
Fig. 7.5 b). The isotropic core region in the PN phase can be seen in the radial profile of
the anisotropic shielding in Fig. 7.6 e) and j).

As was seen already in Paper I, the confinement has little effect on the N-SmA trans-
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Figure 7.5. Right: Comparison of the 129Xe NMR shielding (as referenced to free
Xe atom) of dissolved atomic Xe. a) The observable component of the 129Xe nuclear
shielding along the cavity axis 〈σzz〉 is composed of b) the isotropic shielding 〈σiso〉
and c) the component of the anisotropic shielding along the cavity axis 〈σaniso

zz 〉, as in
σzz = σiso + σaniso

zz [Eq. (3.4)]. The background shading refers to the phases obtained in
the simulation of the bulk system.

ition temperature. This similarity to bulk LC behaviour is – naturally – the stronger the
larger the cavity as is seen for the cavity with R∗ = 18 in Fig. 7.4 b). Below the transition
temperature, τ1 of the R∗ = 18 system resembles more of that in the bulk LC than τ1 in
the smaller cavity with radius R∗ = 9.

The SmA-N transition is not seen in the shielding parameters of the cavity withR∗ = 9
in Fig 7.5. In the larger cavity (R∗ = 18), the isotropic shielding in Fig. 7.5 b) and the
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Figure 7.6. Average NMR shielding (ppm) of atomic 129Xe dissolved in a model liquid
crystal confined to cylindrical nanocavities. Results as a function of distance to the wall in
the two cavities with radiiR∗ = 9 (left) andR∗ = 18 (right) at four different temperatures
and LC phases. Panels a) and f) present the respective profiles for the orientational order
parameter P2. Profiles of the number density of the Xe atoms NXe/V

∗ are presented
in panels b) and g). Panels c)-e) and h)-j) present the observable 129Xe NMR shielding
(ppm) along the cavity axis σzz , the isotropic shielding σiso and the anisotropic shielding
with respect to the cavity axis σaniso

zz .
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anisotropic shielding in Fig. 7.5 c) appear to contain opposing small variations in the
curves around T ∗ = 1.43. These cancel out in the shielding along the z-axis [Fig. 7.5 a)].
Below the N-SmA transition temperature the isotropic shielding in Fig. 7.5 b) decreases in
a linear fashion towards the lower temperatures. Anisotropic shielding has a similar trend
in the confined LCs, but seems to level out in the bulk LC. Overall, the combined effect
of the isotropic and anisotropic shielding is that the shielding along the z-axis decreases
with temperature steadily in the confined systems, but in the bulk LC there is a change of
slope at the N-SmA transition temperature.

In Paper I, the differences in τ1 below the N-SmA transition temperature (T ∗ = 1.43)
between the different cavities were mostly unnoticeable (Fig. 7.1). The R∗ = 18 system,
however, has a clearly higher translational order below the N-SmA transition temperature
in Fig. 7.4 b), which hints that there might be a specific radius in the range from R∗ = 11
to R∗ = 18, at which the SmA behaviour is notably altered with respect to the bulk LC.
This could be revealed by improved simulations of the low-temperature phases of systems
with radii around R∗ = 18.

To enable a comparison to the experiments of Tallavaara et al. [7] in the CPG materials,
one must note that a bulk LC with positive anisotropy of diamagnetic susceptibility (
such as Phase IV), orients itself parallel to the external magnetic field and the observed
129Xe chemical shift (with respect to the gas-phase free atom) corresponds to −σzz . If
the director of the confined LC is strictly defined by the pore orientations and the pore
orientations are random and uniformly distributed, then the chemical shift of 129Xe in the
confined LCs corresponds to the simulated −〈σiso〉. The anisotropic part only affects the
line shape. Therefore it would be interesting to compare our simulation results for the
anisotropic part to 129Xe NMR of a LC in parallel nanochannels of a CPG material.

The simulated chemical shift components are shown in Fig. 9 of Paper II. A compar-
ison to Fig. 7 in ref. [7] shows that the qualitative resemblance between the simulated and
experimental shifts is remarkable. Both the chemical shifts simulated in the cavities as
well as the experimental chemical shifts recorded in the CPG81 and CPG156 materials
follow almost a linear behaviour, increasing towards the low temperatures. There is a
small nonlinearity with respect to temperature in the experimental chemical shift in the
CPG156 material just below the bulk I-N transition temperature, corresponding to the
similar feature observed in the R∗ = 18 system slighly above the bulk I-N transition
temperature. The difference is explained via the roughness of the pore surface and in-
terconnectivity of the CPG material missing in the cavity model of the simulation. For
the smaller cavities any PN-N (simulation) or I-N (experiment) transition is difficult to
observe from the chemical shifts.

The magnitudes of the experimental and simulated chemical shifts are quite differ-
ent, although the range of variation is similar: In the CPG81 material, the chemical shift
goes from approx. 189 ppm at the bulk I-N transition temperature to 199 ppm at the bulk
nematic-solid transition temperature. The computed shift −〈σiso〉 between the bulk LC
I-N and N-SmA transition temperatures in the cavity with R∗ = 9 ranges from 102 ppm
to 113 ppm, which is 80 ppm less compared to the experiment. The reasons for the differ-
ence are similar as already in the work of Lintuvuori et al. [15] and have been discussed
there in detail. The most important source for the discrepancy between the simulated and
the experimentally observed chemical shift is likely the rigidity of the single-site LC mo-
lecule model, which may exaggerate some phase transitions as well as inhibit 129Xe pen-
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etration closer to the core of the solvent molecules. More flexibility could be introduced
with multi-site models, while compromising part of the computational efficiency [83].
Solute penetration as well as simulation efficiency could perhaps be increased also by
using softer interaction potentials [113–115]. In Paper III it was seen that accounting
for relativistic effects is essential to reach a quantitative agreement between experimental
and computational 129Xe chemical shifts. It is very likely that the inclusion of relativistic
effects in the Xe-LC shielding of Paper II would have been a significant improvement
towards quantitative agreement with the work of Tallavaara et al. [7].

In Paper II, the strength of the Xe-LC interaction was increased and as a result the
Xe does not squeeze in between the smectic layers as significantly as in the work of
Lintuvuori et al. [15]. This improves the description of the 129Xe shielding in the trans-
lationally ordered SmA phase both in the bulk LC, as well as in the confined LCs. The
isotropic shielding, for example, better follows the increasing density below the N-SmA
transition temperature in the bulk LC. On the other hand, it was found that in the simula-
tion there is an excess of Xe atoms close to the cavity wall in the smectic phase [Fig. 7.6 b)
and g)], therefore the computed Xe shielding does not accurately reflect the translational
order of the confined LC. Experimentally it has been observed that during slow cooling
from nematic to solid phase the xenon is squeezed out of the LC material [7]. Therefore,
the amount by which the structure of the translationally ordered phases is reflected in the
129Xe shielding may be limited also in the experiments.

It is possible that the particle-wall interactions were too strong compared to the other
intermolecular interactions, which partly caused the preference for the Xe atoms to get
close to the cavity walls in the smectic phases. Different strengths for the Xe-wall inter-
action were tested in Paper II (Sec. 5 of the ESI). Reducing the well-depth of the Xe-wall
PEF by 35% did not bring about any noticeable effect in the radial distribution of the
Xe atoms, which suggests that the excess of xenon atoms close to the wall might be of
different origin.

7.3 Chemical shift of aqueous xenon

In Paper III, a combination of quantum-chemical calculations and MD simulations was
used to model the chemical shift of 129Xe in water. Furthermore, a semianalytical model
was used to analyse the effects of water density and the collisions between water and
xenon to the shielding. The xenon atom was pictured as occupying a smooth spherical
cavity consisting of water molecules. The analytical form of the model was derived sim-
ilarly to the cylindrical cavity model of Papers I and II and is presented in Sec. 5.9 along
with the two QC parameterisation schemes used for the 129Xe nuclear shielding: the PCS
and EPCS. The chemical shift functions given by the two parameterisation schemes are
shown in Fig. 7.7 b). The aim of this work was to study the origins of the anomalous
maximum in the 129Xe chemical shift in water.

In addition to the quantum-chemically computed 129Xe shielding and PEF for the
Xe-H2O pair, the cavity model defined by Eqs. (5.46) and (5.47) needs as input the
temperature-dependent radius R(T ) of the cavity as well as the coordination number
Z(T ) of water molecules in the first hydration shell of the xenon atom. In the first, purely
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a)

b)

Figure 7.7. a) Radial pair distribution functions for the Xe-O pairs at three temperatures.
b) 129Xe chemical shifts for the Xe-H2O pair. QC stands for the binary first principles data
averaged over the different Xe-H2O arrangements as in Eq. (S13) of the Supplementary
Information of Paper III. PCS is the pair chemical shift fitted to this data. EPCS is the
cluster-based parameterisation scheme explained in Sec. 5.9. FTE (fit to experiment) is
the result of fitting the semianalytical cavity model to the experimental data.

computational approach, both of these were determined from the Xe-O radial pair dis-
tribution functions (RDF) computed from the MD simulations of a xenon atom and 255
water molecules using the polarisable AMOEBA force field [116, 117]. The simulated
RDF is shown in Fig. 7.7 a) at three different temperatures. The Eqs. (S16) and (S18) for
computingR(T ) and Z(T ) from the RDF are given in Sec. S1.8 of the Supplementary In-
formation of Paper III. In the second approach the cavity model was fitted to experimental
data via the temperature-dependent surface density [Eq. (5.47), Eq. (5) of Paper III], the
temperature-independent radius and the binary chemical shift function [Eq. (4) of Paper
III].

The simulated temperature-dependencies of the coordination number Z(T ) and the
cavity radius R(T ) were both found to be well described by second-order polynomials,

R(T ) =R0 + aR(T − Tmin
R )2

Z(T ) =Z0 − aZ(T − Tmax
Z )2, (7.1)

with least-squares fitted parameters Z0 = 21.989, aZ = 0.000126697 K−2, Tmax
Z =

260.56 K, R0 = 4.2675 Å, Tmin
R = 292.34 K and aR = 3.57311 × 10−6 Å/K2. The

cavity radius is almost constant with temperature and therefore the surface number density
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Figure 7.8. a) Surface number density ρS(T ) of water surrounding the Xe atom as ob-
tained from the MD simulations and the kinetic factor K(T ) computed using the model
for the Xe chemical shift in a spherical cavity. PCS and EPCS refer to pairwise chemical
and effective pair chemical shift parameterisation schemes, respectively. ρH2O

S (FTE) is the
surface density determined by fitting the chemical shifts to the experiments using EPCS
parameterisation. b) The Xe chemical shift in water as produced by the cavity model and
the two parameterisation schemes. The 550 ppm·Å2 and 55 ppm offsets to the K and
δ of the EPCS model were added to make the comparison easier, in panels a) and b),
respectively.

is dominated by the coordination number. The polynomials of Eq. (7.1) were substituted
into the model of Eqs. (5.46) and (5.47) and the upper limit of integration in Eq. (5.46)
was set at rmax = 1.5 Å, since the probability p(r = 1.5 Å, T ) was found to be very small
at all temperatures studied. From Fig. 7.8 a) it is seen that as the surface number density
ρS decreases with temperature, the kinetic factor K increases with temperature and the
result is the maximum seen in the chemical shift in Fig. 7.8 b).

The results for the maximum chemical shifts and their temperatures with the different
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computational and experimental methods are listed in Table 1 of Paper III. The exper-
imentally determined maxima of 129Xe chemical shift was measured to be 190.573 ±
0.001 ppm at T = 311.13 ± 0.13 K in H2O. The corresponding numbers in D2O were
186.707 ± 0.014 and T = 315.33 ± 0.14 K. As is seen from Fig. 7.8 b), the cavity
model managed to qualitatively reproduce the chemical shift maximum with both PCS
and EPCS parameterisations. The temperature of the maximum for the EPCS para-
meterisation, 310.4 K was very close to the experimental value (311.13 ± 0.13) K. In
comparison, the PCS parameterisation underestimates the temperature of the maximum
with Tmax = 295.3 K. The maximum values of the chemical shift were 162.1 ppm and
106.3 ppm for the PCS and EPCS, respectively. When an average relativistic a posteriori
correction was added as an offset to the EPCS result, it stepped towards the experimental
values with δmax = 151.0 ppm. The computational method in the closest agreement with
the experiments was the snapshot calculations using the NMR force field method with the
EPCS parameterisation and the relativistic correction with which δmax = 190.2 ppm and
Tmax = 317.3 K.

A different look at the factors contributing to the 129Xe chemical shift was given by
fitting the cavity model to the experiment for both H2O and D2O (Fig. 6 of Paper III). The
resulting surface number density in Fig. 7.8 a) is seen to be slightly higher than the one
obtained from the MD simulation for the parameterised cavity. The cavity radius R =
4.1423 Å given by the fit is also slightly smaller than the minimum radiusR0 = 4.2675 Å
used in the cavity radius. Both the smaller radius and the higher surface number density
contribute towards a higher chemical shift.

The excellent agreement of Tmax between the EPCS-parameterised cavity and the ex-
periment is partly coincidental, since the parameterisation is based on the QC computa-
tions for the clusters obtained from the MD simulation and the direct results from the
MD+QC computation method was Tmax = 334.7 K. Also the density maximum of the
pure AMOEBA water in a classical simulation is at 290.4 K [118], which is significantly
higher than the corresponding experimental value. Since all the computationally obtained
chemical shifts in Paper III depend on the density of the simulated water either implicitly
or explicitly, the Tmax values can be expected to reflect the offset of the maximum density
from the experimental value.

The EPCS scheme includes contributions from many-body effects and can be regarded
as more accurate than PCS, although the latter had better agreement of δmax with the exper-
iments. The fact that the cavity model, neither with the PCS nor the EPCS parameterisa-
tion with the relativistic correction, managed to accurately reproduce the experimental
maximum value of the chemical shift, comes as no surprise. The chemical shift is a very
steep function of the pair distance. This makes it very sensitive to for example the choice
of cavity radius. Defining the radius as the expectation value of the distance between the
Xe atom and a water oxygen in the first hydration layer via the pair distribution function
may produce a cavity that is effectively too large. This is suggested also by the cavity
radius given by the fit to the experiment.

An interesting and perhaps unintuitive finding given by the semianalytical cavity model
is that the maximum in the chemical shift of 129Xe is not a direct result of the density
maximum of water but occurs at temperatures where the water density monotonously de-
creases with increasing temperature. The necessary role of the kinetic factor in our model
suggests that with a suitable interplay of the solvent density and the solute-solvent inter-
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actions the maximum of the chemical shift should be found also for other combinations
of solvents and noble gas solutes. The possible nontrivial dependence on solvent density
should be taken into account also when applying phenomenological models for the solute
chemical shift.



8 Conclusions

Preparameterised, simplified paiwise-additive models constitute an efficient tool to study
the structure of liquids and liquid crystals. Combined with the NMR force field approach
to 129Xe shielding they allow connecting Xe NMR data originating in the powerful experi-
mental methods to the computed structures and interactions governing material behaviour.
Together with the efficient and extendable simulation code implemented for the purpose,
the methods utilised here allow the study of systems consisting of (tens of) thousands of
molecules with realistically sized confinement conditions.

The work in this thesis presented to the author’s knowledge the first NPT ensemble
molecular simulation of a uniaxial thermotropic LC in a cylindrical nanocavity. It was
also one of the few simulation works for this geometry in which the attractive interac-
tions between LC molecules were taken into account. However, certainly the most novel
outcome of these simulations is the 129Xe nuclear shielding and its comparison to the
simulated structure of the LC, as well as to experimentally measured chemical shifts.

The simulations revealed how the paranematic phase of a cylindrically confined LC
can arise from the aligning forces at the wall to yield a smooth phase transition between
the isotropic and nematic phases, in contrast to the sharp transition witnessed in the bulk.
For the smectic-A phase, the effect of the confinement was smaller, but a reduced layering
of the molecules was seen close to the wall. The low-temperature crystalline phase found
in the bulk LC was altogether missing in the confined LC. Instead, a wall-induced radial
density wave was observed at the lowest temperatures simulated.

The quantum-chemically parameterised simulation model for the 129Xe shielding in
the cylindrically confined LCs qualitatively reproduced many of the experimentally ob-
served features. The gradual change of orientational order in the PN-N transition rendered
it hardly visible in the isotropic shielding, especially in the smallest cavity. The paranematic
behaviour is best visible in the anisotropic part of the shielding/chemical shift and would
reveal itself in experiments of LCs in parallel cavities with radii similar to what were sim-
ulated here. Xe NMR of the low-temperature smectic and crystal phases is challenging to
analyse with both experimental and simulation techniques.

The mathematical architecture used to describe the interactions of the molecules with
the wall of the cylindrical cavity was further used in a spherical confinement model for
the energetics and chemical shift of 129Xe dissolved in water. Combined with several
other simulation techniques and experiments, a comprehensive picture of the mechanisms
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behind the peculiar chemical shift maximum of aqueous 129Xe was formed. The semi-
analytical cavity model reveals how both the changes in water density and the collision
interactions of the 129Xe atom with its nearest water-molecule neighbours contribute to
the occurrence of a maximum in the 129Xe chemical shift. Since the maximum of the
chemical shift does not have a direct coincidence with the rather special property of wa-
ter, the density maximum in the liquid phase, the maximum of the chemical shift may
similarly be found in other solvents too.

The simplified models used here often produce qualitative but not quantitative agree-
ment with experimental results. The shielding functions are very steep and therefore the
accurate description of collisions between the NMR-active solute, here 129Xe, and the
solvent would be needed to approach experimental results. Computed shielding is very
sensitive to, for example, the estimate of the radius of the hydration shell. Single-site
molecular models of the solvent, such as the Gay-Berne LC, are not flexible enough for
the noble gas atom to get into as close contact with the core of the molecule as in a real
LC. This aspect of the model could be improved by softer interaction potentials and/or
additional flexibility of the molecular model. The effects of softening also the LC-wall
potential energy function of Papers I and II would constitute an interesting topic to in-
vestigate in future studies of confined LCs. Hamiltonian replica exchange simulations
with the replicas having different particle-wall potential parameterisations might provide
a method for the particles to more easily access energetically optimal configurations in
confined systems [114]. They would also provide a convenient way to probe several wall-
interaction parameterisations at the same time.

The NMR force-field method itself can be remarkably accurate when the underlying
model is detailed enough. Where possible, using partial snapshots, e.g., clusters from a
MC or MD simulation seem to produce more realistic effective pair property parameterisa-
tions as compared to two-molecule arrangements, albeit at a significantly higher compu-
tational cost. Inclusion of relativistic effects in the 129Xe shielding are seen as a necessary
improvement towards quantitative agreement with experimental results, in Paper III. The
relativistic correction would probably have brought also the 129Xe shielding in LC closer
to the experiments.

The simplification of molecular models by coarse-graining introduces an additional
source of error into the results, which may be hard to trace without a reference, e.g.,
snapshot calculations from a more detailed simulation. In many cases this reference is
not available since its unattainability was the reason to coarse-grain in the first place.
Generally, layering models on top of each other reduces the traceability of errors and
tracking unexpected behaviour may require, in addition to experience and intuition, also
some amount of trial and error. Customised simulation codes and analysis tools require
significant efforts in their implementation. As all manual steps reduce the gain, achieved
with efficient computing, it should be judged wisely if coarse-graining really enables one
to compute something that is not achievable in another manner, or if the coarsened model
brings added value as compared to a more detailed one.

Despite some of the inaccuracies and hurdles on the way, the ability of the simulations
to give spatially resolved information broken into individual contributions, such as the
detailed origins of the heterogeneous order in confined LCs, or the role of the coordination
number in the acqueous 129Xe chemical shift, is unparalleled by experimental techniques.
In many cases the simplification of the molecular model can help in giving insight to the



71

essential features of a molecular system. The rather worn-out proverb of not seeing the
forest for the trees could perhaps be reworded by the scientist as not seeing the material
for the particles.
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