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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 129 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) preparameterised pairwise-additive model for the Xe nuclear shielding tensor. We report the results for the 129 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 129 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 129 Xe nuclear shielding. In the larger cavity, the nematic – paranematic – isotropic transition is
clearly seen in the Xe shielding. The simulated 129 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 129 Xe 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 129 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. 1 The confinement 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 confining surfaces, and the liquid crystal molecules themselves.
The most common LC phases include the orientationally or† Electronic Supplementary Information (ESI) available: Description of the
parallel tempering procedure; review of the Gay-Berne liquid crystal model;
review of the interaction between Lennard-Jones and Gay-Berne particles
and justification for the potential parameterisation chosen in this paper; description of the calculation of order parameters; parameterisation of the Xewall interaction; description of the parameterisation of the 129 Xe nuclear
shielding interactions; derivation of the Xe-wall shielding interaction; calculation of the radial profile of the translational order parameter. See DOI:
10.1039/b000000x/
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b Institute of Organic Chemistry and Biochemistry, Academy of Sciences of
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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 3 that in long, smooth-walled
cylindrical pores, small in diameter, the confinement can sustain 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 experimental work on cylindrically confined LCs. 4–7 The appearance of smectic layering was found to be nearly unaffected by
the confinement, although the translational order was slightly
lower near the wall.
1–15 | 1
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Liquid crystals have been successfully studied with nuclear
magnetic resonance (NMR). 8 Xenon has many features that
make it an excellent probe atom for NMR studies of various
host materials. 8–14 It is chemically inert and has a large electron cloud that is sensitive to its surroundings. The large natural abundance of the 129 Xe isotope, its relatively large magnetic dipole moment and the possibility of hyperpolarization
increases the usefulness of 129 Xe NMR experiments.
The present work focuses on investigating the NMR chemical shift of 129 Xe dissolved in a uniaxial LC confined to a
cylindrical cavity in a mesoporous material. 10,11 We compute
the orientational and translational order parameters from simulations and show how the changes in LC order, due to confinement 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, pairwiseadditive model for the NMR interactions. 15,16 We focus on the
129
Xe 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, smoothwalled 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 129 Xe NMR shielding to previously measured NMR results for 129 Xe dissolved in LCs
confined to the cavities of controlled pore glass (CPG) materials, CPG81 and CPG156. 10,11 We find that the confinement changes the LC phase structure dramatically, which is
reflected in the 129 Xe NMR shielding. In a small-radius cavity, the transition from the nematic to the paranematic phase
is visible only in the anisotropic contribution to the Xe nuclear shielding. When the cavity size increases, the smooth
nematic - paranematic - isotropic transition is reflected clearly
also in the observable 129 Xe 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 129 Xe atom in the confined systems, whereas it is seen as a change of slope in the Xe shielding curves of the bulk system. This is due to the major contribution to 129 Xe NMR shielding arising from the distorted layering of the smectic-A phase near the cavity wall. The direct
contribution of the wall to 129 Xe nuclear shielding is practically 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 de2|
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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 cavity. 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 parameters for the interactions. We use pairwise additive interactions to construct the 129 Xe 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 GayBerne (GB) potential 18 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 system, the temperature range T = 0.9 . . . 2.0 was covered with
two parallel tempering (PT) 19 simulation sequences. The PT
algorithm is briefly reviewed in Sec. 1 of the ESI.†
The selected temperature range and pressure cover the crystal (Cr), SmA, N and isotropic (I) phases for bulk LC. 3,15,20,21
For the R9 system the sharp N-I transition of bulk LC is converted to a continuous N-PN transition and the isotropic phase
is not observed below T = 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. 15 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
PT to 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 T ≈ 1.5 (just
above the bulk SmA-N transition temperature) was selected
as the starting configuration for the low-temperature simulations. This configuration was subsequently equilibrated to
T = 0.9 . . . 1.6 after which the production run followed.
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We work in the reduced units by scaling all distances with
the GB potential range parameter ς0 , and all energies with the
binding energy of the cross-configuration of a GB dimer, ǫ0 ,
and setting ǫ0 = ς0 = 1. This gives us the following substitutions for reduced pressure P , temperature T and number
density ρ = N/V :
P ς03 /ǫ0
kB T /ǫ0
N ς03 /V

→ P

→ T
→ ρ

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 interactions is the same as conveyed in Refs. 24 and 25 and
employed in Ref. 15. We review it in Sec. 3 of the ESI.†
The parameters for the GB-Xe potential have been calculated quantum-chemically 15 and are summarised in Table 2.
ǫGB−Xe
= 1.55 represents the QC computed value, relative
0
to the present choice of ǫ0 mentioned earlier. The effects of
changing ǫ0GB−Xe are investigated in Sec. 3 of the ESI.†
For the Xe-Xe interaction the LJ(12-6) potential was used
= 0.358 and
with the well depth and range parameter ǫXe-Xe
0
ς0Xe-Xe = 0.869, respectively. 26 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 interaction 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 embedded to the GB particle 27 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 28 and can be
expressed in the GB units as


63π
3π
Uw (rw ) = ǫw ςw 3 ρw
I10 (k, R/ςw ) −
I4 (k, R/ςw )
64
2
2π
×
Im (k, R) =
(m − 1)Rm−1 (1 − k 2 )m−1


−(m − 1) −(m − 3)
2
,
; 1; k
2 F1
2
2
rw
k =1− ,
(1)
R

Table 2 Parameters of the molecular interactions.

Parameter
GB-GB potential
ǫ0
ς0 (Ref. 20)

Value

Unit

Value in GB units

68.11
4.5

meV
Å

1
1

meV
Å

1.55
0.8
3.32
0.16
0.35

Xe-Xe potential (Ref. 26)
ǫXe−Xe
24.40
0
ς0Xe−Xe
3.91

meV
Å

0.358
0.869

GB-wall potential
ρw
0.010974
ǫw
68.11
ςw
4.5

Å−3
meV
Å

1
1
1

Xe-wall potential
ǫXe
w
ςwXe

meV
Å

1.34
0.8

GB-Xe potential (Ref. 15)
ǫ0GB−Xe
105.57
ς0GB−Xe
3.6
ςeGB−Xe /ςsGB−Xe
ǫeGB−Xe /ǫGB−Xe
s
µGB−Xe

91.26
3.6

where rw is the distance from the center of the particle to the
wall. R is the radius of the cavity and ρw is the number density
of the ”virtual” LJ particles that the wall consists of. ǫw sets
the well-depth of the potential and ςw defines the size of the
constituent virtual particles in the wall. 2 F1 is the hypergeometric function as defined in Eq. 15.1.1 of Ref. 29.
For the GB-wall interaction we set ǫw = ςw = ρw = 1 in
Eq. 1. This corresponds to the Kw = 8.0 potential strength
parameter we have used previously, Kw = 8ǫw ρw ςw3 . 3 The full
GB-wall potential is the sum of the interactions of the form
(1), corresponding to the two embedded LJ sites.
Fig. 2 c) represents the potential energy curves of the GBwall 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 alignment of the molecules along the wall. When the long axis of
the LC molecule is parallel to the axis of the cavity, the welldepth of the potential is roughly twice as large as the welldepth of the GB-GB interaction in a side-by-side configuration.
For the Xe-wall interaction we also used a potential of the
form of Eq. 1 with the parameters ςwXe = ς0GB−Xe = 0.8
and ǫXe
w = 1.33989. In the previously used parameterisation
scheme 3 we get KwXe = 5.48819. The choice of parameters is
1–15 | 5
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nates as
2
Xe-Xe ′
σαβ
(r ) = σ(r′ )δαβ + ∆σ(r′ )sαβ ,
3

(2)

where σ(r′ ) is the isotropic shielding, δαβ is the Kronecker
delta, ∆σ(r′ ) is the shielding anisotropy with respect to the
internuclear axis and sαβ is the orientation tensor of the internuclear axis r ′ :
sαβ =

1 ′ ′
(3r̂ r̂ − δαβ ).
2 α β

(3)

The nuclear site symmetry of the system consisting of a single Xe atom and the cylindrical cavity is C2v (except for the
rare case that the atom is exactly at the center of the cavity,
when the symmetry is C∞v ). This implies that the 129 Xewall nuclear shielding tensor can be represented using only the
wall
wall
wall
three independent diagonal components (σxx
, σyy
, σzz
).

These are obtained by integration over the entire wall as

Z 
2
wall
σαα
= ρw
σ(r′ ) + ∆σ(r′ )sαα dV,
3
wall

(4)

where r ′ is now the vector from the Xe atom to an infinitesimal wall element. For the purpose of simplifying the integration, the quantum-chemically computed isotropic 129 Xe
NMR shielding σ(r′ ) and shielding anisotropy ∆σ(r′ ) of a Xe
17
dimer
were fitted to general
inverse power series σ(r′ ) =
P
P
′n
′n
′
n ∆σn /r . Then the series were
n σn /r , ∆σ(r ) =
scaled term-wise with using the strength and range parameters
Xe
Xe-Xe Xe-Xe
) of the Xe-wall and Xe-Xe inter, ς0
(ǫXe
w , ςw ) and (ǫ0
action potentials, respectively. The fit coefficients σn , ∆σn ,
the scaling and the integration process are presented in Table
1, Sec. 7.1 and Sec. 7.2, of the ESI† , respectively. In result,
we obtain




X  ς Xe n
n−1
ǫXe
∆σn ˜(0)
(2)
w
w
˜
I
(k)
+
∆σ
I
(k)
P
(k,
R)
σ
−
n n−3
n
n
n−3
3
n
ǫXe-Xe
ς0Xe-Xe
0
n



X  ς Xe n
ǫXe
n−1
n−1
∆σn
(0)
(2)
w
w
wall
˜
˜
σyy
(k, R) = ρw Xe-Xe
(k)
−
I
+
∆σ
∆σ
I
(k)
P
(k,
R)
σ
−
n
n n−3
n
n
n−3
3
n
n
ǫ0
ς0Xe-Xe
n


X  ς Xe n
1
ǫXe
∆σn
w
w
wall
˜(0)
+
∆σ
P
(k,
R)
σ
−
σzz
(k, R) = ρw Xe-Xe
n In−3 (k).
n
n
Xe-Xe
3
n
ǫ0
ς
0
n
√
2 πΓ[ 21 (n − 1)]
Pn (k, R) = n
,
Γ[ 2 ](n − 3)Rn−3 (1 − k 2 )n−3
wall
σxx
(k, R) = ρw

where R is the inner radius of the cavity and k = 1 − rw /R,
rw being the distance from the particle centre to the wall.
To fit the shielding in the 129 Xe dimer to σ(r′ ) and ∆σ(r′ ),
we used terms with odd n, since they were easier to implement 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
(m′ )
coefficients Pn (k, R) and the integrals I˜n−3 (k), both resulting from the integration over the angular coordinate, can be
found in Sec. 7.2 of the ESI.†
The resulting 129 Xe-wall shielding tensor components are
presented in Fig. 4 a). Although the plots for σyy and σzz look
very similar, they are not identical, as can be seen from the inset of Fig. 4 a) and Eq. 5. σyy approaches σzz as the cavity
gets larger and the curvature of the wall becomes less significant. At the limit R → ∞ the components become identical
and for very large cavities it would be sensible to use a slab
wall model. The magnitude of σxx , the radial component, is

(5)

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 shortranged, it can be expected that the contribution of the wall to
the 129 Xe 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 129 Xe nuclear shielding tensor components

Each pair-interaction contribution to the 129 Xe shielding tensor was transformed to a common coordinate system for averaging. 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 in1–15 | 7
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wall of the cavity. Since we keep the thickness of the shell
constant, the volume of the shell at distance R − rw from the
centre of the cavity is 2π(R − rw )bLz , where Lz 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 rw on the number of Xe atoms in one
shell is shown in Fig. 6 b) and d) of the ESI.†
The Xe shielding profiles can be roughly divided to two regions: 1) Where rw < 0.65 the Xe-wall contribution dominates the 129 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 distance to the wall rw 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 rw < 0.7 in the
R9 (R18) system. The result is that the direct contribution of
the wall to the system-wide average 129 Xe nuclear shielding
is relatively small as was seen earlier in Fig. 8. 2) Away from
the wall, where rw > 0.7, the dominant factor in the 129 Xe
shielding is the contribution of the LC molecules. In the region 1 < rw < 3, the 129 Xe 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 particles has its roots in the density wave of the GB particles,
which was seen earlier in Fig. 3 b) of the ESI† , as well as in
our previous work. 3
In the system with radius R = 18, at T = 1.74, we can see a
signature of the PN behaviour as the anisotropic 129 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
aniso
between the centre of the cavity (rw = 18) and near the
σzz
wall (rw = 1) is roughly 15 ppm. This difference is translated
to σzz according to Eq. 6. In the smaller cavity, with radius
R = 9, the same connection between the local anisotropic
129
Xe NMR shielding and the local orientational order is seen
at the higher temperature, T = 1.97 in Fig. 6 e).

6

Conclusion

We have simulated the NMR shielding of 129 Xe dissolved in
uniaxial Gay-Berne model liquid crystal confined to smoothwalled cylindrical nanocavities. The constant-pressure parallel tempering Monte Carlo method was used to cover a temperature 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
14 |
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LC. A quantum-chemically preparametrised pairwise-additive
model was used to compute the average 129 Xe nuclear shielding tensors and the local shielding felt by the Xe atom in different parts of the cavity.
In accord with the earlier study of some of the present authors on pure LCs confined in cavities, 3 the LC-wall interaction 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 temperature. The smooth change of orientational order is reflected in
the anisotropic 129 Xe 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 transition from paranematic to nematic phase, upon decreasing temperature, is less obvious in the 129 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 129 Xe nuclear shielding on the temperature near
the bulk N-I transition, observed in the experimental chemical shift for Xe dissolved in LC confined to controlled pore
glass material CPG156. Comparison with the simulated orientational order parameters reveals that this nonlinearity appears when a smooth transition between nematic and isotropic
phases via a paranematic phase takes place.
The SmA-N transition was not seen in the 129 Xe 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 appears as a change of slope in the anisotropic contribution to
the 129 Xe nuclear shielding and, consequently, in the shielding tensor component parallel to the LC director, hσzz i.
The 129 Xe 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 additional 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 agreement was found between the isotropic 129 Xe NMR shielding
simulated here and the earlier, experimentally recorded chemical shift of 129 Xe 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 129 Xe 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 orientational order away from the wall is steeper for the large cavity
as compared to the small one. It also occurs at a lower temperature 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 129 Xe nuclear shielding and in the
component of the shielding along the cavity axis, hσzz i.
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 realistic pore dimensions. Our model makes it feasible to investigate even larger cavities and the orientational order resulting from the the combined effect of the confinement and the
anisotropic magnetic susceptibility of the medium.

7
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