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The effect of confinement on the behavior of liquid crystals is interesting from a fundamental and practical
standpoint. In this work, we report Monte Carlo simulations of hard rods in an array of hard nanoposts, where
the surface-to-surface separations between nanoposts are comparable to or less than the length of hard rods.
This particular system shows promise as a means of generating large-scale organization of the nematic liquid
by introducing an entropic external field set by the alignment of nanoposts. The simulations show that nematic
ordering of hard rods is enhanced in the nanopost arrays compared with that in bulk, in the sense that the nematic
order is significant even at low concentrations at which hard rods remain isotropic in bulk, and the enhancement
becomes more significant as the passage width between two nearest nanoposts decreases. An analysis of local
distribution of hard-rod orientations at low concentrations with weak nematic ordering reveals that hard rods
are preferentially aligned along nanoposts in the narrowing regions between two curved surfaces of nearest
nanoposts; hard rods are less ordered in the passages and in the centers of interpost spaces. It is concluded that
at low concentrations the confinement in a dense array of nanoposts induces the localized nematic order first
in the narrowing regions and, as the concentration further increases, the nematic order spreads over the whole
region. The formation of a well-ordered phase at low concentrations of hard rods in a dense array of nanoposts
can provide a new route to the low-concentration preparation of nematic liquid crystals that can be used as
anisotropic dispersion media.
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I. INTRODUCTION

The effect of confinement on the properties of liquid crys-
tals (LC) is interesting for fundamental and practical reasons
[1–7]. From a practical standpoint confinement effects can be
used to control the nematic ordering, e.g., different surfaces
can induce different directions of the nematic director. From a
fundamental standpoint, the effect of confinement on the com-
petition between molecular driving forces is fascinating. In
this work we study the effect of molecular level confinement,
in the form of an array of nanoposts, on the phase behavior of
LCs.

Confinement effects have been investigated for LCs within
channels [8,9], slits [1–3,10,11], spheres [12,13], wells
[14,15], wedge-structured walls [4], quasi-two-dimensional
space with circular or annular geometry [5], and an array of
microposts [6,7]. In most of these studies, however, the scale
of confining space is considerably larger than the molecular
scale, with some exceptions [5,11].

Recently, it has been shown that a dense array of nanoposts
provides a unique confining environment for conformational
control of a single, long polymer chain [16–19]. The con-
finement free energy of polymer segments differs between
interpost spaces surrounded by four neighboring nanoposts
and passages between two nearest nanoposts. Therefore, the

*yethiraj@chem.wisc.edu
†jkim@ewha.ac.kr

balance between the local confinement effects leads to differ-
ent polymer conformations [16,17]. It is possible, therefore,
that the nanopost arrays can also have a significant effect
on LC phase behavior. Recently, the dimensions of nanopost
arrays can be controlled down to the separation of a few tens
of nanometers [20–23]; and these arrays could be used in
practical applications [24,25].

The nematic ordering of rod-like molecules and colloids
in confined spaces have been studied with theoretical and
computational methods [1–3,10,11,26,27] and with experi-
ments [6,9,12–15]. The presence of a repulsive wall induces
tangential ordering of rod-like molecules and colloids near the
wall. Strong confinement between two repulsive walls induces
the formation of a nematically ordered phase parallel to the
walls, called the capillary condensed nematic phase, at high
concentrations of rod-like particles [1–3,9–11]. Although the
director of such nematic phases between two parallel walls
is isotropic without any preferred direction parallel to the
walls, the orientation between two repulsive walls can be set
by tilting the walls such that their separation narrows in one
direction. The preference for the direction perpendicular to
the separation gradient between two tilted walls is called the
geometrical anchoring [27].

In this paper, we present a Monte Carlo (MC) simulation
study to investigate geometrically induced nematic order-
ing of hard rods confined in a dense, rectangular array of
nanoposts. The rods are modeled as infinitely stiff hard-sphere
chains with 20 monomers (with a length-to-thickness ratio
of 20), and the nanopost arrays are modeled as a rectangular
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FIG. 1. (a) Top view of the rectangular nanopost array with
diameter Dp and spacing Lp. The distance Wp is referred to as the
passage width. With periodic boundary conditions the nanoposts are
infinitely long in the z direction. (b) A representative snapshot of
nematic ordering of hard rods in a nanopost array with (Lp, Dp) =
(30, 21) at a volume fraction of φ = 0.10.

array of nanoscale posts, as shown in Fig. 1(a). The rods inter-
act with nanoposts via purely repulsive, hard-wall interaction.
The dimensions of the confining spaces are of the order of the
length of the rods, representing a strong confinement of the
molecules, compared to previous studies [6,7]. The isotropic
to nematic (IN) transitions in lyotropic LCs can be interpreted
in terms of the competition between orientational and trans-
lational entropy [28–30], and confinement adds complexity
due to imposed boundary effects [1–3,26]. Our focus is on
studying the entropic effects of confinement on the phase
behavior.

Our results show that the orientational order is enhanced by
confinement, compared to that in bulk. In addition the IN tran-
sition becomes continuous (rather than first order) for strong
confinement, suggesting that confinement can be viewed as
an entropic external field. At low concentrations with weak
nematic ordering the localized nematic order of hard rods is
manifested in the narrowing regions between curved surfaces
from the centers of inter-post spaces towards the passages,
whereas hard rods are less ordered in the passages and in
the centers of interpost spaces. These results indicate that
at low concentrations the confinement within a dense array
of nanoposts induces the localized nematic order first in
the narrowing regions, resulting in the increase in average
orientational order parameter compared to that in bulk, and as
the concentration further increases the nematic order spreads
over the whole region.

The rest of this paper is organized as follows. We describe
the simulation model and method in Sec. II. Simulation results
are presented in Sec. III, where we first discuss the enhance-
ment of nematic ordering of hard rods in various nanopost
arrays and then discuss the distribution of local orientational
order at low concentrations. This work is summarized in
Sec. IV.

II. SIMULATION MODELS AND METHODS

The hard rods are modeled as linear tangent hard sphere
(“shish-kabob”) chains with Nm = 20 monomers. The diame-
ter of the hard spheres (σ ) is the unit of length in this work.
The nanoposts are placed in a rectangular arrangement, as
shown in Fig. 1, and are impenetrable to the surface of the hard

spheres. The diameter of each nanopost is Dp; the distance
of closest approach of a center of a sphere to the center of
the nanopost is (Dp + 1)/2. The center-to-center separation
of nanoposts is Lp, and the surface-to-surface separation (or
passage width) of two nearest nanoposts is Wp = Lp − Dp. In
this work, Lp is varied between 20 and 50 with Wp set at �5.

The simulation cell is a rectangular parallelepiped with
dimensions (bx, by, bz ) and periodic boundary conditions are
applied in all directions. We set bz = 50 and bx = by = 2Lp

such that 2×2 nanoposts are present in the primary cell.
The number of rods, Nrod, is chosen to achieve the desired
volume fraction φ. In the bulk, φ = NrodVrod/V0, where Vrod =
Nm(π/6) is the volume of a single rod and V0 = bxbybz is
the volume. In the presence of nanoposts the volume fraction
is defined as φ = NrodVrod/Vavail, where Vavail is the volume
available to the rods, i.e., Vavail = V0 − NpostVex, where Npost

is the number of nanoposts, and Vex is the cylindrical volume
with a diameter of (Dp + 1) that excludes the center of hard
spheres, i.e., Vex = bzπ ((Dp + 1)/2)2.

Conventional Monte Carlo (MC) simulations are per-
formed where the system is evolved via single rod translation,
rotation, and reptation moves. A total of 4 × 109 moves are
attempted with equal proportions of each of the MC moves.
We verify that the simulations reproduce the IN transition
in the bulk [31], i.e., φ = 0.12 (Fig. S1 of the Supplemental
Material [32]). Initial configurations of hard rods in nanopost
arrays are set along the z axis at each volume fraction. It is
confirmed for a selected set of nanopost dimensions that initial
configurations prepared along the z axis result in the same
average orientational order parameter as those calculated from
the simulations of initial configurations of hard rods aligned
perpendicular to the z axis, as shown in Fig. S2 of the Supple-
mental Material. It is also confirmed that the total of 4×109

steps is sufficient for nematic phase formation by performing
simulations of isotropically prepared initial configurations in
bulk, as shown in Fig. S1 of the Supplemental Material.

The nematic ordering of hard rods is quantified by order
parameters S2 and S′

2z. The LC-based order parameter, S2, is
obtained from the ordering tensor Q, defined as

Qαβ = 1

Nrod

Nrod∑

j=1

3

2
a jαa jβ − 1

2
δαβ, (1)

where α and β are x, y, or z and a jα is the α component of the
hard rod axis vector aj of the jth molecule. The orientational
order parameter S2 is defined as the largest eigenvalue of Q.
The average value of the order parameter, 〈S2〉, is obtained by
averaging the values of S2 in the final 1×109 steps. The ad-
vantage of using this method for order parameter calculation
is that it provides average value of the system directly without
requiring the determination of the nematic director. However,
when we determine the distribution of local order parameter
in the confined space, the order parameters of individual rods
need be determined relative to the nematic director. Since the
order parameter S2 provides the average value of the entire
system but not those of individual rods, the calculation of
S2 is not appropriate to determine the local order parameter
distribution. The order parameters of individual rods, S′

2z, are
then determined from the second-order Legendre polynomial
for each rod by assuming that the nematic director is parallel
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to the direction of nanoposts (set in the z axis of the system),
as

S′
2z = 1

2 (3cos2θz − 1), (2)

where θz is the angle between a rod and the z axis. 〈S′
2z〉

denotes the average value of S′
2z over all hard rods in the

final 1×109 steps. Average order parameters calculated from
the eigenvalues of order parameter tensor 〈S2〉 and from the
second-order Legendre polynomial 〈S′

2z〉 are almost identical
in all concentration ranges, as shown in Fig. S3 of the Supple-
mental Material. It verifies that the nematic director is parallel
to the z axis or, equivalently, the direction of nanoposts.

To help understand the variation of rod orientations in
different regions of a nanopost array, we also analyze the
orientation of individual rods along the x axis in terms of S′

2x,
defined as

S′
2x = 1

2 (3cos2θx − 1). (3)

S′
2x is defined in the same way as for S′

2z but only with a
difference of the angle, θx, of a rod measured from the x axis
not from the z axis. As mentioned above, the nematic director
is along the z axis and, therefore, the calculation of the order
parameter along the x axis is of no use at high concentrations
of hard rods with strong nematic ordering along the z axis. At
low concentrations of hard rods with weak nematic ordering,
however, S′

2x provides the information on the distribution of
rod orientations in different regions of a nanopost array. The
distribution of rod orientations along the y axis is identical to
that along the x axis with a right-angle rotation and, thus the
local order parameter along the y axis is not presented.

III. RESULTS AND DISCUSSION

The presence of the nanoposts significantly enhances the
nematic ordering of the liquid. Figure 2 depicts the 〈S2〉 as a
function of φ for various values of Lp and Dp, and the snap-
shots are presented for (Lp, Dp) = (30, 25) in Figs. S4 and S5
of the Supplemental Material. In the isotropic phase 〈S2〉 = 0
and for rods fully aligned along the director 〈S2〉 = 1. For
the bulk phase a discontinuous IN transition occurs for φ ≈
0.12. The presence of the nanoposts significantly increases
the ordering in all cases, and for high confinement (e.g., red
squares) the liquid is ordered with positive values of 〈S2〉 at
all volume fractions and the increase in 〈S2〉 is continuous
rather than discontinuous. The latter effect, which is also seen
in semiflexible polymers under strong confinement between
two walls [11], can be understood by thinking of the nanopost
array as an external aligning field. There are now two driving
forces for alignment—the competition between orientational
and translational entropy in the liquid, and the external field,
and the latter acts on all molecules, even at infinite dilution. In
strong confinement the aligning field is strong enough to align
even single rods and therefore 〈S2〉 is larger than in bulk even
for φ → 0. For a given value of φ, 〈S2〉 increases as the degree
of confinement is increased (or equivalently as the passage
width Wp is decreased).

On closer look at the figures, it is also indicated that
the enhancement in nematic ordering is more significant as
Lp decreases for the same value of Wp (compare symbols
of the same shape in the different panels). The dimension

FIG. 2. Average order parameter 〈S2〉 as a function of volume
fraction for several values of Dp and (a) Lp = 20, (b) Lp = 30, and
(c) Lp = 40. Simulation results for the bulk liquid (gray triangles) are
included for comparison.

of interpost spaces can be approximately represented by the
diameter of a cylinder inscribed in each interpost space as
Dc = √

2Lp − Dp or Dc = (
√

2 − 1)Lp + Wp. When Lp de-
creases from 40 to 30 and to 20 at a fixed value of Wp = 5
(red squares in the figures), Dc decreases from 21.6 to 17.4
and to 13.3, implying the reduced volume of interpost spaces,
corresponding to an increase in the degree of confinement.

The ordering of the rods is greater in the narrowing regions
between two curved surfaces of nearest nanoposts, rather than
in the passages and in the centers of interpost spaces. This
interesting result can be seen in Fig. 3 (and also in Fig. S6
of the Supplemental Material), which depicts the spatial
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FIG. 3. Spatial distribution of order parameter S′
2z at the volume

fraction φ = 0.07 with Lp = 40 and (a) Dp = 35, (b) Dp = 31, and
(c) Dp = 27. The value of overall average 〈S′

2z〉 is specified at the
upper right corner of each figure, and three values of local average S′

2z

(as given in Table I) are specified on the corresponding regions of the
passages, narrowing regions, and centers of interpost spaces (from
top to bottom). The value of S′

2z at each location is also indicated by
the color in the scale bar on the right (of the color online figure).

distribution of the orientational order parameter S′
2z of the rods

along the direction of nanoposts. To obtain the distribution,
the order parameter of each hard rod, S′

2z, is calculated at every
2×106 steps among the final 1×109 steps of the trajectory.

TABLE I. Average local order parameters S′
2z in the narrowing

regions, passages, and centers of interpost spaces. Averages are
calculated for all hard rods at every saved MC steps in square
cells with dimension of 4×4 centered at locations (20, 30) and 15
equivalents for the narrowing regions, (20, 40) and seven equivalents
for the passages, and (20, 20) and three equivalents for the centers.
See Fig. 3 for the locations. The values in parentheses are the
uncertainties calculated as the standard deviations of ten separate
averages over batches of 50 configurations saved at every 2×106 MC
steps.

Average S′
2z at φ = 0.07

Narrowing
(Lp, Dp) regions Passages Centers

(40, 35) 0.42 (0.014) 0.020 (0.019) 0.14 (0.022)
(40, 31) 0.22 (0.012) −0.014 (0.025) 0.037 (0.020)
(40, 27) 0.092 (0.012) 0.034 (0.015) 0.022(0.016)

The xy-plane perpendicular to the direction of nanoposts is
divided into small cells with dimension of 0.2×0.2 and the
value of the order parameter is assigned to the cell at which the
center of mass of each rod is located. The values in each cell
are averaged over the trajectory. The distribution is obtained
for systems with weak nematic ordering at φ = 0.07 because
in the nematic phase at higher φ the rods are essentially
aligned with the nanoposts.

Figure 3 shows that ordering of hard rods in terms of S′
2z

is very clearly separated in space for a nanopost array with
Wp = 5, as shown in Fig. 3(a) for (Lp, Dp) = (40, 35), and the
distinction in space becomes less clear as the passage width
Wp increases to 9 and 13 for (Lp, Dp) = (40, 31) and (40, 27),
respectively [see Figs. 3(b) and 3(c)]. Interestingly, the regions
with high values of the order parameter are more probable
in the narrowing regions between two curved surfaces of
nearest nanoposts, rather than in the passages and centers of
interpost spaces. In the passages, a number of the dividing
cells with negative order parameters are mixed with the cells
with positive order parameters, leading to the average value
close to zero in the passages. This fluctuation of the local
order parameter in the cells with negative and positive values
is ascribed to insufficient sampling of rod orientations in the
small dividing cells. However, the difference of local order
parameters in different regions of the nanopost arrays is large
enough, on average, to allow clear distinction of average
rod orientations depending on the location relative to the
nanoposts.

To provide quantitative comparison in different regions,
average values of the local order parameter S′

2z in the nar-
rowing regions, passages, and centers of interpost spaces are
calculated, as shown in Table I. The local order parameters
are averaged in square cells with dimension of 4×4 (larger
than the dimension of the dividing cells used to obtain the
distributions in Fig. 3) centered at each location corresponding
to the narrowing regions, passages, and centers of interpost
spaces, as specified in the caption of Table I. It is clear that
the average local order parameter S′

2z is significantly larger
in the narrowing regions than in the passages and in the
centers of interpost spaces. In the passages and centers, the
average values are close to zero. Therefore, it is concluded
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TABLE II. Average local order parameters S′
2x in the narrowing

regions, passages, and centers of interpost spaces. Averages are
calculated for all hard rods at every saved MC steps in square cells
with dimension of 4×4 located at y = 20 and 60. See Fig. 3 for the
locations. The values in parentheses are the uncertainties calculated
as the standard deviations of ten separate averages over batches of
50 configurations saved at every 2×106 MC steps.

Average S′
2x at φ = 0.07

Narrowing
(Lp, Dp) regions Passages Centers

(40, 35) 0.003 (0.021) 0.42 (0.026) −0.077 (0.013)
(40, 31) 0.10 (0.011) 0.39 (0.030) −0.014 (0.011)
(40, 27) 0.052 (0.011) 0.25 (0.026) −0.009 (0.017)

that hard rods are preferentially aligned with nanoposts in the
narrowing regions whereas they are disordered in the passages
and centers of interpost spaces.

Local orientational ordering of hard rods is further investi-
gated by calculating the orientation of the rods relative to the x
axis perpendicular to the direction of nanoposts, as shown in
Fig. 4. The values of S′

2x are positive in the passages lying
along the x axis including the region at (X,Y) = (40, 20),
whereas the values are negative in the passages lying along
the y axis including the region at (20, 40). In the narrowing
regions, the dividing cells with positive and negative values
are mixed, leading to the average value close to zero. The
positive values of S′

2x in the passages along the x axis indicates
that hard rods are preferentially aligned in the x axis. The
interpretation of the negative values of S′

2x in the passages
along the y axis is also straightforward; the rods are aligned
parallel to the yz plane perpendicular to the x axis.

Quantitative comparison is also made in different regions
by calculating average values of the local order parameter S′

2x
in the narrowing regions, passages, and centers of interpost
spaces, as shown in Table II. For the given cases of Lp = 40
in Fig. 4, the averages are calculated for the cells in the pas-
sages, narrowing regions, and centers of the interpost spaces
lying along the x axis, specifically, located at y = 20 and
60. Interestingly, the values of S′

2x are significantly positive
only in the passages whereas those are close to zero in the
narrowing regions and the centers of the interpost spaces.
Above, we concluded that hard rods in the narrowing regions
are preferentially aligned along the nanoposts based on the
significantly positive value of S′

2z in the narrowing regions.
If the hard rods in the narrowing regions were perfectly
aligned with the nanoposts, the average value of S′

2x should
be −1/2 because the angle θx would be 90◦. However, the
average values of S′

2z in the narrowing regions (shown in
Table I) are less than 0.5 for all nanopost arrays, suggesting
that the alignment of hard rods in the narrowing regions
is not perfectly ordered. The average value of S′

2x close to
zero may be from large fluctuations of rod orientation with
overall alignment parallel to the direction of nanoposts. The
average values of S′

2z close to zero and of S′
2x ranging between

0.25 and 0.42 in the passages can also be understood in
the same way; the hard rods are preferentially aligned along
the x axis but with large fluctuations to result in the zero
value of S′

2z.

FIG. 4. Spatial distribution of order parameter S′
2x at the volume

fraction φ=0.07 with Lp=40 and (a) Dp=35, (b) Dp=31, and (c)
Dp=27. The value of S′

2x at each location is indicated by the color
in the scale bar on the right (of the color online figure). Those in
the passages along the x-axis, for instance, at (X,Y) = (40, 20) are
positive and those in the passages along the y axis, including the
region at (20, 40), are negative.
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Combining the results in Figs. 3 and 4, it suggests that
hard rods in the narrowing regions are preferentially aligned
along the direction of nanoposts whereas those in the passages
are preferentially aligned perpendicular to the nanoposts. The
variation of local orientational order can be ascribed to the dif-
ference in confined geometry at locations and the interaction
with other hard rods. In the passages, the confinement between
two nearest nanoposts can roughly be considered the same as
the confinement between two parallel, flat surfaces separated
by a distance of Wp. In case of small value of Wp, only the
orientations of hard rods parallel to the surfaces are allowed
isotropically with no preferential orientations around the axis
normal to the surfaces. However, because the surfaces of
confining nanoposts are curved with their separation slightly
increasing away from the center of passages, the alignment of
hard rods perpendicular to the nanoposts may increase the ori-
entational degrees of freedom in the passages, leading to the
preferential ordering of hard rods along the passage direction.
Hard rods centered in the narrowing regions are also subject
to the confinement effect with the similar preferential orienta-
tions parallel to the nanopost surfaces also with the increased
orientational degrees of freedom due to wider separation to-
wards the centers of interpost spaces. However, the hard rods
centered in a narrowing region can directly interact with those
in the nearest narrowing regions as well as with those in the
center of the interpost space. In particular, the hard rods in the
nearest narrowing regions have the preferential planes of ori-
entations perpendicular to each other; for example, consider
the hard rods at (10, 20) of Fig. 3(a) aligning isotropically
parallel to the xz plane and those at (20, 10) aligning isotrop-
ically parallel to the yz plane. The overlap of hard rods in the
nearest narrowing regions can be avoided by adopting vertical
alignment along nanoposts, resulting in the localized nematic
ordering in the narrowing regions along the nanoposts. Hard
rods located in the centers of interpost spaces have larger ori-
entational degrees of freedom due to the absence of surfaces
in their vicinity and, thus disordered at low concentrations to
result in the average order parameter close to zero.

The observation of the localized higher order in the nar-
rowing regions is consistent with the early prediction for LCs
between two flat, tilted surfaces [27]. Using the large length-
scale continuum theory, it was shown that the free energy of
LCs is minimized when aligned parallel to both surfaces or,
equivalently, perpendicular to the separation gradient between
two tilted surfaces and this preference for the orientation was
termed the geometrical anchoring. In an array of nanoposts
of the present work, narrowing regions are surrounded by
two curved surfaces with their separation gradually decreasing
from the centers of interpost spaces towards the passages
and, thus higher orientational order along nanoposts in the
narrowing regions is expected as we observed.

The spatial inhomogeneity of hard rod orientations is also
true for higher volume fractions where, although the order
parameter is high in all regions, the degree of orientational
order is higher in the narrowing regions. The spatial distribu-
tion of S′

2z for φ = 0.10 and (Lp, Dp) = (40, 35) is depicted
in Fig. 5(a). The values of the order parameter S′

2z in this
figure are uniformly positive and around the average value
of 〈S′

2〉 = 0.6877 in all regions, indicating that the rods are
aligned with the nanoposts in all regions. If one looks at

FIG. 5. Spatial distribution of (a) order parameter S′
2z at each

location and (b) the deviation 	S′
2z from the average order parameter

at the volume fraction φ = 0.10 for a nanopost array with (Lp, Dp) =
(40, 35). 	S′

2z = S′
2z − 〈S′

2z〉 and 〈S′
2z〉 = 0.6877. The values of the

order parameter S′
2z in (a) are uniformly positive and are close to the

average value 〈S′
2〉 in all regions. The values of the deviation 	S′

2z in
(b) are negative in the passages and centers of the interpost spaces
whereas those in the narrowing regions are positive.

the difference between the local order and the average order
[Fig. 5(b)] then there is a slight increase in ordering in the
narrowing regions.

Figure 6(a) depicts the spatial distribution of S′
2z for φ =

0.07 and (Lp, Dp) = (20, 15), where the fluid is nematic with
〈S′

2〉 = 0.5008. Under these conditions all regions in part (a)
are also positive and the distinction of local order is less clear.
Therefore, the difference between the local order and the av-
erage order [	S′

2z in Fig. 6(b)] is calculated to distinguish the
local order in different regions. Consistent with the features
above, average order parameters are less in the passages and
centers of interpost spaces. However, the local concentration
of higher-valued, positive order parameters is high along the
direction connecting two diagonal nanoposts, but not in the
narrowing regions between the two nearest nanoposts. The
localized nematic ordering in diagonal direction observed
only in nanopost arrays with Lp = 20 is interpreted as the
consequence of the orientational correlation of hard rods in
nanopost arrays with the value of Lp being the same as the
length of hard rods. Due to the small separation of interpost
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FIG. 6. Spatial distribution of (a) order parameter S′
2z at each

location and (b) the deviation 	S′
2z from the average order parameter

at the volume fraction φ = 0.07 for a nanopost array with (Lp, Dp) =
(20, 15). 	S′

2z = S′
2z − 〈S′

2z〉 and 〈S′
2z〉 = 0.5008. The values of the

order parameter S′
2z in (a) are all positive with small spatial variations

around the average value 〈S′
2〉. The values of the deviation 	S′

2z in
(b) are negative in the passages whereas those in the diagonal regions
of the interpost spaces are positive.

spaces, hard rods lying perpendicular to the nanoposts in the
passages can directly reach the narrowing regions (within the
distance of a hard-rod length) and prevent nematic ordering
of hard rods in the narrowing regions. Instead, the increased
nematic ordering arising from the significant reduction in
the confining volume of interpost spaces is observed in the
diagonal direction.

IV. CONCLUSIONS

We performed simulations of hard rods in a dense, rect-
angular array of nanoposts and showed that nematic ordering

of hard rods is significantly enhanced in the nanopost arrays
compared to that in bulk. This enhancement is more signifi-
cant when the passage width and the size of interpost spaces
decrease. For high confinement the enhancement of nematic
ordering was a continuous function of rod concentration,
indicating the role of nanopost confinement as an external
entropic field that aligns hard rods in a direction along the
nanoposts.

An analysis of local distribution of order parameters at
low concentrations with weak nematic ordering revealed that
nematic ordering is more significant in the narrowing regions
between the two curved surfaces of nearest nanoposts. There-
fore, we conclude that, as the concentration increases, the
confinement in a dense array of nanoposts induces the local-
ized nematic order first in the narrowing regions, followed by
the nematization of hard rods all over the regions at higher
concentrations. However, when nanoposts were arranged too
closely to each other such that the center-to-center separation
of nanoposts was the same as the length of hard rods, the
orientational correlation of hard rods in nearby inter-post
spaces prevented such localized orientational ordering in the
narrowing regions. As a result, confinement-induced nematic
ordering was observed in the diagonal regions of interpost
spaces but not in the narrowing regions.

The low-concentration formation of nematic LCs in
nanopost arrays can then be used as a new route to prepare
anisotropic dispersion media (possibly with low viscosity)
for applications, such as anisotropic molecular transport and
assembly [33–36]. One can envision a surface of nanoposts
coated with stimuli-responsive polymer ligands that undergo
collapse-swelling transitions under the application of external
stimuli such as temperature [37,38], the dimension of con-
fining spaces could be varied subject to the external stimuli
across the phase boundary, resulting in the control of nematic
ordering in a dense array of nanoposts. It is therefore possible
that the predictions of this work can be tested in experiment
and therefore used in practical applications.
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