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Applications of liquid crystals (LCs), such as smart windows and the ubiquitous display devices, are based on controlling the
orientational and translational order in a small volume of LC medium. Hence, understanding the effects of confinement to the
liquid crystal phase behaviour is essential. The NMR shielding of 129 Xe atoms dissolved in LCs constitutes a very sensitive probe
to the details of LC environment. Linking the experimental results to microscopic phenomena calls for molecular simulations.
In this work, the NMR shielding of atomic '2°Xe dissolved in a uniaxial thermotropic LC confined to nanosized cylindrical
cavities is computed from coarse-grained (CG) isobaric Monte Carlo (MC) simulations with a quantum-chemically (QC) pre-
parameterised pairwise-additive model for the Xe nuclear shielding tensor. We report the results for the 1??Xe nuclear shielding
and its connection to the structure and order of the LC appropriate to two different cavity sizes, as well as a comparison to the
results of bulk (non-confined) simulations. We find that the confinement changes the LC phase structure dramatically and gives
rise to the coexistence of varying degrees of LC order, which is reflected in the Xe shielding. Furthermore, we qualitatively
reproduce the behaviour of the mean '2?Xe chemical shift with respect to temperature for atomic Xe dissolved in LC confined
to controlled-pore glass materials. In the small-radius cavity the nematic — paranematic phase transition is revealed only by the
anisotropic component of the 129Xe nuclear shielding. In the larger cavity, the nematic — paranematic — isotropic transition is
clearly seen in the Xe shielding. The simulated 2 Xe NMR shielding is insensitive to the smectic-A — nematic transition, since
in the smectic-A phase, the Xe atoms largely occupy the imperfect layer structure near the cavity walls. The direct contribution
of the cavity wall to 129Xe nuclear shielding is dependent on the cavity size but independent of temperature. Our results show
that the combination of CG simulations and a QC pre-parameterised ??Xe NMR shielding allows efficient studies of the phase
behaviour and structure of complex systems containing thousands of molecules, and brings us closer to the simulation of NMR
experiments.

1 Introduction

Liquid crystals (LCs) display complex phase behaviour when
confined to small cavities of porous materials.! The confine-
ment can shift transition temperatures and either enhance or
suppress the ordering of the molecules, depending on the size
and the shape of the confining space, the properties of the con-
fining surfaces, and the liquid crystal molecules themselves.
The most common LC phases include the orientationally or-
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wall interaction; description of the parameterisation of the 129Xe nuclear
shielding interactions; derivation of the Xe-wall shielding interaction; cal-
culation of the radial profile of the translational order parameter. See DOI:
10.1039/b000000x/
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dered nematic and the translationally ordered smectic phases.2
In the uniaxial nematic phase (N) the long axes of the LC
molecules are on average aligned along a common direction,
which is called the director. The smectic-A phase (SmA)
possesses orientational order similarly to the uniaxial nematic
phase and, additionally, the molecules are positionally ordered
in layers perpendicular to the director. In a thermotropic LC,
typically a sequence of increasingly (decreasingly) ordered
phases is observed as the material is slowly cooled (heated).
When an external field induces nematic order to an isotropic
LC, the resulting phase is called paranematic (PN).

Previously we have shown? that in long, smooth-walled
cylindrical pores, small in diameter, the confinement can sus-
tain substantial orientational order far above the bulk nematic
- isotropic (N-I) transition temperature, resulting in a partially
oriented PN phase.The findings are backed up by recent exper-
imental work on cylindrically confined LCs.*” The appear-
ance of smectic layering was found to be nearly unaffected by
the confinement, although the translational order was slightly
lower near the wall.

This journal is © The Royal Society of Chemistry [year]
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Liquid crystals have been successfully studied with nuclear
magnetic resonance (NMR).® Xenon has many features that
make it an excellent probe atom for NMR studies of various
host materials.®'# It is chemically inert and has a large elec-
tron cloud that is sensitive to its surroundings. The large nat-
ural abundance of the 129Xe isotope, its relatively large mag-
netic dipole moment and the possibility of hyperpolarization
increases the usefulness of 129Xe NMR experiments.

The present work focuses on investigating the NMR chem-
ical shift of 129Xe dissolved in a uniaxial LC confined to a
cylindrical cavity in a mesoporous material. '*!! We compute
the orientational and translational order parameters from sim-
ulations and show how the changes in LC order, due to con-
finement in cavities with different radii, are reflected in the
NMR parameters of the dissolved Xe atoms. For this purpose
we use a quantum-chemically pre-parameterised, pairwise-
additive model for the NMR interactions. '>!¢ We focus on the
129Xe nuclear magnetic shielding computed from snapshots
of constant-pressure parallel tempering (PT) simulations of a
coarse-grained molecular model. The LCs are modeled with
the Gay-Berne (4.4, 20, 1, 1) (GB) potential in long, smooth-
walled cavities. The chosen particle-wall interaction favours
homogeneous planar anchoring, the alignment of the long axes
of the molecules along the wall.

We compare the simulated 12Xe NMR shielding to pre-
viously measured NMR results for 129Xe dissolved in LCs
confined to the cavities of controlled pore glass (CPG) ma-
terials, CPG81 and CPG156.!%!! We find that the confine-
ment changes the LC phase structure dramatically, which is
reflected in the 12Xe NMR shielding. In a small-radius cav-
ity, the transition from the nematic to the paranematic phase
is visible only in the anisotropic contribution to the Xe nu-
clear shielding. When the cavity size increases, the smooth
nematic - paranematic - isotropic transition is reflected clearly
also in the observable 12Xe NMR shielding averaged over
the entire sample, as well as seen in the local shielding as a
function of the radial location of the xenon atom in different
regions (near the wall or center) of the cavity. The smectic-A
— nematic transition is practically unnoticeable in the nuclear
shielding parameters of the '2°Xe atom in the confined sys-
tems, whereas it is seen as a change of slope in the Xe shield-
ing curves of the bulk system. This is due to the major contri-
bution to 129Xe NMR shielding arising from the distorted lay-
ering of the smectic-A phase near the cavity wall. The direct
contribution of the wall to ?°Xe nuclear shielding is practi-
cally temperature-independent but depends on the cavity size.

2 Simulations

The methodological workflow used here to calculate the NMR
shielding of Xe nuclei from simulations is outlined in Fig. 1.
We encourage the readers not interested in the technical de-

tails to review the figure and then jump to results in Sec. 5.
Fig. 1 gives a map for locating the particular aspects of the
simulation model.

We use our recently developed, coarse-grained model for
a generic uniaxial LC and a smooth-walled cylindrical cav-
ity.3 The model is reviewed in Secs. 3.1 and 3.3 below. The
necessary extensions to the model, due to the presence of
Xe solutes, are presented in Sec. 3.2 in the main text and in
Sec. 5 of the Electronic Supplementary Information (ESI) of
this Article,! in which we also justify the selection of the pa-
rameters for the interactions. We use pairwise additive inter-
actions to construct the 29Xe nuclear shielding, as presented
in Sec. 4. The simulation parameters and our work in general
are represented in reduced units, which are based on the Gay-
Berne (GB) potential '8 parameters, and are detailed in Sec.
3.1. The present simulations were performed for a bulk LC
and for confined LCs in cavities with radii R = 9 (R9) and
R = 18 (R18), at a fixed pressure P = 2.0. For each sys-
tem, the temperature range 7' = 0.9... 2.0 was covered with
two parallel tempering (PT) ! simulation sequences. The PT
algorithm is briefly reviewed in Sec. 1 of the ESL."

The selected temperature range and pressure cover the crys-
tal (Cr), SmA, N and isotropic (I) phases for bulk LC.3152021
For the R9 system the sharp N-I transition of bulk LC is con-
verted to a continuous N-PN transition and the isotropic phase
is not observed below 7' = 2.0.3 Here, the bulk system and the
tight confinement of the R9 system present the two extremes
of LC phase behaviour and the R18 system was selected to
explore an intermediate case between them. As shown earlier,
addition of a small number of Xe atoms (=~ 0.6% of the total
number of particles) does not significantly change the phase
behaviour of the bulk LC.!> The results of Sec. 5.1 show that
also the phase sequence of the confined LC is left unchanged
as compared to our previous simulations of the pure LC in the
cavity with radius R = 9.3

The simulation parameters used here are listed in Table 1.
In the confined systems the starting configuration consisted
of 12 layers of hexagonally close-packed molecules with the
director pointing along the cylinder axis. Periodic boundary
conditions were applied in the direction of the cylinder axis.
The bulk simulations had 6 layers of molecules and periodic
boundaries were applied in the three orthogonal directions x, y
and z. Randomly selected GB molecules were replaced with
Xe atoms. The starting configuration was equilibrated with
PTto T = 1.3...2.0 and the results were recorded from the
following production run. From the final configurations of
the production run a nematic configuration at 7' ~ 1.5 (just
above the bulk SmA-N transition temperature) was selected
as the starting configuration for the low-temperature simu-
lations. This configuration was subsequently equilibrated to
T =0.9...1.6 after which the production run followed.

2| 1-15
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Coarse-grained, pairwise-additive
models for interaction energy and
NMR shielding:

Interaction energy: Quantum-chemical

Liquid crystal model (3.1) calculations for energetics

Xe model (3.2) . and 129Xe NMR shielding in
PTMC Simulations (2) Xe-LC interactions (3.2) Eg)rficst(i;rr;o?g;s odexe—L>(<3,
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Analysis of structure, Xe-wall NMR interactions (4.2) 2
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Xe-LC NMR interactions (4.1) 3

NPT-ensemble Xe-Xe NMR interactions (4.1)
averages

Results (5)

Fig. 1 Flow chart of the methodology used in this paper to calculate nuclear shielding for Xe atoms dissolved in liquid crystal confined to
cylindrical cavities. Arrows show the direction of the information flow. The numbers inside parentheses refer to Sections of this paper, where
the respective topics are presented.

Table 1 Parameters for the simulations.

Cylindrical cavity simulations

RO R18 Bulk
Temperature range® low high low high low high
Observed LC phases ° Sm N-PN Sm N-PN-I Cr-Sm N-1
Number of replicas in parallel tempering 52 46 121 96 52 47
Number of thermalization sweeps x 10° 3 3 7 3 3 3
Number of production sweeps x 10° 4 4 4 4 4 4
Directions of volume trials® z z z z Ty, z TYZ
Number of GB (Xe) particles 2576 (16) 2576 (16) 10948 (68) 10948 (68) 1610 (10) 1610 (10)

¢ Low: T =0.9...1.6,high: T'=1.3...2.0.

b Cr, Sm, N, PN, I and their combinations are listed for the temperature ranges at which the respective phases crystal, smectic(-A), nematic, paranematic
and isotropic are observed in the bulk LC and in the cavities.

€ z: the dimension along the long axis of the cavity was changed; zy: the box base area was changed, while the ratio of the box sides Ly /L, was kept

constant; xyz: isotropic volume scaling.

This journal is ©@ The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-15 |3
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2.1 Monte Carlo update sweeps

The simulation was performed with cyclic update sweeps.
One MC sweep consists of trial translations of the Xe atoms,
combined trial rotations/translations of all the GB particles
and one or more trial volume moves. At every 10th sweep,
Nf;pl (Niepl is the number of replicas) temperature exchanges
between two randomly selected replicas were attempted us-
ing the parallel tempering acceptance criterion. %2 At least
3 x 10° MC sweeps of equilibration preceded the production
phase in the low temperature simulations and the production
run was 4 x 10° sweeps long. The detailed numbers of equili-
bration and production sweeps for each system are presented
in Table 1.

2.2 Analysis of the simulation snapshots

All the results were collected by recording simulation snap-
shots of each PT replica at every 400th MC sweep after the
equilibration run. They were first subjected to appropriate av-
eraging over the particles within the snapshot and, after that,
processed with the weighted histogram analysis method for
parallel tempering (PTWHAM), to make optimal use of the
data from all the replicas.?® Where present, the error bars in
the plots represent two times the standard deviation given by
PTWHAM.

3 Molecular model

3.1 Liquid crystal model

The pairwise-additive interactions between the LC molecules
are described by the familiar GB potential. The potential is
briefly reviewed in Sec. 2 of the ESL." We use the GB potential
parametrisation (x, &', t, ) = (4.4, 20, 1, 1), which has been
shown to yield the bulk phase structure Cr — SmA — N — I at
the reduced temperature range 7' = 0.8 . . . 2.0, with a fixed re-
duced pressure P = 2.0.3152921 The potential energy curves
for the different configurations of a GB dimer with this param-
eterisation are presented in Fig. 2 b). The range parameter in
the GB potential has been approximated to be ¢y = 4.5 A.%?°
The well-depth parameter, which corresponds to the binding
energy in the cross-configuration (Fig. 2) of a GB dimer, was
chosen by us to be g = 68.11 meV. This is roughly 2.3 times
smaller than the quantum-chemically estimated value of Ref.
15 and three times larger than the estimate presented in Ref.
20. The choice of ¢ does not affect the phase structure of the
liquid crystal, since it leaves the GB-GB and GB-wall interac-
tions invariant. The value was chosen on empirical grounds,
because it enhances the attraction between Xe atoms and GB
molecules and was found to reduce accumulation of Xe atoms
between smectic layers as discussed in Sec. 3 of the ESL'
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Fig. 2 Potential energy curves for the interactions of GB
molecules, Xe atoms and a cylindrical cavity with radius R = 9. For
the intermolecular interactions, the horizontal axis shows the
internuclear distance. 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 Ugs-xe. When Xe is at
the end and on the side of the GB molecule, respectively. Uy xe is
for the potential energy between the Xe atom and the cavity wall.
Uxe-xe 18 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, GBgs
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,f and GB-Wall,z represent potential energies Uy, gg for a
GB particle oriented in three orthogonal directions, radial, azimuthal
and along the cavity axis, respectively.
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We work in the reduced units by scaling all distances with
the GB potential range parameter ¢y, and all energies with the
binding energy of the cross-configuration of a GB dimer, ¢,
and setting ¢g = g9 = 1. This gives us the following sub-
stitutions for reduced pressure P, temperature 7' and number
density p = N/V:

P{leg — P
kBT/GO - T
NGV — »p

From here on, all formulas and quantities are defined in these
reduced units, unless explicitly stated otherwise.

3.2 Xe-LC and Xe-Xe interactions

The Xe atoms are described as Lennard-Jones particles. The
form of the potential used for the LJ solute - GB solvent in-
teractions is the same as conveyed in Refs. 24 and 25 and
employed in Ref. 15. We review it in Sec. 3 of the ESL'
The parameters for the GB-Xe potential have been calcu-
lated quantum-chemically ' and are summarised in Table 2.
eg;B*XE = 1.55 represents the QC computed value, relative
to the present choice of ¢y mentioned earlier. The effects of
changing eSB—Xe are investigated in Sec. 3 of the ESL.T

For the Xe-Xe interaction the LJ(12-6) potential was used
with the well depth and range parameter e5°*¢ = 0.358 and
sXeXe = (.869, respectively. ?® Fig. 2 a) presents the potential
energy curves for the ’side” and “end” configurations of the
GB-Xe pair, as well as the potential energy curve for the Xe

dimer within the current parameterisation.

3.3 Interaction between the particles and the cavity wall

The cylindrical cavity is considered to be infinitely long and its
wall infinitely thick. The starting point of defining the interac-
tion of the wall and the confined particles was to consider the
wall to consist of smoothly and evenly distributed LJ particles.
The LC molecule interacts with the wall via two LJ sites em-
bedded to the GB particle?’ as shown in the schematic Fig. 3.
The interaction potential for a LJ particle and the cylindrical
wall has been derived by Zhang, Wang and Jiang?® and can be
expressed in the GB units as

63w 3

UW(TW) = 6wgwgpw |:64[10(ka R/gw) - 714(ka R/<W):|

27
Im(k,R) = (m — I)Rm_l(l _ kQ)m—l x
—(m—-1) —(m—=3) .,
2F1{ sy Lk

Table 2 Parameters of the molecular interactions.

Parameter Value Unit Value in GB units
GB-GB potential

€0 68.11 meV 1
So (Ref. 20) 45 A 1

GB-Xe potential (Ref. 15)
GB—Xe

€ 105.57 meV 1.55
GBxe 36 A 0.8
geC;‘rBer/gsGfoe 3.32
EgrBf)(e/esGfoe 0.16
MGB—Xe 0.35
Xe-Xe potential (Ref. 26)

eeTxe 2440 meV 0.358
e Xe 391 A 0.869
GB-wall potential

Pw 0.010974 -3 1
€w 68.11 meV 1
Sw 45 A 1
Xe-wall potential

eXe 91.26 meV 1.34
gXe 36 A 0.8

where r, is the distance from the center of the particle to the
wall. R is the radius of the cavity and p,, is the number density
of the “virtual” LJ particles that the wall consists of. ¢y, sets
the well-depth of the potential and ¢,, defines the size of the
constituent virtual particles in the wall. o is the hypergeo-
metric function as defined in Eq. 15.1.1 of Ref. 29.

For the GB-wall interaction we set €y, = ¢ = pw = 1 in
Eq. 1. This corresponds to the K,, = 8.0 potential strength
parameter we have used previously, Ky = 8¢y pwse.? The full
GB-wall potential is the sum of the interactions of the form
(1), corresponding to the two embedded L1J sites.

Fig. 2 c) represents the potential energy curves of the GB-
wall interaction for three orientations of the GB molecule. The
symmetric placement of the interaction sites at the ends of the
GB particle favours homogeneous planar anchoring, the align-
ment of the molecules along the wall. When the long axis of
the LC molecule is parallel to the axis of the cavity, the well-
depth of the potential is roughly twice as large as the well-
depth of the GB-GB interaction in a side-by-side configura-
tion.

For the Xe-wall interaction we also used a potential of the
form of Eq. 1 with the parameters ¢X¢ = (B¢ = 0.8
and €X¢ = 1.33989. In the previously used parameterisation
scheme? we get KX¢ = 5.48819. The choice of parameters is

1-15 |5
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Fig. 3 Schematic representation of the dimensions of a cylindrical
cavity with radius R = 9¢, a Gay-Berne particle (GB), embedded
Lennard-Jones sites (LJ) and a xenon atom (Xe).

justified in Sec. 5 of the ESLT

4 '2Xe nuclear shielding

We compute the '**Xe nuclear shielding from simulation
snapshots in a pairwise-additive manner.'> The pairwise GB-
Xe, Xe-Xe, and Xe-wall interaction contributions to the
shielding tensor are defined in suitable local coordinate frames
and subsequently transformed to a common axis system before
averaging, as explained in Sec. 4.3. The Xe shielding tensor
is in this paper considered relative to the shielding of a free Xe
atom, & = Oy — Ogee 1. Here, 0. 1s the isotropic shielding
constant of free Xe atom, 1 is the 3 x 3 unit matrix and oz
is the total shielding tensor.

Molecular simulations give information about the micro-
scopic order and structure of the LC. Calculations of '?Xe pa-
rameters from simulations provide a link between the micro-
scopic phenomena and the features of experimental Xe NMR
spectra in LCs. In the present case the simulation model gives
us insight on the phase behaviour of LCs confined to the voids
of mesoporous materials. !'®!! The largest contribution to the
129%e nuclear shielding comes from the interactions with the
liquid crystal molecules. Xe-Xe interactions occur very rarely
and, thus, their contribution to the total shielding is negligible.
The wall brings an additional contribution to the 12*Xe NMR
shielding in the confined systems but, as shown in Sec. 4.2,
it is rather short-ranged. Hence, the direct contribution of the

confinement is important only for Xe atoms residing near the
cavity wall.

4.1 Xe-GB and Xe-Xe interaction contributions to the
129X e NMR shielding

The pairwise-additive contributions of the Xe-LC interactions
to the 12°Xe nuclear shielding were parameterised quantum-
chemically for a system of a model LC molecule and Xe atom.
The theory and parameterisation have been presented in de-
tail in the work by Lintuvuori, Straka and Vaara.'> We briefly
outline the method in Sec. 6 of the ESI of this Article.” The
functions used to calculate the tensor elements can be found
in the original work by Lintuvuori ef al. '°

For the Xe, shielding relative to a free 2°Xe atom we em-
ployed the chemical shift and shielding anisotropy functions
of Ref. 17. The tensor representation of the shielding contri-
bution and the local coordinate system used for the parameter-
isation are also reviewed in Sec. 6 of the ESI of this article.f

The present model for the ?*Xe shielding has been found
to correctly reproduce the trends of the Xe chemical shift in
the isotropic and nematic phases as well as the discontinuities
at the N-T and SmA-N transitions of a bulk LC.!> However,
the magnitude of the Xe shielding in the nematic phase of the
GB LC is small {0,,) ~ —120 ppm!® as compared to the
experimental shielding values found in the range —217- .- —
198 ppm, measured in the bulk nematic phase of the Phase IV
LC.'" In the SmA phase, the simulated '°Xe NMR shielding
suffered from an excess of Xe atoms squeezed between the
smectic layers.!® In the present work we have suppressed this
squeezing phenomenon by increasing the attraction between
the Xe atom and the GB molecule, with the result that more
Xe atoms are found inside the smectic layers as can be seen
from Fig. 2 b) of Sec. 3 in the ESLT

4.2 Xe-wall interaction contributions to 2°Xe nuclear
shielding

We model the wall as consisting of smoothly and evenly dis-
tributed Xe atoms. The contribution of the wall to the 129Xe
NMR shielding is formulated by integrating the Xe-Xe shield-
ing tensor components over the wall volume in a pairwise-
additive fashion. The process is analogous to the definition
of the potential energy between the LJ site and the wall in
Sec. 3.3, with some special considerations since we are han-
dling a tensorial quantity here. The coordinate system used to
define the final '%?Xe-wall shielding tensor is shown in Fig. 5
of the ESL.' The Cartesian set of axes is such that the z-axis
points from the Xe atom to the radial direction and the z-axis
is parallel to the cylinder axis. The cylindrically symmetric
Xe-Xe shielding tensor can be represented in arbitrary coordi-

6| Journal Name, 2010, [vol],1-15
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nates as

2
Ué(eﬁ_xe(r/) = a(r')éa/g + gAU(T/)Saﬂ, )
where o(r’) is the isotropic shielding, d,s is the Kronecker
delta, Ao(r’) is the shielding anisotropy with respect to the
internuclear axis and s, is the orientation tensor of the inter-
nuclear axis r':

1
S0 = 5(3?;% —0ap)- 3)

The nuclear site symmetry of the system consisting of a sin-
gle Xe atom and the cylindrical cavity is Cs, (except for the
rare case that the atom is exactly at the center of the cavity,
when the symmetry is Cu,). This implies that the 129Xe-
wall nuclear shielding tensor can be represented using only the

: H wall wall _wall
three independent diagonal components (o35, 0", ov2h).

1 eXe CXC n
oxd(k, R) = pw EXZXe <X:/—Xe P,(k,R) [(Un -
0 0

€

oyl (k, R)

. eXe §Xe n

wa _ w w

Oz (kv R) = Pw Xe-Xe Xe-Xe Pn(ka R) <Jn -
-0

S
2T (n — 1)]
T[2](n — 8)R"—3(1 — k2)n—3’

P,(k,R) =

where R is the inner radius of the cavity and k = 1 — ry /R,
ry being the distance from the particle centre to the wall.
To fit the shielding in the '2?Xe dimer to o (') and Ao (1),
we used terms with odd n, since they were easier to imple-
ment robustly in to the analysis program. We chose to use
n = 11,13, ..., 35 and did not find any practical improvement
by including the terms with even n. The expansions for the

coefficients P, (k, R) and the integrals ffﬁg)(k), both result-
ing from the integration over the angular coordinate, can be
found in Sec. 7.2 of the ESL.T

The resulting 129Xe-wall shielding tensor components are
presented in Fig. 4 a). Although the plots for o, and o, look
very similar, they are not identical, as can be seen from the in-
set of Fig. 4 a) and Eq. 5. o, approaches o, as the cavity
gets larger and the curvature of the wall becomes less signifi-
cant. At the limit R — oo the components become identical
and for very large cavities it would be sensible to use a slab
wall model. The magnitude of o,,, the radial component, is

(&
s () oo
(&)

These are obtained by integration over the entire wall as

To = P / {o(r’)+§Aa(r’)saa v, @
wall

where 7’ is now the vector from the Xe atom to an infinites-
imal wall element. For the purpose of simplifying the in-
tegration, the quantum-chemically computed isotropic '2Xe
NMR shielding o (') and shielding anisotropy Ao (r') of a Xe
dimer!” were fitted to general inverse power series o (r’) =
>, on/r", Aa(r’) = >, Ao, /r'". Then the series were
scaled term-wise with using the strength and range parameters
(eXe ¢Xe) and (eXeXe, (JeXe) of the Xe-wall and Xe-Xe inter-
action potentials, respectively. The fit coefficients o,,, Aoy,
the scaling and the integration process are presented in Table
1, Sec. 7.1 and Sec. 7.2, of the ESIT, respectively. In result,
we obtain

®)

significantly smaller than that of the two other components.

This model for the Xe-wall interactions is a very rough
one but since the NMR interactions are typically rather short-
ranged, it can be expected that the contribution of the wall to
the 129Xe shielding will be small if the Xe atoms do not stay
close to the wall during most of the simulation time. In Sec.
5.3 we will see that the direct contributions of the wall to the
Xe shielding are small regardless of temperature.

4.3  Averaging the '2°Xe nuclear shielding tensor compo-
nents

Each pair-interaction contribution to the 129Xe shielding ten-
sor was transformed to a common coordinate system for aver-
aging. For the confined R9 and R18 systems, the Xe shielding
tensor was averaged in the coordinate frame of the simulation
box, where the z-axis coincides with the axis of the cylindrical
cavity. For the bulk system the z-axis was defined by the in-
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Fig. 4 a) Components of the nuclear magnetic shielding tensor of
the 129 Xe nucleus as a result of Xe-wall interaction in the cavity
with radius R = 9. The corresponding analytical expressions are
presented in Eq. 5. The three orthogonal axes are chosen so that the
z-axis points in the radial direction and the z-axis points to the
direction of the cylinder axis. The inset illustrates the small
difference between the yy and zz components. Note the different
scale in the inset. b) The corresponding Xe potential energy curve
due to interaction with the wall.

stantaneous LC director in each simulation snapshot. The two
other axes were defined by the two other eigenvectors of the
orientational ordering tensor. In practice the choice between
the two coordinate systems does not change the results for the
confined LCs, since the director remains practically always
parallel to the cavity axis.

For each snapshot, the observable component of the '2?Xe
nuclear shielding along the z-axis (o), the isotropic shield-
ing (0°°) = (044 + 0yy + 02.) and the component of the
anisotropic shielding along the z-axis (021°) = 2(Ac¢) =
%<0’22 — %(Um; + oyy)) were computed by averaging over
all Xe atoms. Ensemble averages of the 12Xe NMR shield-
ing components were calculated by reweighting the results
of all simulation snapshots with PTWHAM.?* The observ-
able Xe nuclear shielding results from a sum of isotropic and
anisotropic contributions through

(022) = (0) + (025%) = (0%) + 2 £8) " {53505)
a,B

iso 2 d
~(0") + 3D Sasloas), (©)
o8

d

where s‘i 8 is the orientation tensor of the LC director, and

SSB is its average.  is the angle between the external mag-
netic field and the LC director. f(f) = 3 cos?# — 1 is the
second degree Legendre polynomial in cos . We set the mag-
netic field along the cavity axis in the confined systems. In the
simulations, the director is nearly all the time parallel to the
cavity axis, f(6 = 0) = 1. The second line of Eq. 6 holds
exactly if the orientation tensor and the local shielding tensor
Oag can be considered uncorrelated. We use the full form of
the first line of Eq. 6 to calculate the observable 2 Xe nuclear
shielding o, ..

5 Simulation results and discussion

5.1 Order parameters

The orientational order parameter P, and translational order
parameter 71, computed with respect to the LC director, are
commonly used to detect the uniaxial nematic and smectic-
A phases, respectively. The definitions of these parameters
are given in Sec. 4 of the ESLT P, = 1 indicates that all
molecules are perfectly aligned along a common axis. Corre-
spondingly, 71 = 1 indicates that the molecules are perfectly
arranged in layers perpendicular to the director. Order param-
eter value zero refers to perfect orientational or translational
disorder/randomness for P or 71, respectively. In Fig. 5 we
show P, and 71 as functions of temperature for the two con-
fined systems R9 and R18, as well as for the bulk system.

In a previous study we simulated cylindrically confined
pure LCs in cavities with radii B =7, 9 and 11.% It was
found that the director of the LC was strongly aligned with
the cavity axis. Moreover, the cavity wall sustained the ne-
matic order at temperatures above the bulk N-I transition tem-
perature (Tyy = 1.64). Going to higher temperatures, the ori-
entational order decreased smoothly from the nematic to the
paranematic phase, and only well above Ty did the LC be-
come isotropic at the center of the cavity, with radius R = 9.
A genuinely isotropic phase was not observed at all for tem-
peratures T < 2.0. From Fig. 5 a) we see that all these find-
ings about the orientational order of the pure GB LC in the
cavity with radius B = 9, apply also here to the R9 system
with the dissolved Xe atoms.

Interestingly, the R18 system is already large enough to
exhibit an almost bulk-like isotropic phase above T' = 1.9,
where it already has a very low orientational order param-
eter, P» < 0.125. However, since the orientational order
is higher as compared to the bulk LC, this phase could also
be labelled as paranematic. The transition between the ne-
matic and isotropic phases in the R18 system is still a smooth
one, as compared to the bulk N-I transition. This transi-
tion is also slightly shifted to a higher temperature but to a
lesser extent than in the narrower R9 system. The broadened

8| Journal Name, 2010, [vol],1-15
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and shifted transition region of the R18 system, in the range
1.7 < T < 1.9, can best be described as a paranematic phase.
Due to the continuously changing nature of the orientational
order in the confined systems, the exact temperature of the N-
PN transition is not easily defined.

Kityk et al.” noted that the smooth wall raises the nematic —
paranematic transition temperature Typy. In real systems fac-
tors such as wall irregularities decrease the ordering imposed
by the confinement. Thus, the location of the N-PN transition
— above or below bulk Ty — depends on the morphology of
the pores.

In an earlier NVT ensemble simulation in a cavity of ra-
dius R = 20, with wall consisting of fixed atoms, the ne-
matic director was seen to settle perpendicular to the axis of
the cavity.3® The reason for this could be the chosen condition
of constant volume or the form of the particle-wall interaction
in that work. In the present work, the director is all the time
nearly parallel to the cavity axis for both R9 and R18 systems.
As seen already in Ref. 3, sampling the N PT ensemble better
reproduces the phase changes in both the bulk and the cavities,
an observation confirmed by the present results. This indicates
also a better microscopic description and, hence, the presently
observed parallel alignment appears more realistic.

The formation of smectic layers in the confined LC is sim-
ilar to the bulk case. The wall acts as a weak inhibitor of the
layering of the molecules.® This is seen in Fig. 5 b), in the
SmA phase around T = 1.35, where the translational order
parameter of the R9 system, 71 = 0.59, is distinctly smaller
than the one for the bulk system, 71 = 0.67. The SmA-N
transition for the R18 system occurs exactly at the same tem-
perature as in the bulk, as shown in Fig. 5 b).

5.2 Orientation parameter profiles

Figs. 6 a) and f) show how the orientational order parameter
with respect to the cylinder axis behaves as a function of dis-
tance from the cavity wall at different temperatures and LC
phases. The values were calculated by dividing the cavity to
cylindrical shells of width b = 0.1 and averaging over the LC
molecules with midpoints located in each shell.

From our previous work® we know that the cavity wall
strongly enhances orientational order, but at high temperatures
(T > 1.9), in cavities large enough (R = 11), the core region
of the cavity is isotropic. At temperatures below T' = 1.3, the
presence of a smooth wall initiates a wave-like density mod-
ulation which partially prevents the appearance of crystalline
order emerging from the self-organisation of the LC.?

From Fig. 5 a) we observe that the RO system is in the PN
phase while the R18 system is almost isotropic at T' = 1.97,
the highest temperature profiled in Fig. 6. From the P pro-
files of Figs. 6 a) and f) we see that the orientational order
decays towards the center in both cavities but the inner re-
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Fig. 5 a) Orientational order parameter P, and b) translational
order parameter 71 as a function of temperature in the two confined
systems with radii R = 9 and R = 18, as well as in the bulk. The
background shading in this and the following figures refers to the
phases obtained in the simulation of the bulk system.

gion with small P; is larger in the R18 system, resulting in
the different overall P, of the two systems. At the slightly
lower temperature, T' = 1.74, the R18 system exhibits PN
behaviour as the orientational order decays steadily towards
the centre of the cavity, reaching a low value of P, < 0.2,
while the LC of the R9 system possesses already a high ori-
entational order, P> > 0.57 throughout the cavity. In the lat-
ter case, the LC is clearly nematic. At lower temperatures,
T = 1.52 and T = 1.30, the orientational order is only
slightly higher close to the wall than elsewhere in the cavity. In
all the orientational order parameter profiles there are similar
small local extrema, which convert to steps in the curves for
the isotropic and paranematic phases, where the orientational
order decreases steeply away from the wall. The extrema are
due to layering of the GB molecules on the wall as indicated
by the aforementioned density waves in Fig. 3 b) of the ESI'.
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5.3 !29Xe NMR shielding

The ?Xe NMR shielding parameters computed from the
present simulations as a function of temperature for the three
different systems R9, R18 and the bulk LC, are compared in
Fig. 7. The plots show how the phase transitions and structural
changes in the coarse-grained uniaxial thermotropic LC are
reflected by our quantum-chemically parameterised pairwise-
additive Xe nuclear shielding model.

Features seen in the orientational order parameter curves in
Fig. 5 a) — the sharp N-I transition in the bulk and the smooth
N-PN transition in the small cavity with radius R = 9 — are
mirrored in the behaviour of the anisotropic 2°Xe nuclear
shielding (o%%°) in Fig. 7 ¢). The anisotropic contribution
is included in the observable shielding (c,,) through Eq. 6.
The NMR parameters for the larger cavity with radius R = 18
stay expectedly in between the curves for the bulk LC and the
RO system. Looking at (¢>°) in Fig. 7 b), we observe that
the isotropic '??Xe nuclear shielding in the pore with radius
R = 18 is shifted to the negative direction from the bulk case
by roughly as much as (¢'*°) in the cavity with R = 9 is
shifted with respect to the larger (R = 18) cavity. The sim-
ulated '2°Xe nuclear shielding (o) for the smallest system
R9 grows quite linearly with the temperature, but in the larger
R18 system the steeper paranematic transition can be seen as
a change of slope in the curve of Fig. 7 a) and also (albeit less
clearly) in the isotropic shielding in Fig. 7 b).

The signature of the SmA-N transition, a change of slope in
the dependence of (0., ) and (03} on temperature, is absent
from the NMR parameters of the confined systems. As be-
fore, 19 it reveals itself in the bulk system, however: there is a
change of slope in (0. ) and particularly (21 at T' ~ 1.45.
This missing feature in the >?Xe NMR shielding curves of
the confined systems can be explained by looking at the dis-
tribution of the Xe atoms in the cavity and the distribution
of translational order, in Fig. 6 of the ESLT. (The calcula-
tion of the translational order profile is discussed in Sec. 8 of
the ESI.) From our previous study, we know that the transla-
tional order is suppressed near the cavity wall.® In the cylin-
drical geometry, a large fraction of the volume of the cavity
is close to the cavity wall and so is a large portion of the Xe
atoms. These considerations are confirmed by the present sim-
ulations. Hence, the Xe atoms sample largely a region where
there is no strong smectic order, but where other factors, such
as the wall-induced density wave, shape the local LC phase.?
Experimentally the change of slope at the SmA-N transition
has been attributed at least partly to Xe atoms slightly pre-
ferring the interlayer space of the SmA phase.?' In our bulk
simulations, a slight preference of the interlayer space also
occurs, but in the confined LC this redistribution of Xe atoms
is virtually non-existent. This is also one of the causes why
the SmA-N transition is not observed in the simulated 12°Xe
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Fig. 7 Comparison of the 12*Xe NMR shielding (as referenced to
free Xe atom) of dissolved atomic Xe in a model liquid crystal in
two cylindrical cavities with radii R = 9 and R = 18, as well as in
bulk LC. a) The observable component of the 12?Xe nuclear
shielding along the cavity axis {c..) is composed of b) the isotropic
shielding (o) and c) the component of the anisotropic shielding
along the cavity axis (0%, as in 0., = 0™ + o5, The
background shading refers to the phases obtained in the simulation
of the bulk system.

NMR shielding curves.
The experimentally observed NMR shielding for 12 Xe dis-
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solved in a nematic Phase IV LC confined to a controlled
pore glass (CPG) with pore diameter 156 Alies around —201
ppm. '© With the unit of length ¢y = 4.5 A,'5 our cavity with
radius R = 18 is of comparable size to the voids in this CPG
material. Compared to experiments, our model gives a range
of considerably smaller values {(o,,) = —136... —117 ppm,
when the LC is nematic. There is an improved agreement
with experiment as compared to the results reported in Ref.
15 (for bulk LC) due to the more attractive GB-Xe interac-
tion used presently. A quantitative agreement with experiment
cannot realistically be expected with the present, extremely
coarse-grained model. However, it is likely that the agreement
with experiment could be further improved at the point where
the LC molecule is made flexible. Inclusion of the currently
neglected relativistic effects in the parameterisation'® of the
129%e-1.C NMR shielding model would increase the magni-
tude of the shielding and, hence, bring the results closer to the
experiments. In addition, the parameterisation was done with
density-functional theory calculations and the quantitative er-
rors involved can be substantial in weakly bound systems. >4
The pairwise additivity approximation also contributes to a
systematic error in the > Xe nuclear shielding, albeit in Xe,,
clusters this error was in the direction of too large interaction
effects on Xe shielding. '®

The contributions of the Xe-wall interaction to the '2°Xe
shielding in the two cavities with radii R = 9 and R = 18 are
presented in Fig. 8. The figure shows that the direct effect of
the wall to the Xe shielding (in Fig. 7) is weak as compared
to the shielding contribution from the Xe-GB interactions, as
anticipated. The Xe atoms interact more with the wall in the
smaller cavity, as expected. Thus, all the NMR parameters in
the smaller cavity with R = 9 are shifted to the negative di-
rection as compared to the larger cavity with B = 18. In the
temperature range T' = 1.3...2.0, the wall contributions seem
to be almost temperature-independent. Distribution of the LC
particles with respect to the wall is temperature-dependent and
this could in principle affect the distribution of Xe atoms in
the cavity and their interactions with the wall. Temperature-
dependent Xe-wall shielding could also be observed if the Xe-
wall interaction would directly cause a temperature-dependent
radial distribution of the Xe atoms and the Xe atoms would
e.g. accumulate near the wall at low temperatures. The contri-
bution of the wall interaction to the observable shielding (o)
is between -11.5 (-6) and -9.5 (-4.5) ppm in the R9 (R18) sys-
tem. From Fig. 8 b) we observe that the Xe-wall interaction
is mostly responsible for the offset between the curves of the
isotropic shielding, (0'*°), between the R9, R18 and bulk cases
in Fig. 7b). Using Eq. 6 and Fig. 8 we can say that roughly 3/4
of the direct Xe-wall interaction contribution to the 12°Xe nu-
clear shielding comes from the isotropic component and the
anisotropic component amounts to the remaining quarter in
both confined systems R9 and R18.

If the strength of the average interaction between the Xe
atoms and the cavity wall were trivially related to the surface-
to-volume ratio of a cylindrical cavity, the 129 Xe NMR shield-
ing would be proportional to the inverse of the diameter of the
cavity, as (2R) 1. At least for small cavities the case is not
that simple, though, since the wall-induced order of the LC
does not have a simple dependence on cavity size as discussed
below in Sec. 5.4. On the other hand, for cavities considerably
larger than R18, the direct shielding effect is expected to be
rather small due to a smaller surface-to-volume ratio.

Isotropic shielding (%) (ppm) Shielding along the z-axis (G;;) (ppm)

P Bt

—10 I I I I I I
1.3 14 15 1.6 1.7 18 19 20

Temperature 7

Fig. 8 Comparison of the wall contribution to the *2?Xe NMR
shielding (referenced to free Xe atom) of dissolved atomic Xe in a
model liquid crystal in two cylindrical cavities with radii R = 9 and
R = 18. a) The observable component of the ' Xe nuclear
shielding along the cavity axis (o) is related to b) the isotropic
shielding (¢**°) and the anisotropic shielding with respect to the
cavity axis (o) through o,, = 0™ + ¢®%°. The background
shading refers to the phases obtained in the simulation of the bulk
system.

A bulk LC, such as Phase IV, with positive anisotropy
of diamagnetic susceptibility, orients itself along the exter-
nal magnetic field in NMR experiments. Thus, the observed
129%e chemical shift (with respect to a low-pressure Xe gas) is
equal to —o .. In contrast, in the case of LC confined to CPG
materials with small pore size, it is assumed that the LC di-
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rector is parallel to the axis in each cylindrical pore.!® With
an isotropic orientational distribution of the pore axes with
respect to the magnetic field, the mean '??Xe chemical shift
observed from the pores equals the negative of the isotropic
component in Eq. 6. The anisotropic component still affects
the line shape of the spectra. Fig. 7 concerns the isotropic and
anisotropic Xe nuclear shielding, the latter as referenced to the
direction of the cavity axis. This would correspond to experi-
ments with aligned pores and enables comparison of bulk and
confined systems and isotropic to anisotropic contribution in
both.

Fig. 9 represents the more common experimental situation,
where Xe chemical shift, instead of shielding, is observed in
isotropically distributed pore directions. The figure shows the
simulated isotropic 12°Xe chemical shifts in the R9 and R18
systems and the chemical shift along the field for the bulk sys-
tem. The corresponding experimentally recorded 27 Xe chem-
ical shifts from the pores of CPG81 and CPG156, as well as
in bulk LC are shown in Fig. 7 of Ref. 10. The qualitative re-
semblance of the simulated and experimental chemical shifts
is significant: The N-I transition was hardly experimentally
observed in CPG81 and CPG156 and the observable chemi-
cal shift was nearly linear from 199 ppm to 188 ppm, in the
temperature range where the corresponding bulk LC trans-
formed from the solid to the isotropic phase, via a nematic
intermediate phase. '° In the bulk phase, the N-I transition was
clearly seen. All these features are reproduced by our simu-
lated 29 Xe chemical shifts in Fig. 9.

Additional features where simulations reproduce the experi-
mental results '° for the 127 Xe chemical shift include the small
nonlinearity of slope as a function of temperature just below
the bulk N-I transition temperature in CPG156, and just above
the transition temperature in the R18 system. Fig. 5 shows
that this nonlinearity coincides with the paranematic phase. In
CPG156 this feature occurs below the bulk transition, most
likely due to the disorder arising from the pore interconnects
and the roughness of the inner surface of the pores. These fac-
tors are absent from the single, smooth cylindrical pore of the
simulations. In general, the surface morphology of the pores
may have a considerable effect on the observed 12°Xe chemi-
cal shift.

At the temperatures where the bulk LC is isotropic, the sim-
ulated chemical shifts in Fig. 9 behave linearly, similarly to
the expelrirnents.10 In both cases, the wall contributions shift
the curves for the confined systems above the 1??Xe chemi-
cal shift in bulk LC. In the experimentally recorded chemical
shifts, the difference between the chemical shifts in CPGS81
(CPG156) and in bulk LC are only ~ 2 ppm (< 1 ppm). The
chemical shift difference in the corresponding simulated sys-
tems R9 (R18) and bulk LC is about 9 ppm (4 ppm) at the
highest temperature T = 2.0. From Fig. 8 b) we see that
roughly 8 ppm (4 ppm) of this difference can be explained by

the direct interaction of the Xe atoms with the wall. Hence it
seems that in our model, the contribution of the Xe-wall inter-
action to the 12°Xe nuclear shielding is overestimated. This
is partly due to our choice of g = 68.11 meV, which is sig-
nificantly smaller than the quantum-chemically obtained value
€p = 157.58 meV. This choice indirectly scales up (by about
the factor of 2.3) the Xe-wall shielding (Eq. 5) via the X° pa-
rameter, as in Eq. 12 of the ESL1
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Fig. 9 The simulated isotropic 12?Xe chemical shift, —{o™*} for Xe
dissolved in L.C confined to cylindrical cavities with two different
radii (with the cavity axes isotropically distributed with respect to
the magnetic field) as well as the simulated chemical shift along the
direction of the magnetic field, — (o) for Xe dissolved in a bulk
LC. The background shading refers to the phases obtained in the
simulation of the bulk system.

5.4 '2°Xe nuclear shielding profiles

It is interesting to see how the variations of density and ori-
entation parameter in different parts of the cavity (Fig. 6) are
reflected in the nuclear shielding experienced by a dissolved
129%e atom. In Fig. 6 we present the profiles of the aver-
age zz-component of the 2 Xe NMR shielding tensor, (7..),
the isotropic shielding, (0'°), and the anisotropic shielding,
{oaiso) - As with the orientational order parameter profiles, the
cavity was divided to cylindrical shells of thickness b = 0.1.
The nuclear shielding was averaged over Xe atoms with mid-
points in each shell. To give an idea of the relative weight of
each shell in the total 129Xe NMR shielding, we also include
in Fig. 6 b) and g) the profiles of the average number density
of Xe atoms, {Nx./V'), as a function of the distance from the

This journal is ©@ The Royal Society of Chemistry [year]

Journal Name, 2010, [vol], 1—15 | 13



Physical Chemistry Chemical Physics

wall of the cavity. Since we keep the thickness of the shell
constant, the volume of the shell at distance R — r, from the
centre of the cavity is 27 (R — ry,)bL ., where L, is the length
of the cylinder. So, the volume of a shell decreases linearly
with respect to distance from the wall. The combined effect
of the density variations of the Xe atoms and the dependence
of the shell volume on r,, on the number of Xe atoms in one
shell is shown in Fig. 6 b) and d) of the ESL.*

The Xe shielding profiles can be roughly divided to two re-
gions: 1) Where ry, < 0.65 the Xe-wall contribution domi-
nates the *2°Xe nuclear shielding profiles in Figs. 6 c)-e) and
h)-j). This is seen by a comparison to the Xe-wall shielding
tensor components in Fig. 4 a). The magnitude of the wall
contribution to the Xe shielding rises steeply when the dis-
tance to the wall r,, decreases. However, as the distance to
the wall gets shorter, the density profiles of the Xe atoms in
Figs. 6 b) and g) decrease steeply and on average less than
7% (4%) of the Xe atoms occupy the region ry, < 0.7 in the
R9 (R18) system. The result is that the direct contribution of
the wall to the system-wide average '2°Xe nuclear shielding
is relatively small as was seen earlier in Fig. 8. 2) Away from
the wall, where r,, > 0.7, the dominant factor in the >°Xe
shielding is the contribution of the LC molecules. In the re-
gion 1 < ry, < 3, the 129Xe NMR shielding profiles reflect the
density variations of the Xe atoms in Fig. 6 b) and g). Since
the Xe atoms are very few, the density variation of the Xe par-
ticles has its roots in the density wave of the GB particles,
which was seen earlier in Fig. 3 b) of the ESIt, as well as in
our previous work.?

In the system with radius R = 18, atT = 1.74, we can see a
signature of the PN behaviour as the anisotropic '2°Xe nuclear
shielding in Fig. 6 j) decays towards zero when approaching
the cavity centre, corresponding to the similar behaviour of
the orientational order parameter (in the panel f) of the same
figure). The center region of the cavity tends to be isotropic,
provided that the cavity is large enough. The difference in
02‘250 between the centre of the cavity (ry, = 18) and near the
wall (ry, = 1) is roughly 15 ppm. This difference is translated
to 0,, according to Eq. 6. In the smaller cavity, with radius
R =9, the same connection between the local anisotropic
129X e NMR shielding and the local orientational order is seen
at the higher temperature, 7' = 1.97 in Fig. 6 e).

6 Conclusion

We have simulated the NMR shielding of '2?Xe dissolved in
uniaxial Gay-Berne model liquid crystal confined to smooth-
walled cylindrical nanocavities. The constant-pressure paral-
lel tempering Monte Carlo method was used to cover a tem-
perature range where smectic-A, nematic, paranematic and
isotropic phases were observed. Two cavities with different
radii, R = 9 and R = 18, were studied, as well as a bulk

LC. A quantum-chemically preparametrised pairwise-additive
model was used to compute the average '2?Xe nuclear shield-
ing tensors and the local shielding felt by the Xe atom in dif-
ferent parts of the cavity.

In accord with the earlier study of some of the present au-
thors on pure LCs confined in cavities,? the LC-wall inter-
action favoured planar anchoring and the director was found
to point along the axis of the cavity in the oriented phases
of the confined systems. In the larger cavity with radius
R = 18, we found at the highest simulated temperatures an
almost isotropic phase that changes smoothly to a nematic
phase via a paranematic phase, when going to lower tempera-
ture. The smooth change of orientational order is reflected in
the anisotropic '2Xe NMR shielding where the transition is
clearly observed. For the smaller cavity with radius R = 9 we
did not observe the isotropic phase. The gentle, gradual transi-
tion from paranematic to nematic phase, upon decreasing tem-
perature, is less obvious in the '2?Xe NMR shielding. The
smoothness of the transition in small cavities can also make it
hard to observe it experimentally. Our simulation model with
cavity radius R = 18 reproduced the nonlinear dependence of
the isotropic '29Xe nuclear shielding on the temperature near
the bulk N-I transition, observed in the experimental chemi-
cal shift for Xe dissolved in LC confined to controlled pore
glass material CPG156. Comparison with the simulated ori-
entational order parameters reveals that this nonlinearity ap-
pears when a smooth transition between nematic and isotropic
phases via a paranematic phase takes place.

The SmA-N transition was not seen in the 29Xe NMR
shielding curves of the confined systems. This non-feature
was attributed to the effect of Xe atoms sampling largely the
volume close to the wall where the layering of LC molecules
is suppressed. In the bulk system the SmA-N transition ap-
pears as a change of slope in the anisotropic contribution to
the '2?Xe nuclear shielding and, consequently, in the shield-
ing tensor component parallel to the LC director, (o).

The 129Xe NMR shielding parameters become increasingly
more negative with respect to bulk LC phase as a function of
decreasing cavity diameter. The reason for this is the addi-
tional cavity wall contribution, that is small for a large cavity
and becomes relatively more important in smaller cavities due
to the increasing surface-volume ratio. A qualitative agree-
ment was found between the isotropic 12Xe NMR shielding
simulated here and the earlier, experimentally recorded chem-
ical shift of 129Xe dissolved in LC confined to controlled pore
glasses with corresponding pore radii. The contribution of the
Xe-wall interaction to the Xe chemical shift could be brought
closer to experimental values by a refined parameterisation
scheme.

The detailed relation of the cavity size to the magnitude
of the '29Xe nuclear shielding is somewhat complex in small
cavities, due to the interplay of the wall-induced orientational
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order and the self-organisation of the LC: The decay of orien-
tational order away from the wall is steeper for the large cavity
as compared to the small one. It also occurs at a lower tem-
perature than in the smaller cavity. This is the source of the
different kind of paranematic behaviour in the average order
occurring in the two systems and is also seen in the simulated
profiles of the anisotropic '2?Xe nuclear shielding and in the
component of the shielding along the cavity axis, (0. ).
While we have kept our simulation model rather general
and simple, we can still differentiate between the many details
found in confined LC systems and resolve effects that merge
into the experimentally observed Xe NMR spectra. With the
kind of simulations presented in this work, it is possible to
analyse Xe NMR experiments in porous materials with real-
istic pore dimensions. Our model makes it feasible to inves-
tigate even larger cavities and the orientational order result-
ing from the the combined effect of the confinement and the
anisotropic magnetic susceptibility of the medium.
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