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We present constant-pressure Monte Carlo simulations of nuclear magnetic resonance �NMR� spectral pa-
rameters, nuclear magnetic shielding relative to the free atom as well as nuclear quadrupole coupling, for
atomic xenon dissolved in a model thermotropic liquid crystal. The solvent is described by Gay-Berne �GB�
molecules with parametrization �=4.4, ��=20.0, and �=�=1. The reduced pressure of P�=2.0 is used.
Previous simulations of a pure GB system with this parametrization have shown that upon lowering the
temperature, the model exhibits isotropic, nematic, smectic-A, and smectic-B/molecular crystal phases. We
introduce spherical xenon solutes and adjust the energy and length scales of the GB-Xe interaction to those of
the GB-GB interaction. This is done through first principles quantum chemical calculations carried out for a
dimer of model mesogens as well as the mesogen-xenon complex. We preparametrize quantum chemically the
Xe nuclear shielding and quadrupole coupling tensors when interacting with the model mesogen, and use the
parametrization in a pairwise additive fashion in the analysis of the simulation. We present the temperature
evolution of 129/131Xe shielding and 131Xe quadrupole coupling in the different phases of the GB model. From
the simulations, separate isotropic and anisotropic contributions to the experimentally available total shielding
can be obtained. At the experimentally relevant concentration, the presence of the xenon atoms does not
significantly affect the phase behavior as compared to the pure GB model. The simulations reproduce many of
the characteristic experimental features of Xe NMR in real thermotropic LCs: Discontinuity in the value or
trends of the shielding and quadrupole coupling at the nematic-isotropic and smectic-A–nematic phase transi-
tions, nonlinear shift evolution in the nematic phase reflecting the behavior of the orientational order parameter,
and decreasing shift in the smectic-A phase. The last observation is due to the preference of the xenon solutes
to occupy the interlayer space where the density of the medium is reduced as compared to the layers. There are
systematic deviations, however, in the magnitude of the shielding and its discontinuities, as well as the
distribution of the solutes in the translationally ordered smectic-A phase, between the simulation and experi-
ment. These deficiencies are believed to result from the lack of flexibility of the GB model.

DOI: 10.1103/PhysRevE.75.031707 PACS number�s�: 61.30.Cz, 32.30.Dx, 33.25.�k, 82.20.Wt

I. INTRODUCTION

Guest noble gas atoms are used as inert agents in nuclear
magnetic resonance �NMR� studies of various host media
such as liquids, liquid crystals �LCs�, micro- and mesoporous
solids, and solid surfaces �1–3�. In particular, the structure
and dynamics of thermotropic LCs have been widely inves-
tigated through the NMR spectra of dissolved 129Xe and
131Xe, due to the sensitivity of the electron cloud and, hence,
the spectral parameters of the Xe atom to the physical prop-
erties of its surroundings �4�. The possibility of increasing
the signal-to-noise ratio by several orders of magnitude by
optical pumping procedures �5,6� makes xenon particularly
attractive in materials research.

Intermolecular interaction-induced effects on the NMR
observables, nuclear magnetic shielding of the 129Xe and
131Xe nuclei and/or the quadrupole coupling of the 131Xe
nucleus in atomic xenon, have been studied with a range of
computational methods, e.g., in Refs. �7–15�. In order to in-

vestigate systems complex enough to render explicit elec-
tronic structure modeling inapplicable for all the relevant
instantaneous configurations, preparametrized pairwise addi-
tive models have been developed �7–10,14�. In such models
the isotropic Xe NMR chemical shift is calculated as a sum
of pair interactions with the atoms defining the environment.
The pair interactions are a priori parametrized in terms of the
atomic positions by quantum chemical calculations of suit-
able, small model systems, and are used without further elec-
tronic structure work when analyzing positional information
contained in a simulation trajectory. The method is in com-
plete analogy to molecular simulation using empirical,
preparametrized force fields.

The LC phases pose significant computational demands
for modeling the NMR of dissolved xenon, and atomistic
solvent models can hardly be used due to the large number of
LC molecules necessary. A solution is to adopt a coarse-
grained, nonatomistic description of the medium �16�. A fur-
ther complication arises due to the fact that not only isotropic
but also tensorial properties of the NMR interactions need to
be preparametrized, as their effect is included in the spectra
taken in LC mesophases �4�. In such systems, the molecules
do not tumble isotropically but are partially oriented with
respect to the optical axis �director� n. In the case of thermo-
tropic LCs, temperature can be used to control the existence
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and degree of orientational and positional order, and these
are delicately reflected in the temperature evolution of the
NMR parameters of guest Xe atoms �4�.

In the present paper we build a simulation model for
studying the distribution and NMR parameters of atomic sol-
utes, Xe to start with, in thermotropic LC phases, using the
constant-pressure Monte Carlo technique �17� and a coarse-
grained LC model. A widely used one-site potential to mimic
LC interactions is the Gay-Berne �GB� model �18,19�. Its
four parameters �, ��, �, and � control the anisotropy of the
attractive and repulsive intermolecular interactions. It has
been shown �20,21� that, e.g., for the parametrization GB
��=4.4, ��=20.0, �=1, �=1� at the reduced pressure of
P�=2.0, the model produces the following succession of
phases upon reducing the temperature: isotropic �I�, nematic
�N�, smectic-A �Sm-A�, and smectic-B�Sm-B�/molecular
crystal �Cr�. Hence, the model is suitable for comparison
with experimental data taken from solutions exhibiting a
rather rich phase behavior. We introduce atomic solutes by
adopting a potential model for the interaction between a GB
and a Lennard-Jones particle �22,23�. The energy and range
parameters of the model are adapted specifically for xenon
solutes, by first principles quantum chemical calculations of
the complex of xenon atom and a model mesogen on the one
hand, and of the dimer of the model mesogens on the other
hand.

The anisotropic NMR parameters of the solute, 129/131Xe
nuclear shielding tensor relative to that of the free Xe atom,
as well as 131Xe quadrupole coupling, are preparametrized
through quantum chemical calculations of the complex of the
model mesogen and the xenon atom at different relative ge-
ometries. The positional information produced in the simula-
tion is analyzed in a pairwise additive model, where the sum-
mation of the distinct, anisotropic solute-solvent pair NMR
interactions is carried out after transformation from the co-
ordinate frame of each individual GB-Xe pair to the principal
axis frame of the instantaneous orientational order tensor Q,
common to all the pairs.

We carry out simulations at an estimated experimental
concentration of Xe atoms, in both ascending and descending
temperature series covering the phases mentioned above. The
energetic and structural properties are averaged and com-
pared to those of the pure GB model �20,21� in the present
parametrization. The Xe NMR properties are calculated and
broken into their isotropic and anisotropic contributions, and
a comparison is made with the experimental findings for spe-
cific LC solutions �24,25�.

II. THEORY

A. Liquid crystal solvent

The GB model is used to describe the interaction between
two rigid particles with axial symmetry �19�. The particle i is
assigned with the center of mass vector ri and the orientation
ûi of its rotational symmetry axis. The interaction energy
between the GB particles i and j can be written as

Uij
GB�rij,ûi,û j� = 4��r̂ij,ûi,û j��� �0

Rij
�12

− � �0

Rij
�6� , �1�

where the anisotropic interparticle distance parameter reads

Rij = rij − ��r̂ij,ûi,û j� + �0. �2�

�0 denotes the smallest molecular diameter, i.e., the contact
distance in the cross configuration of the two particles. The
simulations are carried out in the reduced unit system where
this parameter is assigned the value of one. Vector rij is the
vector between the centers of mass of the molecules i and j,
and r̂ij is the corresponding unit vector. The contact distance
��r̂ij , ûi , û j� and the potential strength ��r̂ij , ûi , û j� depend on
the relative orientations of the molecular long axes ûi and û j,
as well as r̂ij. � and � are also dependent on the molecular
length to breadth ratio � and the ratio of the potential well
depths in the parallel side-by-side and end-to-end configura-
tions, ��. In addition, the potential strength has two more
anisotropy parameters, � and �. These four parameters com-
pletely specify a given GB potential model denoted as
GB�� ,�� ,� ,��. The explicit functional forms of � and � can
be found in the original paper by Gay and Berne �19�.

B. Solute interactions

For the interaction between the GB molecule i and a
spherical xenon atom j �22,23�,

Uij
GB-Xe�rij,ûi� = 4��r̂ij,ûi����0

GB-Xe

Rij
�12

− ��0
GB-Xe

Rij
�6�

�3�

was used, with the anisotropic distance and range parameters
defined this time as

Rij = rij − ��r̂ij,ûi� + �0
GB-Xe, �4�

��r̂ij,ûi� = �0
GB-Xe�1 − ��r̂ij · ûi�2�−1/2

= �0
GB-Xe�1 − � cos2 ��−1/2. �5�

� is the angle between the long axis of the GB molecule and
the vector rij between the two particles, as illustrated in Fig.
1�a�.

As compared to the pure GB model, allowing the LC
molecules to interact with spherical solutes introduces modi-
fied geometrical parameters: the contact distance in the side
�s, with �=90°� configuration �0

GB-Xe, as well as the ratio

FIG. 1. Local coordinate frame for interacting �a� Gay-Berne
particle-xenon �GB-Xe� and �b� xenon dimer �Xe-Xe� systems.
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�e /�s of the contact distances in the configurations where the
spherical atom is at the end �e, with �=0°� and on the side of
the GB particle, appearing in

� = 1 − ��e

�s
�−2

. �6�

The function determining the depth of the potential well
takes the form

��r̂ij,ûi� = �0
GB-Xe�1 − ���r̂ij · ûi�2�� = �0

GB-Xe�1 − �� cos2 ���,

�� = 1 − � �e

�s
�1/�

, �7�

where the energy parameter �0
GB-Xe differs from �0 in the

GB-GB interaction �the latter is assigned the value of one in
the reduced unit system�. �e /�s is the ratio of the potential
energy minima in the end and side configurations, and �
controls the anisotropy of the interaction at intermediate val-
ues of �.

For the interaction between the spherical solute atoms, the
ordinary Lennard-Jones potential

Uij
Xe-Xe�rij� = 4�0

Xe-Xe���0
Xe-Xe

rij
�12

− ��0
Xe-Xe

rij
�6� �8�

was used.

C. Nuclear magnetic resonance parameters of the solute

1. Pair interaction contributions to nuclear shielding

In the local coordinate system of Fig. 1�a�, the GB-Xe
contribution to the 129/131Xe nuclear shielding tensor from
the interaction of the xenon solute with one LC molecule,
�−�free1, follows the Cs point group site symmetry with
reflection in the xz plane. Here, �free is the isotropic shielding
constant of the free Xe atom and 1 is the 3	3 unit matrix.
This interaction-induced contribution takes the form

�GB-Xe = 	�xx 0 �xz

0 �yy 0

�zx 0 �zz

 , �9�

with the tensor components parametrized as

�xx = �xx
s �R�sin2 � + ��

e �R�cos2 � ,

�yy = ��
e �R� ,

�zz = ��
s�R�sin2 � ,

�xz = �xz�R�sin � cos � ,

�zx = �zx�R�sin � cos � . �10�

We present the argument leading to this parametrization in
the auxiliary material �26,27�. This leaves five functions to
be determined via quantum chemical calculations, �xx

s �R�,
��

e �R�, ��
s�R�, �xz�R�, and �zx�R�, where the superscripts e

and s refer to the end and side configurations of the GB-Xe
pair, respectively. The subscripts � and � denote the direc-
tion perpendicular to �in the e configuration� and parallel
with the long axis of the GB particle, in the corresponding
order.

At the low solute concentration of our simulation, the
direct Xe-Xe interactions only play a minor role. For com-
pleteness, we parametrize the Xe-Xe contribution for the Xe
shielding tensor as

�Xe-Xe = 	�� 0 0

0 �� 0

0 0 ��


 �11�

in the local coordinate frame of Fig. 1�b�. The form of the
tensor is appropriate to the axial C
v site symmetry of the Xe
nucleus, and the components �� and �� can be parametrized
as functions of the internuclear distance r in terms of the
isotropic shielding constant ��r� and the shielding anisotropy
���r� �with respect to the direction of the internuclear axis�
as

�� = ��r� − 1
3���r� ,

� = ��r� + 2
3���r� . �12�

�� is practically zero similarly as ��
e for the GB-Xe shielding

interaction �27,28�.

2. Pair interaction contributions to quadrupole coupling

The parametrization of the 131Xe nuclear quadrupole cou-
pling tensor �GB-Xe follows the procedure outlined for shield-
ing, with the following exceptions. First, � is a symmetric
and traceless tensor, and these properties limit the number of
independent, nonvanishing tensor components as compo-
nents to �. Second, quadrupole coupling has a nonzero ��

e

component also in the axially symmetric “end” configura-
tion, unlike the shielding tensor. Finally, in a free xenon atom
the quadrupole coupling vanishes due the spherical symme-
try of the electron cloud, and consequently the interaction
with the solvent determines all of quadrupole coupling.

Altogether the GB-Xe contribution to the 131Xe quadru-
pole coupling takes in the local coordinate frame the form

�GB-Xe = 	�xx 0 �xz

0 − ��xx + �zz� 0

�xz 0 �zz

 , �13�

where we define the components as

�xx = �xx
s �R�sin2 � − 1

2��
e�R�cos2 � ,

�zz = ��
s�R�sin2 � + ��

e�R�cos2 � ,

�xz = �xz�R�sin � cos � . �14�

We have employed the fact that ��
e =− 1

2��
e in the C
v end

configuration, due to the tracelessness of �. This leaves the
following four functions to be parametrized quantum chemi-
cally, �xx

s �R�, ��
e�R�, ��

s�R�, and �xz�R�.
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For the Xe-Xe contribution one obtains in the coordinate
frame of Fig. 1�b�,

�Xe-Xe = 	− 1
2�zz 0 0

0 − 1
2�zz 0

0 0 �zz


 . �15�

III. COMPUTATIONAL METHODS

A. Quantum chemical parametrization

1. Interaction energy

The potential energy surface of the GB-Xe interaction
was determined quantum chemically using an atomistic
model of a generic LC molecule, and letting it interact with a
Xe atom in different spatial configurations. The model LC
molecule �Fig. 2� consists of a biphenyl core part and two
saturated hydrocarbon tails of four carbon atoms, in the all-
trans configuration. The proportions of the model are consis-
tent with the length-to-distance ratio of 4.4 characteristic of
the present GB parametrization. The absence of strong local
electric dipole moments in the model corresponds to a GB
particle experiencing only anisotropic repulsion-dispersion
interactions, not decorated by electrostatic multipoles.

The model was geometry optimized �29� at the three-
parameter hybrid B3LYP �30� density-functional theory
�DFT� and 6-311+ +G�� basis set �31� level using the Gauss-
ian 03 program �32�. The principal axis corresponding to the
smallest eigenvalue of the moment of inertia tensor of the
molecule was associated with the z direction of the local
coordinate system of the interacting GB-Xe pair �Fig. 1�a��.
The potential VLC-Xe was calculated at the resolution-of-
identity second-order Møller-Plesset perturbation theory
�RI-MP2� �33� level using the default doubly polarized va-
lence triple-zeta �def-TZVPP� �34� basis set, on the Turbo-
mole program �35�. The Stuttgart energy-consistent relativis-
tic pseudopotential �36� was employed for the Xe atom. The
calculations were corrected by the counterpoise �CP� method
�37� to reduce the basis set superposition error.

The position of the Xe atom with respect to the LC model
molecule was selected at different distances from the coordi-
nate origin �placed at the midpoint of the bond between the
two phenyl rings�, at the following polar angles: �=0°, 30°,
and 90°. To obtain a parametrization reflecting the rotational
symmetry of the GB model, calculations at the latter two
values of � were carried out at values of the azimuthal angle
� picked in 60° intervals, after which a thermal �Boltzman-
nian� average of the interaction potential at different � was
approximated as

VLC-Xe�r,�� =

�
i=1

6

VLC-Xe�r,�,�i�exp�− VLC-Xe�r,�,�i�/kT�

�
i=1

6

exp�− VLC-Xe�r,�,�i�/kT�

,

�i = i 	 60° �16�

at T=300 K, following the idea presented in Ref. �38�.
The parameters �0

GB-Xe, �e /�s, �0
GB-Xe, and �e /�s of the

GB-Xe interaction were least-squares fitted to the LC-Xe
interaction with �=0° and �=90°, the latter averaged over
the azimuthal angle as in Eq. �16�. The potential anisotropy
parameter � does not affect the shape of the potential in the
end and side configurations, but was manually adjusted to
reproduce the RI-MP2 data at the intermediate angle,
VLC-Xe �r ,�=30° �. The resulting GB-Xe potential param-
eters are listed in Table I.

Finally, to place the GB-Xe interaction to the energy and
length scale appropriate to the GB-GB interaction, a parallel
dimer of the model LC molecule of Fig. 2 was investigated
at the same level of theory as the LC-Xe interaction,
RI-MP2. The potential energy VLC-LC �r ,�=90° ,�1= i
	60° ,�2= j	60° � �with i , j=1,2 , . . . ,6� was subjected to
a Boltzmann averaging at T=300 K in a fashion analogous
to that of Eq. �16�, except that double sums involving the
azimuthal angles �i

1,2 of the two molecules were used. The
resulting effective potential VLC-LC�r� was fitted to the Morse
potential form �39�, and the numerical values of �0 and �0
were extracted based on the depth of the potential minimum
and the distance at which the VLC-LC curve crosses zero, re-
spectively. For the unit energy, the value of �0
=157.58 meV was obtained, which is considerably higher
than the value of 22.8 meV proposed by Bates and Luckhurst
�20�. For the length scale, �0=4.5 Å was obtained, which is
the same value as suggested in Ref. �20�. The GB-Xe poten-
tial is illustrated in the auxiliary material �26�.

For the Xe-Xe interaction we adopted the van der Waals
radius of Xe, �0

Xe-Xe=4.32 Å �40�, and the best available ab
initio quantum chemical value for the potential well depth in
the Xe dimer, �0

Xe-Xe=24.40 meV �15�.

FIG. 2. �Color online� Atomistic model liquid crystal molecule
used to parametrize the interaction between a liquid crystal mol-
ecule and Xe atom.

TABLE I. Parameters of the potential energy function of the
interaction between Gay-Berne particle and xenon solute.

Parameter Value Unit

�0
GB-Xe 3.6 Å

�0
GB-Xe 105.57 meV

�e /�s 3.32

�e /�s 0.16

� 0.35

�0
a 4.5 Å

�0
a 157.58 meV

aParameters of the interaction between Gay-Berne particles.
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2. Nuclear magnetic resonance parameters

Studies of, e.g., Xe shielding in the Xe2 system as a func-
tion of the internuclear distance �15�, have shown that quali-
tatively correct behavior �as judged by comparison with
high-quality correlated ab initio calculations� can be ob-
tained at the uncorrelated Hartree-Fock level of electronic
structure theory, where dispersion interaction effects are
completely absent. Together with the observed spatial range
of the shielding interactions, this points to the emerging con-
sensus �14,41� that the short-range overlap effects dominate
the shielding response of noble gases to intermolecular
forces. The minor role of dispersion also justifies the use of
DFT for such properties �12,13,42�.

Presently, the GB-Xe NMR interactions �xx
s �R�, etc., were

determined at the B3LYP level using the model system of
Fig. 1�a� at �=0° and 90° �diagonal tensor components� and
30° �the off-diagonal components�, on the GAUSSIAN 03 soft-
ware. The polarized valence triple-zeta �TZVP� �34� basis
was used for the carbon and hydrogen atoms. For Xe, the �
23s 18p 15d 1f /16s 14p 12d 1f� set �in the �primitive/
contracted� notation� developed for NMR properties in Ref.
�15� on the basis of the primitives of Fægri �43�, was em-
ployed. The CP corrections and thermal averaging over the
azimuthal angle at T=300 K �as in Eq. �16�� were employed
for the individual tensor components, when �=30° or 90°.
Before averaging, radius vector rij �from the LC molecule to
the Xe atom� was rotated to the local xz plane, for each
studied �=30° or 90° configuration.

For the distance dependence of the shielding and coupling
tensor components, the following functional form �10� was
used:

��
e�R� =

A

RpA�R� +
B

RpB�R� ,

pi�R� = pi,0 + pi,1R + pi,2R2 + ¯ + pi,nRn, i = A,B

�17�

and similarly for the other functions. As before �10,15�, we
imply no physical interpretation for this form, but regard it as

a convenient way of representing the quantum chemically
calculated data. The B term in Eq. �17� is only necessary
when the data include a sign change as a function of R. The
resulting parameters for the LC-Xe NMR interactions are
listed in Table II and illustrated in the auxiliary material �26�.

For the NMR interaction appropriate to the Xe-Xe pairs,
��r�, ���r�, and �zz�r�, the ab initio coupled-cluster singles
and doubles �CCSD� �44� data for Xe2 by Hanni et al. �15�
were adopted.

B. Monte Carlo simulations

One of the present authors �45� wrote a program for car-
rying out Monte Carlo simulations of systems consisting of
GB particles and spherical solutes in the isothermal-isobaric
�NPT� ensemble �46�. Constant pressure simulation is natu-
ral choice for systems where translationally ordered phases
can be expected. In canonical, constant volume �NVT� simu-
lations, such phases may fail to be naturally commensurate
with the dimensions of the simulation box �47,48�, leading to
artifacts. Standard periodic boundary conditions �20� were
applied with the simulation cell taking the shape of a rectan-
gular box with unequal side lengths. We used the same pa-
rametrization GB ��=4.4, ��=20.0, �=1,�=1� as in Refs.
�20,21�. The interactions were truncated at rc=5.5�0 and no
long-range corrections were applied. The reduced pressure of
P�=2.0 was used in all simulations. We adopted the Verlet
neighbor list �49� with the outer radius of 6.8�0 and updates
that were performed when the maximum particle displace-
ment in any Cartesian direction exceeded 29% of the differ-
ence between the outer radius of the list and the cutoff ra-
dius.

The starting configuration for the pure GB system was
constructed as described in Ref. �21�. The initial structure
was a crystal with six molecular layers parallel to the xy
plane, with the long axes of the GB particles arranged in the
z direction. A hexagonal in-layer order was adopted in each
layer consisting of 15	18 particles, making the total num-
ber of particles equal to NGB=6	15	18=1620. In simula-

TABLE II. Parameters of 129/131Xe nuclear magnetic resonance shielding and 131Xe quadrupole coupling tensors when interacting with
the model liquid crystal.a

Parameter A pA,0 pA,1 pA,2 pA,3

�xx
s �R� −1.2026297065	101 3.3134189498	100 9.0507886417	100 −1.6025243568	100

��
e �R� −1.1672648797	101 3.9997702047	10−2 1.1636011366	101 −1.5288591743	100 −3.4266848087	10−1

��
s�R� −5.2671604883	101 4.5165162489	100 1.5171022733	101 −2.3590723634	101 9.9306821259	100

�xz�R� 3.1228263091	101 5.3141730331	100 6.6334674074	10−1

�zx�R� 3.3141615175	101 4.8095621340	100 7.0308516233	10−1

�xx
s �R� 2.9222586183	100 3.2835741349	100 3.6896880124	100 −6.4687585514	10−1

��
e�R� −5.2004492490	10−1 1.6846133021	101 −1.0664334268	101 2.3313944890	100

��
s�R� −3.8213603446	10−1 9.9725303666	100 −5.2124031847	100 −6.8656465241	10−1 6.8925841175	10−1

�xz�R� −7.6955322406	10−6 −3.8558980871	101 −3.4192991767	101 2.8627512246	101

Parameter B pB,0 pB,1 pB,2 pB,3

��
e�R� 2.9010256384	10−1 2.6871761243	101 −4.6117061897	101 3.7140396050	101

�xz�R� 1.3445614681	100 6.5490556256	101 −1.7162263010	102 1.2463647343	102

aThe unit of A and B is ppm in the case of 129/131Xe shielding and MHz for 131Xe quadrupole coupling. The pi are in units of �0
−i.
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tions with spherical solutes, 10 GB particles were replaced
with xenon atoms, i.e., NXe=10 and NGB=1610. The ratio of
NXe to NGB was deduced from the Xe solubility data in water
in normal conditions �50�, and assuming that xenon dissolves
better in a nonpolar LC solvent than in water, particularly at
the elevated pressure appropriate to the experimental condi-
tions �4�.

Each simulation cycle consisted of an attempt to both
translate and rotate all the NGB molecules and to translate all
the NXe solutes, in turn. The rotations of the GB particles
were performed around a random direction by a random
angle. We used the Mersenne Twister random number gen-
erator �51�. In addition to particle moves, each cycle also
included two or three attempts �depending on the state point�
to vary the volume of the simulation cell as detailed in Ref.
�21�. In short, isotropic volume moves were attempted in the
I and N phases that lack long-range translational order,
whereas the two simulation cell dimensions perpendicular to
n were adjusted isotropically and the dimension along n in-
dependently, in the Sm-A phase. Finally, all three side
lengths of the cell were held independent in the Cr phase.

Simulations were carried out for a series of both ascend-
ing and descending reduced temperatures in the range T�

=0.8–1.9. In both heating and cooling runs, the starting con-
figuration for a certain value of T� was adopted from the
final state of the previous temperature in the series. In the
cooling runs, the crystalline structure was first melted into an
isotropic liquid at T�=2.0, and the resulting configuration
was used as the starting point for simulation at T�=1.9. To
achieve speed-up, trivial parallelization was employed by di-
viding the temperature series into successive, sequentially
treated blocks. In another approach resembling the proce-
dures of Refs. �20,21�, temperature series was divided into
two sequences, each containing every second value of T�. No
difference in the resulting state points should arise between
the different methods, provided that a sufficiently long
equilibration is carried out.

At each simulated temperature, equilibration runs of at
least 75 000 cycles were performed. Close to phase transi-
tions, the system was equilibrated longer, using minimally
150 000 cycles. The maximum rotational-translational dis-
placements were adjusted to achieve a combined acceptance
rate of 30%–35%, whereas 25% was used for the box-length
fluctuations �21�. These adjustments were performed periodi-
cally during the first 40% of the length of the equilibration
run at each T�. The length of the subsequent production runs
was 25 000 cycles. The configuration was written to disk
after every five simulation cycles.

It has been shown that in mesophases with translational
long-range order, equilibration occurs faster if n points along
one of the edges of the rectangular simulation cell �48�. For
this reason an external field was applied in the cooling run,
to reorient n �during the equilibration period� along the z
direction of the simulation cell �20�, when an orientationally
ordered phase was first discovered. In contrast, the heating
runs are characterized by n pointing initially to the z direc-
tion and, due to the very slow reorientation of the director
�20�, there is no need to use the aligning field.

IV. RESULTS AND DISCUSSION

A. Phase behavior

Finding the exact locations of the phase transitions is dif-
ficult, and rigorous approach would necessitate calculating
the free energy for all the phases �16�. In a sequential tem-
perature series the transition temperature can be bracketed in
the way described in Ref. �21�. If the system is noted to
undergo a transition from phase A to phase B between the
simulated temperatures TA and TB �TBTA�, the approximate
transition temperature can be estimated as TAB= �TA+TB� /2
with the error obtained as �TB−TA� /2 �21�. The following
phase sequences were found for the pure GB system with
NGB=1620 and for the mixed system with NGB=1610 and
NXe=10, respectively,

pure GB: Cr �
1.23�1�

1.31�1�

Sm-A �
1.47�1�

1.45�1�

N �
1.69�1�

1.69�1�

I;

with Xe solutes: Cr �
1.23�1�

1.29�1�

Sm-A �
1.45�1�

1.47�1�

N �
1.65�1�

1.67�1�

I;

where the top �bottom� values are the approximate effective
transition temperatures �in units of �0 /kB� for the heating
�cooling� series. These results agree with those presented by
de Miguel et al. �21�, also regarding the rather large hyster-
esis in the Cr-Sm-A transition. The addition of xenon solutes
alters the transition temperatures maximally by 0.04 reduced
units. Hence, the phase behavior is practically unaltered by
the presence of xenon.

To identify the different phases, a number of order param-
eters were calculated. The orientational order parameter P2
�20� can be used to distinguish between isotropic and nem-
atic phases. It is the unique eigenvalue of the orientational
ordering tensor Q, with the Cartesian components

Q�� = 1
2 3û�û� − ���� , �18�

the corresponding eigenvector of which is associated with
the director n of the LC phase. P2 obtains nonvanishing val-
ues in phases possessing orientational order. For distinguish-
ing between the N and Sm-A phases, the translational order
parameter �1 �20� was calculated. �1 vanishes in phases with
no long-range translational order and its nonzero value indi-
cates the existence of a layer structure or a density wave in
the system. Finally, the bulk bond orientational order param-
eter �6 can be used to differentiate between the Sm-A and
Sm-B/Cr phases. While �6 is zero in the absence of intra-
layer order, this parameter obtains the maximum value of
one when a perfect hexagonal order exists in the system.
Detailed description of the calculation of these order param-
eters from the simulations can be found in Refs. �20,21�.

Figure 3 presents the simulated order parameters P2, �1,
and �6, as well as the average number density � for the
mixed system with NGB=1610 and NXe=10.

Panel �a� reveals discontinuities between the temperatures
T�=1.66 and 1.68, T�=1.46 and 1.48, as well as T�=1.28
and 1.3 for the order parameters P2, �1, and �6, respectively.
These mark the corresponding N-I, Sm-A-N, and Cr-Sm-A
phase transitions in the heating sequence. In Fig. 3�b�, the
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average number density is discontinuous at the Cr-Sm-A and
N-I phase transitions. At the Sm-A-N transition the jump in
density is much less pronounced. These features are reflected
in the NMR properties of the dissolved xenon �vide infra�,
which are sensitive to the density of the medium. The large
hysteresis at the Cr-Sm-A transition is clearly visible in the
temperature profile of �. These data are in agreement with
those of a pure GB system reported in a previous study �21�.

B. Structural properties

To study the effects of xenon solutes on the structure of
the LC phases, the pair correlation function g�r�� for the GB
particles was calculated at temperatures well within the range
of all the four phases: at T�=1.15 �Cr�, 1.38 �Sm-A�, 1.6 �N�,
and 1.8 �I�. This was done for both the pure GB system and
the one with the xenon solutes. Practically no changes were
observed between these two types of systems. Compared to
the g�r�� presented by Bates and Luckhurst �20�, an almost
perfect agreement was found for the three liquid phases I, N,
and Sm-A. In contrast, the low-temperature phase showed a
substantially more ordered structure than in Ref. �20�. de
Miguel et al. �21� calculated various intralayer and interlayer
correlation functions which implied that the phase is better
designated as Cr than Sm-B, due to the presence of signifi-
cant interlayer order. In the present paper the focus is on Xe
NMR in the three high-temperature phases of the model, and
we adopt the phase designation of de Miguel et al.

From the viewpoint of the NMR experiments, an interest-
ing question is how the xenon solutes are located with re-
spect to the solvent molecules. To study this, pair correlation
function between xenon solutes and GB particles was calcu-
lated at the above-mentioned four temperatures. The results
are displayed in Fig. 4. The pair correlation functions for the
I and N phases �Figs. 4�d� and 4�c�, respectively� are very
similar. The location of the nearest neighbor peak at r�

�1.0 reveals that the Xe solutes have a slight preference of
residing in the side configuration with respect to the GB
particles, in these phases with no translational order. The
smaller peak at r��2.0 corresponds to the next nearest
neighbors. In the Sm-A phase the pair correlation function,
Fig. 4�b�, shows more structure. In addition to the nearest
neighbor peak at 1.0 there are also comparably high peaks
around r�=2.0 and r�=3.0, implying above-average concen-
tration of xenon solutes located close to the “tail” areas of

FIG. 3. �a� Simulated order parameters for the Gay-Berne model
with xenon solutes, in the heating series: The orientational order
parameter P2; the translational order parameter �1, and bulk bond
orientational order parameter �6. �b� The temperature dependence
of the average number density �.

FIG. 4. Pair correlation functions g�r� be-
tween Gay-Berne particles and xenon solutes in
the different phases of the model: �a� Molecular
crystal �T�=1.15�, �b� smectic-A liquid crystal
�T�=1.38�, �c� nematic liquid crystal �T�=1.6�,
and �d� isotropic liquid �T�=1.8�.
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the GB molecules. In the Cr phase, g�r� has its nearest neigh-
bor peak approximately at the scaled distance of 2.0, with a
plateau of almost constant values up to r��3.0, as evident
from Fig. 4�a�. This indicates that in the Cr phase there are
hardly any xenon solutes in the side configuration with re-
spect to the GB particles, i.e., the solutes are expelled from
the highly ordered molecular layers. The correlation function
also shows the persistence of order to larger distances than in
the other phases of the model.

To further study the location of the xenon solutes with
respect to the layers formed by GB particles, the one-body
�singlet� translational distribution functions ��z�

�� were calcu-
lated both for GB particles and Xe guests in the Sm-A and Cr
phases. The reduced coordinate z�

� is measured along the di-
rector of the phase, i.e., perpendicular to the molecular lay-
ers. From Fig. 5�b� for the Sm-A phase, it is evident that the
solutes prefer interlayer position in this translationally or-
dered LC phase. However, an overlap in the Xe and GB
particle distributions exists, indicating that there are Xe at-
oms inside the molecular layers, too. This is in agreement
with the nearest neighbor peak at r��1.0 in the pair corre-
lation function, Fig. 4�b�, for Sm-A phase. The ratio of the
interlayer Xe density maxima to the intralayer minima is
about 3 . . .4. In contrast, theoretical analysis of experimental
Xe NMR data in Ref. �24� suggests a much less pronounced
expulsion of the Xe solutes from the molecular layers in the
smectic phases: the density of xenon in the interlayer space
was found to only exceed that of the intralayer region by a
few percent �52�. While this finding is a result of a theoreti-

cal model applied to experimental data �24�, the most likely
reason for the discrepancy is in our rigid GB model. We
would expect increased intralayer penetration of the xenon
solutes if the LC molecules were represented by a more re-
alistic model where flexible molecular tails are introduced
�53�.

In agreement with the interpretation of the GB-Xe pair
correlation function, the singlet distribution functions in the
Cr phase, Fig. 5�a�, show virtually no penetration of Xe into
the molecular layers. The peaks are higher and narrower
which indicates decreased deviation from the layer centers.

C. Nuclear magnetic resonance parameters

1. Analysis

With the magnetic field of the NMR spectrometer in the z
direction of the laboratory frame, the thermal average ob-
servable Tzz� corresponding to a general two-index interac-
tion tensor T can be decomposed into isotropic and aniso-
tropic contributions as �4�

Tzz� = Tiso + Taniso =
1

3�
�

T��� +
2

3�
��

s��T��� , �19�

where � ,� are Cartesian coordinates in some conveniently
chosen molecule-fixed frame.

T is in the present case either the 129/131Xe shielding ten-
sor or 131Xe quadrupole coupling tensor. With a macroscopic
number of LC molecules appropriate to experimental condi-
tions, the director n of the phase either coincides with or is
perpendicular to the magnetic field B0, depending on the type
of LC �4�. We treat the former case but note that comparison
with experiments carried out for the latter type of LCs is
facilitated by multiplying Taniso by the factor of −1/2. In a
simulation sample, however, the unique principal axis of the
instantaneous orientational ordering tensor Qinst fluctuates
slightly from a snapshot to another and does not stay exactly
aligned with the laboratory z axis. To reduce the amount of
numerical noise arising from this finite size effect, the pair-
wise GB-Xe and Xe-Xe interaction contributions to the
NMR property tensors are transformed to and averaged in
the principal axis frame of Qinst �with ninst coinciding each
time with ẑ�, for each simulation snapshot. The background
for this is discussed in the auxiliary material �26�. The � ,�
in the transformation of Eq. �19� are chosen to denote the
Cartesian coordinates in the local GB-Xe or Xe-Xe interac-
tion frames of Fig. 1. Averaging over snapshots is carried out
subsequently.

The isotropic part �iso is the shielding constant, whereas
the traceless � tensor lacks the corresponding contribution,
and by quadrupole coupling constant, the principal value of
� with the largest absolute value is meant instead. The for-
mula for the anisotropic part Taniso involves the tensor

s�� = 1
2 �3 cos ��z cos ��z − ���� �20�

that is related through time and/or ensemble averaging to the
traceless and symmetric Saupe orientation tensor, S��

= s��� �54�. Based on the above, Szz coincides with the ori-
entational order parameter P2 �Fig. 3�a��, and ��z are the

FIG. 5. One-body density distribution along the director of the
phase for Gay-Berne particles and xenon solutes in �a� molecular
crystal �T�=1.15� and �b� smectic-A liquid crystal �T�=1.38�
phases.
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angles between the axes of the pair interaction frame and the
magnetic field.

We investigate uniaxial LC phases with cylindrically sym-
metric physical properties around n. If one further assumes
that the orientation of the interacting GB-Xe or Xe-Xe pairs
with respect to B0 and the magnitude of the NMR interac-
tions T�� are statistically uncorrelated, i.e., s��T���
�S��T���, one arrives at a further simplification of the an-
isotropic contribution to Tzz�,

Taniso � 2
3 P2�T� , �21�

where the anisotropy of T is defined as

�T = Tzz − 1
2 �Txx + Tyy� . �22�

The temperature evolution of Tzz� in the different LC
phases is seen to be determined by the average Tiso as well as
�in the anisotropic phases with P2�0� �T� and P2. We cal-
culate in the analysis of the simulation data the �iso and Taniso

�with T=� ,�� using the full definition in Eq. �19�. For addi-
tional analysis, ��� is separately calculated using, for Txx

and Tyy, the analogs of s�� in Eq. �20� where the respective
angles ��x and ��y refer to the two eigenvectors of Qinst that
are perpendicular to ninst. We note that the concept of aniso-
tropy is not necessary for the traceless quadrupole coupling
tensor, as ��= 3

2�zz.
The estimates of statistical errors were performed by the

“blocking” method described by Flyvbjerg and Petersen �55�.
The method involves consecutive halving of the amount of
data where at each step two adjacent data points are averaged
to give a new data point for the next round, producing a
one-half as large data set. The statistical correlation con-
tained in the data decreases with the number n of transfor-

mations and, consequently, error estimates are improved in
the process. The proper error bar is selected from the plateau
observed as a function of n.

The measurable NMR quantities �zz� �with respect to the
free Xe atom� and �zz�, as well as �iso and ��� that repre-
sent the breakdown of the observable shielding to isotropic
and anisotropic contributions, respectively, are presented as
functions of temperature in Fig. 6. The simulated properties
of Xe shielding �Figs. 6�a�, 6�c�, and 6�d�� as a function
of decreasing temperature and in the I-N-Sm-A-Cr succes-
sion of phases may be compared to the 129Xe and 21Ne
NMR experiments carried out for the NCB 84 �1-butyl-
c-4-�4�-octylbiphenyl-4-yl�-r-1-cyclo-hexan-carbonitrile� LC
�24� as well as reflected against the prevailing phenomeno-
logical models �24,56,57�.

A noteworthy aspect of the quantum chemical results for
Xe shielding when interacting with other atoms or mol-
ecules, is that practically all the dependence on the environ-
ment comes from the changes in the negative, paramagnetic
contribution, which arises through excited electronic states
and vanishes for the free atom �27�. The introduction of
neighboring molecules can be viewed as causing an increase
in the density of such states and, consequently, a deshielding
influence. This is reflected in the characteristic direction of
the 129Xe chemical shift in different liquids �58� and LCs �4�,
as well as in the present simulations, where 129Xe shielding
is always lower than that of the free atom.

2. Shielding in the isotropic phase

The interpretation involving the density of excited states
is consistent also with the phenomenological supposition that
the interaction contributions to Xe shielding in liquids should
be proportional to the local number density of the neighbor-
ing solvent molecules �24,56�. Liquids typically exhibit lin-

FIG. 6. Simulated temperature
evolution of the nuclear magnetic
resonance parameters of atomic
xenon dissolved in Gay-Berne
model liquid crystal: The measur-
able �a� 129/131Xe nuclear shield-
ing �zz� relative to the free atom
and �b� 131Xe quadrupole coupling
�zz�; the breakdown of observ-
able shielding to �c� isotropic
shielding constant �iso, and �d�
shielding anisotropy ���. The
different phases are indicated in
panel �a�.
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ear dependence of the density on temperature, and this is also
the case for the present GB model, as evident from Fig. 3�b�.
Indeed, experimentally the isotropic phase of LC systems is
characterized by a linear �zz� vs temperature curve.

In NCB 84, the xenon shielding becomes less negative by
0.183 ppm/K with increasing T �24�. We find qualitatively
the same behavior in the simulated �iso. In our case we can-
not base estimates of the slope on the temperature scale fur-
nished by the reduced unit �T�=�0 /kB�1800 K, as this
leads to mesophases existing at an unrealistically high tem-
perature range �e.g., melting point beyond 2300 K in our
parametrization�. Instead, a more realistic comparison where
this deficiency of the GB model has been reduced, assigns
the widths of the simulated temperature ranges where the
Sm-A and N phases exist, 0.20 and 0.23 �T� �averaging the
results of both ascending and descending temperature series�,
with the experimental �59� values for NCB 84, 16.7 K and
30.1 K, respectively. Based on the average of these two
ranges, �T� corresponds to 107 K and the slope of the simu-
lated linear temperature dependence �Fig. 6�c�� of �iso equals
roughly 0.3 ppm/K, in agreement with the experiment. The
linear temperature dependence is less apparent in the simu-
lated total shielding �zz� �Fig. 6�a�� due to the numerical
fluctuation of the anisotropic part around zero value appro-
priate to the I phase. The noise is due to finite size effects
both on the order parameter P2 �Fig. 3�a�� and the shielding
anisotropy ��� �Fig. 6�d��, the product of which �aniso is
proportional to, according to Eq. �21�.

The simulated NMR data result from a delicate balance of
the anisotropic forces between the mesogens and the xenon
solute, as well as the associated NMR interactions. These
two have different dependence on the separation of the inter-
acting pair. The fact that the level of the simulated isotropic
shielding is around −90 ppm in contrast to the experimental
−182 ppm in NCB 84 �24�, implies an overall reduced NMR
interaction in the simulation as compared to the NMR mea-
surement. This might be caused by a too repulsive GB-Xe
potential, keeping the solutes at slightly too large distances
from the solvent molecules and, hence, effectively limiting
the overlap-dominated NMR interactions that decay rapidly
with the separation. However, our careful procedure of de-
termining the rotationally averaged GB-Xe potential with
counterpoise-corrected RI-MP2 calculations is likely to, if
anything, lead to a too attractive interaction. Underestimated
strength of the NMR shielding parameters �Table II� could
also cause a too small �iso, but the fact that strong simulated
phase transition effects �vide infra� are associated with the
onset and temperature evolution of �aniso, which is deter-
mined by the same parametrized tensor components of �
−�free as the isotropic part, does not point to this conclusion.
Instead, one is led to doubt that the rigidity of the GB model,
well suited for the core region of the mesogen but less ap-
propriate to the flexible tails, may limit the access of xenon
to the range of strongest NMR interaction with the solvent.

3. Shielding in the nematic phase

At the N-I phase transition, the anisotropic contribution to
�zz� sets in and an abrupt jump of the shielding to values
some 20 ppm lower than in the I phase, is observed in the

simulation �Fig. 6�a��. This is in qualitative agreement with
Xe NMR experiments, e.g., for NCB 84 �24�. The jump in
�aniso results from two effects: on the one hand the electron
cloud of the xenon solute in an isotropic liquid retains on the
average the spherical shape appropriate to a free Xe atom,
but experiences an axial deformation along n in the me-
sophases. This is reflected in the vanishing or nonvanishing
value of ���I /N��. On the other hand, even a nonzero ���
such as that commonly occurring in molecules, would not be
observable in the I phase because the anisotropic part of the
observable is proportional to the product of the orientational
order parameter and the anisotropy, P2��� �as in Eq. �21��,
and P2 jumps to nonzero values when the temperature de-
creases below that of the N-I transition. From Fig. 6�d� we
find that the simulated value of ��� is ca. −27 ppm in the N
phase. This quantity has the correct sign but has 2 . . .3 times
larger magnitude than the characteristic results in thermotro-
pic LCs �60�.

The experimentally observed discontinuity of 129Xe
shielding at the N-I phase transition in NCB 84 equals
4.9 ppm �24�. We thus find that whereas our simulation re-
produces the direction of the jump, its magnitude is overes-
timated in the model. The values of the orientational order
parameter P2 obtained in the GB model compare very well
with those observed in the N phase of thermotropic LCs.
With P2 increasing rapidly from zero to about 0.65 when
entering the N phase, Eq. �21� with ����−27 ppm predicts
a jump of �aniso to a bit less that 10 ppm in the deshielding
direction. The overestimated discontinuity in �aniso in our
model results partially from the exaggerated ��� in the N
phase.

As evidenced by panel �c� of Fig. 6, not only �aniso but
also �iso experiences a sudden deshielding change of ca.
5 ppm. According to phenomenological models �24,56�, both
�iso and �aniso are associated with the medium density,
which, in the present parametrization of the GB model, in-
creases abruptly by about 4% when entering the more or-
dered N phase from the I phase, as visualized in Fig. 3�b�.
Attributed as a characteristic deficiency of the GB model
�20�, such a change may be exaggerated by one order of
magnitude in GB simulations as compared to typical real
LCs, e.g., 0.5% �59�. Most likely the overestimated magni-
tude of the discontinuity in � is one important factor behind
the lack of quantitative agreement of the magnitude of the
discontinuity in Xe shielding at the N-I transition with ex-
periment.

In the N phase, the simulated absolute value of the shield-
ing anisotropy is approximately a linearly decreasing func-
tion of temperature �Fig. 6�d��, but the order parameter P2
follows a strongly nonlinear temperature dependence, in par-
ticular close to the phase transition �Fig. 3�a��. Consequently,
the resulting �aniso is also nonlinear, in agreement with both
the experiment �24� and phenomenological theories
�24,56,57�. The total change of 129Xe shielding in the N
phase amounts to ca. 13 ppm in the simulation �Fig. 6�a��
and 8 ppm in the experiment. The improved relative perfor-
mance of the model in this respect, as compared to the mag-
nitude of the discontinuity at the N-I transition, lends support
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for our supposition that the overestimated density jump is
mainly responsible for the large discontinuity.

4. Shielding in the smectic-A and molecular crystal phases

The simulation results indicate virtually no discontinuity,
but instead a change in the slope and trend in �zz� at the
Sm-A-N transition. This is again in complete qualitative
agreement with the experimental findings �24�. Upon de-
creasing temperature the Xe shielding starts to increase rap-
idly towards the more shielded direction, i.e., smaller
interaction-induced contributions. This is consistent with the
tendency of the solutes to prefer the less dense regions be-
tween the molecular layers formed in the Sm-A phase. How-
ever, whereas the experimental increase amounts to only
1 ppm �24�, the simulated �zz� rises by around 10 ppm due
to parallel changes in �iso �25%� and �aniso �75%�. The ap-
parent disagreement of the magnitude is consistent with the
large degree of expulsion of xenon from the smectic layers as
discussed above in reference to Fig. 5�b�.

The Cr-Sm-A phase transition is again characterized by a
large discontinuity of �zz�, with the shielding in the former
phase exceeding the latter by ca. 30 ppm in the simulation
and by 9 ppm in the NCB 84 experiment �24�, albeit the
transition is between the Cr and Sm-G phases in NCB 84.
The associated change of the medium density in the simula-
tion is large, and particularly the local density around the Xe
solutes changes very substantially due to the practically com-
plete lack of overlap of the distributions of the Xe solutes
and GB particles, in the Cr phase �Fig. 5�a��. The anisotropy
��� changes sign from −10 ppm in the Sm-A phase to
+40 ppm in Cr. Interestingly, the temperature dependencies
of �iso and ��� �and, consequently, �aniso� are exactly the
opposite in the Cr phase. The authors are not aware of any
phenomenological theory for Xe shielding in Cr.

5. Quadrupole coupling

In general the simulated data for the 131Xe quadrupole
coupling, Fig. 6�b�, are slightly noisier than for shielding.
This fact is associated with the even steeper decay with dis-
tance of � than that of �, and the consequently poorer sta-
tistics.

The simulated temperature dependence of �zz� follows
closely that of �aniso, due to the similar dependence of these
two quantities on P2. �zz� fluctuates around the appropriate
value of zero in the I phase, and experiences a jump to finite
values at the N-I phase transition, in agreement with the
findings for 21Ne in NCB 84 �24�. In the experiment,
�zz�

21Ne�� is first positive, but changes sign and continues to
grow more negative upon decreasing temperature in the N
phase and beyond. Our data for 131Xe are consistently nega-
tive in the Sm-A and N phases, and 2. . .3 times overesti-
mated in magnitude as compared to the typical experimental
data in nematics around 150, . . . ,180 kHz �25�. Experimen-
tally a local maximum in ��zz�� is often seen in 21Ne, 83Kr,
and 131Xe NMR in the N phase �24,25�, but this cannot be
extracted from the current simulation.

It is noteworthy that the phenomenological model of Ref.
�24� for �zz� involves both the electric field gradient �EFG�

at the nuclear position due to the deformation of the electron
cloud �induced by anisotropic intermolecular forces� and the
“external” EFG due to the permanent electric dipoles of the
solvent. We include the former effect but explicit electro-
static interactions are completely absent in our present simu-
lation model. Furthermore, the parametrization with the sym-
metric hydrocarbon model LC molecule of Fig. 2 should
ensure that also the implicit effects are absent from the pa-
rameters of the effective GB-Xe interaction. Real LC sys-
tems such as NCB 84 involve such an external EFG and,
consequently, deviations between the simulated and experi-
mental quadrupole couplings may be expected.

After a minor feature at the Sm-A-N phase transition,
�zz� continues toward more positive values in Sm-A with
decreasing temperature. Finally, the Cr-Sm-A transition is
characterized by a large simulated discontinuity in �zz� in
analogy with �zz�.

V. CONCLUSIONS

We have performed constant-pressure Monte Carlo simu-
lations of the isotropic �I�, nematic �N�, smectic-A �Sm-A�,
and molecular crystal �Cr� phases of thermotropic liquid
crystal �LC� solvents using the Gay-Berne model with
GB�4.4,20.0,1,1� parametrization, and introduced atomic xe-
non solutes modeled by Lennard-Jones potentials. The
solute-solvent interaction potential energy and the aniso-
tropic nuclear magnetic resonance �NMR� observables of the
solutes, 129/131Xe shielding relative to the free atom as well
as 131Xe quadrupole coupling, have been carefully param-
etrized based on first-principles quantum chemical calcula-
tions. The anisotropic NMR observables are summed in a
common coordinate frame furnished by the principal axis
system of the orientational order tensor, from interactions
with the solvent molecules in the pairwise additive approxi-
mation.

The simulation results indicate that adding xenon solutes
in an approximate experimental concentration does not sig-
nificantly change the ordering or phase behavior of the LC.
The xenon solutes were found to strongly prefer interlayer
positions in the translationally ordered Sm-A and Cr phases.

Several features of experimental Xe NMR spectra as well
as the existing phenomenological models are qualitatively
reproduced in the simulation. In particular, the data can be
interpreted in terms of the temperature dependence of the
density and the orientational order parameter of the medium.
The experimental shielding �zz� �with the magnetic field in
the z direction� equals the sum of �iso and the anisotropic
contribution �aniso, the latter proportional to shielding aniso-
tropy ��� with respect to the director of the mesophase. The
traceless quadrupole coupling tensor lacks an isotropic part,
hence �zz�=�aniso.

In the isotropic phase the anisotropic observables fluctu-
ate around zero, and the interaction-induced contribution to
�iso decreases linearly with temperature, reflecting the con-
current decrease of the density of the medium. While the
slope of �iso is comparable to the experimental results, the
overall magnitude of the total, negative, interaction contribu-
tion is underestimated.
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At the N-I phase transition �aniso and �zz� jump to finite
values due to the onset of orientational order in the N phase.
Also �iso exhibits a discontinuity paralleling that in the den-
sity, at the phase transition. The change in the total shielding
is larger than found experimentally, presumably due to the
tendency of the GB model to exaggerate density changes at
the N-I phase transition. In the N phase the shielding and
quadrupole coupling follow the nonlinear temperature evolu-
tion of the orientational order parameter.

In agreement with the experiment, the simulated NMR
observables indicate no discontinuity but a change of slope
as the temperature is lowered below the Sm-A-N phase tran-
sition. The interaction-induced, negative shielding decreases
in magnitude in the Sm-A phase, reflecting the facts that the
solutes are partially expelled from the molecular layers and
there is an associated decrease in the density of the local
environment of the solute. The change in shielding exceeds
its experimental counterpart by an order of magnitude due to
the exaggerated extent of the expulsion. The quadrupole cou-
pling follows the same trend. Finally, both shielding and
quadrupole coupling exhibit a large discontinuity at the
Cr-Sm-A phase transition.

The many qualitative successes of the present simulation
model allow extensions to studies of, e.g., confined LC so-
lutions through simulation of 129/131Xe NMR parameters, as
well as the incorporation of lighter noble gas solutes, 3He,
21Ne, and 83Kr. Nevertheless, the facts that the model suffers
from an overestimated sensitivity of the NMR observables to
phase transitions as compared to the available experimental

data, a strong preference of the solutes to occupy interlayer
positions in the translationally ordered phases, as well as the
too small overall level of shielding interactions, all indicate
that there is room for improvement. The most obvious direc-
tion is to reduce the degree of coarse graining in the LC
model, by introduction of flexibility characteristic to the tails
of real mesogens. This will presumably allow increased ex-
posure of the solutes to the LC core regions and, conse-
quently, increased NMR interactions, less dramatic density
changes at phase transitions, and less complete expulsion of
the solutes to the interlayer space in the translationally or-
dered phases. Work along these lines is in progress in our
laboratory.
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