
PHYSICAL REVIEW E 73, 051703 �2006�
Molecular self-organization in cylindrical nanocavities
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We studied molecular organization in cylindrical nanocavities using liquid crystals. NMR analysis shows
high surface-induced ordering way above the bulk critical temperature. The surface-order evolution reveals
replacement of the isotropic phase by a paranematic phase and surface-induced disordering in the nematic
phase. Due to strong surface potential and nanoconfinement, complete wetting and continuous evolution of the
surface-order parameter are observed through the nematic-paranematic transition. As we show, the counter-
intuitive absence of complete phase transition at the interface while an abrupt phase transition was measured in
the averaged order parameter is in good agreement with established theories.
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I. INTRODUCTION

Surface-induced self-organization is of great interest in
molecular sciences and device applications �1–3�. In nano-
scopic systems, it is clear that molecules can self-organize
into various phases due to strong molecule-surface interac-
tions and confinement effects, which could enable new po-
tential applications. Under such conditions, one may expect
interesting molecular self-organization behaviors unobserv-
able in bulk or microconfined systems.

In liquid crystal systems, it is well established that surface
alignment produces orientational ordering at the solid-liquid
crystal interface that propagates by elastic forces into the
bulk �3,4�. Strong surface-induced effects through confine-
ment also found many practical applications mostly in
polymer-dispersed liquid crystal based systems �5–8�, where
small but finite phase ordering at temperatures above the
bulk nematic-isotropic transition point �TNI� was reported for
liquid crystal molecules spatially confined into sufficiently
small spherical cavities �9,10�.

Predicted earlier by Sheng �11,12�, this intermediate
paranematic phase is principally attributed to surface-
induced ordering �11–14�. More recent studies used cylindri-
cal cavities as confining structures since it makes the
Deuterium-NMR �2H-NMR� analysis of the system simpler
�15–21�. Two principal candidates for cylindrical confine-
ment were the commercial Nuclepore and the Anopore mem-
branes �18,19�. The Nuclepore nonuniform pore diameters
range from 15 nm up to 12 �m, such a broad pore-size dis-
tribution producing strong NMR-signal averaging. The An-
opore has uniform 200 nm-diameter pores �15�, which limits
confinement effects since most significant departure from the
bulk behavior are expected for films with a critical thickness
well under 200 nm �12,22�.

In this work, we use the well-documented deuterated-5CB
liquid crystal to observe the spectral signatures of the nano-
confined molecular organization using 2H-NMR spectros-
copy. An anodic aluminum oxide �AAO� membrane with
highly uniform periodically distributed cylindrical pores of
25 nm radius was employed as the confining template. The
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alumina membranes are fabricated in the two-step aluminum
anodization process in oxalic electrolyte described previ-
ously �23–25�. The resultant nanopore array, grown to a
80±5 �m thickness, features both 105±5 nm lattice-
constant and a narrow 25.5±1.5 nm pore-radius distribution,
as shown in Fig. 1. Due to its small pore diameter and high
degrees of uniformity and ordering, this template offers a
unique platform to investigate confined liquid crystals using
2H-NMR. Under such conditions, surface interactions be-
come significant and exciting surface-induced behaviors
have been anticipated �11,12,16,17�.

II. EXPERIMENTAL METHODS

A. The nematic phase

The well-understood 5CB �4’-pentyl-4-cyanobiphenyl�
liquid crystal molecule deuterated in the �-position on the
hydrocarbon chain ��d2-5CB� was used for the experiments
�15–17,26,27�. The 2H-NMR spectroscopy measurements
on bulk �d2-5CB liquid crystal in the nematic phase gener-
ates a quadrupole frequency splitting �� directly proportional
to the degree of orientational order of the deuterated C-D

FIG. 1. AAO nanopore array top surface observed using SEM.
The insets show the fast-Fourier transform analysis of the periodic

nanopore structure and the pore-radius distribution.
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bond with respect to the static magnetic field B� �15�.
The 2H-NMR quadrupole frequency splitting for confined
systems at temperatures below the nematic-isotropic phase-
transition temperature �TNI� is described by �28,29�

�� =
S

Sb
��b�3

2
cos2��� −

1

2
� , �1�

where Sb and ��b are, respectively, the orientational order
parameter and the quadrupole frequency splitting for bulk
liquid crystal, and where S and � are, respectively, the order
parameter and the angle between the liquid crystal director n̂

and the applied magnetic field B� for the confined system.
This expression assumes an asymmetry parameter equal to
zero, which is always the case for bulk uniaxial liquid crys-
tals, but not necessarily for confined systems �30�. However,
this effect is predicted to be small and can be safely ne-
glected in most cases �31�. Indeed, experimental results pre-
sented in Fig. 2 justify this approximation, since a nonzero
asymmetry �or biaxiality� would generate clear signatures in
the 2H-NMR spectra �30,32�, which were not observed in
our system.

Moreover, measurements on such confined system in the
nematic phase �T�TNI� provide a good indication of the
molecular organization inside the cylindrical cavities. The
simplest way to access that information is by monitoring the
2H-NMR spectra for the liquid crystal-filled nanopores when

the sample is rotated with respect to the B� field. From the
results shown in Fig. 2, one can directly confirm the molecu-
lar orientation distribution in the nanopores since �����

FIG. 2. 2H-NMR spectra with the nanopores axis oriented, re-
spectively, parallel and perpendicular ��b=0° and 90°� with respect

to the B� field at T−TNI=−5 K and comparison with the bulk quad-
rupole frequency splitting ��b.
b
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for �b=0° and �����b /2 for �b=90° as predicted by Eq.
�1�. These results confirm a preferred molecular orientation
parallel to the cylindrical pores axis, as shown in the insets
of Fig. 2 �15–17�.

B. The paranematic phase

When the temperature is raised over TNI, the order param-
eter inside the cavity can be described as a decaying
exponential S�r�=S0 exp�− R−r

�
� where r and R are, respec-

tively, the radial position and the radius of the cylindrical
cavity �such that the difference R−r represents the distance
to the wall�, S0 is the orientational order parameter at
the interface and � is the correlation length �15,17,21,33�.
The temperature-dependent correlation length is described
by Landau-de Gennes �LdG� theory as �=�0� T

T* −1�−�

�15,17�. For the 5CB liquid crystal, �0=0.65 nm, �=1/2
and the second-order transition temperature T*=TNI−1.1 K
�15,17,26,27�.

This paranematic ordering originates from a thin surface-
pinned molecular layer with a uniform surface order param-
eter S0 due to strong surface anchoring, which induces bulk
alignment through short-range elastic interactions explained
by the short correlation length above the transition point
�12,17,20,21�. The finite thickness �0 of this strongly an-
chored molecular layer is expected to be between 1.0 and
2.0 nm, depending on the surface energy. The typical spatial
distribution of the order parameter S�r� in the paranematic
phase is shown in Fig. 3.

The presence of such surface-induced ordering can lead
to a residual quadrupolar frequency splitting even at tem-
peratures well above TNI. However, this effect is expected
to be small in weakly confined systems �15�. From the pre-
vious expression, the correlation length � for 5CB corre-

FIG. 3. Spatial distribution of the order parameter S as a func-
tion of the radial distance to the nanopore interface at T	TNI. Due
to surface interactions, there is a residual strongly anchored molecu-
lar layer at the interface with a finite thickness �0 between 1.0 and
2.0 nm. Through elastic forces, this surface-pinned molecular layer
induces ordering even way above TNI. This surface-induced order
parameter decays exponentially when moving away from the pore
surface, giving rise to a partial ordering.
sponds to �11 nm at TNI, and diminishes to less than 3.5 nm
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at temperatures more than 10 K above TNI, which suggests
that the surface-induced ordering would indeed be significant
only very close to the interface due to short-range elastic
interactions.

Figure 4 compares the temperature evolutions of the mea-
sured 2H-NMR spectrum for the nanoconfined and bulk liq-
uid crystal systems. As shown in Fig. 5, a large residual
quadrupole frequency splitting persisted at temperatures well
above TNI, a direct indicator of strong surface-induced order-
ing associated with a paranematic phase. This residual fre-
quency splitting can be related to the surface-order parameter
S0 by the following relation �15,18�:

���	 = 
��b

Sb
��S	 = 
��b

Sb
�
2S0�

R
� , �2�

where the brackets indicate a complete spatial averaging
effect due to molecular self-diffusion mechanisms. Such
an averaging effect can be explained in terms of the
characteristic length of diffusion xo��D /��, where
D�10−11 m2/sec for 5CB, being comparable to the cavity
radius R at temperatures above TNI �xo	25 nm for T−TNI
	3 K� �15�. The right side of Eq. �2� also relies on the
approximation that R
�, as shown previously for T	TNI.
As Eq. �2� shows, the combined small radius and high degree
of uniformity of the AAO nanopores allows clear measure-
ment of the surface interactions since the quadrupolar fre-
quency splitting is proportional to 1/R and the associated
signal averaging over a given pore-diameter distribution is

FIG. 4. �Color online� 2H-NMR spectra temperature evolution
for �a� bulk and �b� nanoconfined �d2-5CB.

FIG. 5. 2H-NMR quadrupolar frequency splitting temperature
evolutions for nanoconfined �•� and bulk ��� �d2-5CB. The inset
shows the 2H-NMR spectrum for the confined system at 4 K above

TNI.
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minimized, making the AAO template an efficient platform
to investigate such surface-induced molecular organization.

The averaged order parameter �S	 for the nanoconfined
system can be obtained directly from the 2H-NMR nematic
and paranematic frequency splitting ���	 measurements us-
ing Eqs. �1� and �2�, respectively.

III. RESULTS AND DISCUSSION

A. Paranematic ordering and surface adsorption

The paranematic frequency-splitting temperature evolu-
tion is highlighted in Fig. 6. The associated surface adsorp-
tion � is obtained directly from the frequency splitting since

�= R
2

���	

��o
for a parallel axial distribution where ��o

�50 kHz �17�. Just above TNI, large quadrupole frequency
splittings were measured, suggesting degrees of ordering far
larger than those reported in other microconfined systems
�16,17�.

The weak logarithmic divergence in Fig. 6 suggests a
complete molecular wetting regime �16,17�. To the authors’
knowledge, complete orientational wetting has not been pre-
viously observed in confined systems �16,17,28,29�. Surface
wetting is known to depend on the surface adsorption param-
eter �3�. Since the surface adsorption is directly proportional
to the NMR splitting and therefore inversely proportional to
the cavity size R, surface wetting should indeed be favored in
such nanoconfined systems.

B. Paranematic surface order parameter

From the experimental data shown in Fig. 6, one can also
directly obtain the temperature-independent S00 surface-order
coefficient from LdG theory and the corresponding surface-
pinned molecular-layer effective thickness �0 by fitting the
temperature dependence of ���	 using the following equation
�18�:

���	 = 
��b

Sb
�
2S00

R
� �0

T

T* − 1

+
�0

� T

T* − 1� �3�

by using the second-order transition temperature T*=TNI−�,

FIG. 6. Paranematic 2H-NMR quadrupolar frequency splitting
���	 and the associated surface adsorption parameter � as a func-
tion of temperature. The solid line shows the fitting of the data
using Eq. �3�.
��b /Sb�48, �0=0.65 nm, and R�25 nm �18�.
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The optimal fitting shown in Fig. 6 yields S00
=0.0135±0.001, �=1.5±0.1 K, and �0=1.73±0.15 nm, in
good agreement with previous reports �15–17�. Moreover,
the transition-temperature TNI appears to be slightly higher
due to confinement, as suggested by the increased � obtained
from the fit ���1.5 K for the confined system and
��1.1 K for the bulk� �29�, also in good agreement with
theoretical expectations �12,22� and numerical simulations
�34�.

Therefore, the positive surface-order parameter S0 can be
directly obtained at any given paranematic temperature using
the expression �18�

S0 = S00
 T

T* − 1�−1/2

�4�

with the known entities S00=0.0135±0.001 and T*=TNI
bulk

−1.5 K.

C. Nematic surface order parameter

Another interesting phenomenon stems from the quadru-
pole frequency splitting comparison of the confined and bulk
systems displayed in Fig. 5. In the nematic phase, the con-
fined system shows a quadrupole frequency splitting notice-
ably weaker than the bulk. With T	TNI, we demonstrated
that surface interactions induce a significant degree of order-
ing in the isotropic phase by surface-pinning. From similar
reasoning, when T�TNI, surface interactions can introduce a
finite degree of disordering in the bulk nematic distribution
�14,35–37�. This surface-induced disordering decays expo-
nentially when moving away from the pore surface, giving
rise to an averaged order parameter observed in the
2H-NMR smaller than the bulk order parameter Sb. Far from
the surface, volume effects dominate and the order parameter
is equal to the bulk �37�.

A phenomenological way to model this surface-induced
disordering is to describe the local order parameter as

S�r� = Sb − �Sb − S0�exp
−
R − r

�
� , �5�

where Sb is the bulk order parameter and the exponential
term would be the surface-induced disorder with � the cor-
relation length �14,37�. As shown in Fig. 7, this expression
simply represents an inverted exponential with an order pa-
rameter S→S0 close to the interface �when R−r�� and an
order parameter S→Sb when R−r
� �37�.

In such nanoconfined systems, one also measures the
2H-NMR frequency splitting due to the averaged order pa-
rameter, even in the nematic phase. Such an assumption is
justified considering the diffusion length xo��10−11/�� be-
ing comparable to the cavity radius R even in the nematic
phase �xo�22 nm for T−TNI=−0.5 K and xo�15 nm for
T−TNI=−5 K�. By using Eq. �5�, the averaged order param-
eter can be described as

�S	 =
� rS�r�dr

rdr

= Sb − 
2�

R
��Sb − S0� . �6�
�
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However, Eq. �6� assumes that R	�. In such a case,
the surface-order parameter can only be observed for pore
dimensions comparable to the coherence length, since
�S	�Sb for large cavities �R
�� and any surface-order in-
formation becomes unaccessible �16,17,28,29�. Clearly, this
expression does not apply to our system since the nematic
correlation length is expected to be relatively large when
T�TNI �27,33�. Considering the nanometer scale cavity ra-
dius R, we can safely assume that the correlation length is
much longer than the pore radius ��
R� such that surface
effects dominate and the order parameter S�r� is equal to the
surface-order parameter S0 everywhere in the cavity, as pre-
dicted by Eq. �5�. As a consequence, the averaged order pa-
rameter �S	 obtained directly from the 2H-NMR quadrupolar
frequency splitting measured in the nematic phase �T�TNI�
is equal to the surface-order parameter S0.

D. Averaged and surface order parameters phase transitions

As we have shown, the temperature evolutions for the
confined surface-order parameter S0 and averaged order pa-
rameter �S	 can be obtained directly from the 2H-NMR spec-
tra temperature evolution. The bulk order parameter Sb tem-
perature evolution was also obtained from the bulk
�d2-5CB liquid crystal frequency splitting �18�, which mea-
surement is consistent with previous literature reports �38�.

Figure 8 displays the continuous nanoconfined surface-
order parameter S0 evolution from the nematic phase
�T−TNI=−5 K� up to deep into the paranematic phase
�T−TNI=30 K�. Figure 9 shows the discontinuous averaged
order parameter �S	 evolution, proportional to the measured
frequency splitting. The bulk order parameter Sb temperature
evolution is also displayed for comparison.

The combined strong orientational surface wetting and the
continuous evolution of S0 through the bulk nematic-
isotropic phase transition shown in Fig. 8 requires both a
strong surface potential G /A and nanoconfinement �12,14�.
The surface potential can be obtained directly from the

FIG. 7. Spatial distribution of the order parameter S as a func-
tion of the radial distance to the interface at T�TNI �37�. Due to
surface interactions, there is a surface-induced disordering that pre-
vails close to the surface.
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temperature-independent surface-order parameter since
G /A=S00

�aLT*= �3.54±0.25�10−4 J /m2 where a, L, and T*

are material-dependent parameters known for 5CB �12,29�.
Therefore, the associated dimensionless substrate potential
g=S00=0.0135 �12,29�.

According to theory, three possible phase-transition re-
gimes are possible for surface-ordered liquid crystal systems
�12�. Those three phase-transition regimes are described in
Table I.

For the cases shown in Table I �a� and �b�, the surface
potential is either too small �g�0.012� or the film thickness
parameter is too large �R /�0	65� for the surface energy to
compete with the volume energy, leading to a bulk-like be-
havior where both the surface-order parameter S0 and the
averaged order parameter �S	 display a discontinuity in their
temperature evolution associated with phase transition �12�.

When the dimensionless substrate potential g	0.012 and
the film thickness is sufficiently small �R /�0�65�, corre-
sponding to the cases shown in Table I �c� and �d�, the
surface-order parameter S0 temperature evolution becomes
continuous due to the absence of complete phase transition at
the interface originating from the strong surface potential
�12,14�. In such a regime, the averaged order parameter �S	
will show a discontinuous temperature evolution associated
with phase transition only if the critical thickness parameter
R /�o	26 �R	16 nm for 5CB�, and becomes continuous
otherwise due to a dominating surface energy �12,22�.

In our case, we have shown experimentally that
g�0.0135 and R /�o�38, corresponding to the case shown
in Table I�c�. Therefore, the order parameters temperature
evolution in our nanoconfined system show a unique mo-

TABLE I. Possible phase-transition regimes pred

�a� �b�

g �0.012 	0.0

R /�0 Independent 	6

�S	 Discontinuous Disconti

S0 Discontinuous Disconti

FIG. 8. Surface order parameter S0 from the nanoconfined sys-
tem �plain line� in both the nematic �T�TNI� and the paranematic
�T	TNI� phases. The bulk order parameter Sb �dotted line� is dis-
played as a comparison.
051703
lecular state with no complete orientational-phase transition
at the interface �S0� but an abrupt discontinuity associated
with phase transition for the averaged order parameter �S	, in
perfect agreement with theoretical predictions by Sheng �12�.
To the best of our knowledge, this unique molecular organi-
zation phase theoretically predicted more than two decades
ago has never been reported before, most likely due to the
difficulty to obtain a porous nanopore template offering both
the small pore diameter and the high pore-diameter unifor-
mity enabled by the anodic aluminum oxide �AAO� nanop-
ore array.

Moreover, the measured S0�0.2 at TNI for g	0.012 and
R /�o�38 is consistent with theoretical predictions �12�. The
transition-temperature TNI was slightly increased due to con-
finement, as suggested by the increased � obtained by fitting
the experimental results ���1.5 K for the confined system
and ��1.1 K for the bulk� �29�, also in good agreement
with theoretical expectations �12,22� and numerical simula-
tions �34�.

Figure 10 displays the nanoconfined order parameter S
spatial distribution temperature evolution from the nematic
phase �T−TNI=−5 K� up to deep into the paranematic phase
�T−TNI=30 K�. The spatial distribution evolution is recon-
structed using the surface-order parameter, correlation
lengths, and the surface-pinned molecular layer thickness ob-
tained from the 2H-NMR temperature-evolution measure-
ments. Below the second-order transition temperature �T*�,
the correlation length is infinite and the order parameter is
constant everywhere in the pore. Above T*, the ordering de-
cays exponentially when moving away from the pore sur-
face. However, there is a residual strongly anchored molecu-
lar layer at the interface with a finite thickness �0 between

for surface-aligned liquid crystal systems �12�.

�c� �d�

	0.012 	0.012

26−65 �26

s Discontinuous Continuous

s Continuous Continuous

FIG. 9. Averaged order parameter �S	 temperature evolution for
the confined system. The bulk order parameter Sb �dotted line� is
also displayed as a comparison.
icted

12

5

nuou

nuou
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1.0 and 2.0 nm that remains up to 30 K above T* and gives
rise to the partial ordering observed in the 2H-NMR spectra.

Additional nonclassical effects can also take place in such
strongly confined systems. However, even though
quenching-disorder effects have been previously observed in
confined systems �39,40�, our experimental results clearly
suggest that such effects did not play a significant role here
due to the absence of any “memorylike” behavior. The tric-
ritical exponent term for the nematic-isotropic phase transi-
tion could not be observed either �41�. However, it has been
clearly established previously that experimental results can
lead to great uncertainties on the exact nature of the transi-
tion �42�, especially in the isotropic phase of nematogens
�42,43�. Such discrepancies have been attributed to more
subtle effects such as pretransitional fluctuation phenomena
�42�. Geometrical factors are also known to play an impor-
tant role in strongly confined systems since they rely on elas-
tic deformations and strong curvature effects. In the parallel-
axial molecular distribution such elastic deformations are
small or nonexistent, therefore we can expect no direct influ-
ence from the geometrical factors. This assumption was also
further justified by the good agreement between experimen-

FIG. 10. Spatial distribution of the order parameter S�r� as a
function of the radial distance to the nanopore interface. A residual
strongly anchored molecular layer at the interface with a finite
thickness �0 between 1.0 and 2.0 nm remains up to 30 K above T*

and give rise to the partial ordering observed in the 2H-NMR spec-
tra through short-range elastic interactions.
tal results and classical models.

�8� I. Amimori, J. N. Eakin, J. Qi, G. Skačej, S. Žumer, and G. P.
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IV. CONCLUSIONS

In summary, we studied molecular self-organization in a
nanoconfined system using 2H-NMR spectroscopy of
�-deuterated 5CB liquid crystal. We found that the confined
molecular organization in the nematic phase follows a paral-
lel axial distribution. A model was presented to extract the
surface-order parameter in both the nematic and the parane-
matic phases from the 2H-NMR spectrum temperature evo-
lution. The quadrupole frequency splitting observed up to
50 K above the bulk nematic-isotropic transition temperature
�TNI� demonstrates the existence of a 1.7 nm-thick surface-
pinned molecular layer at the solid-liquid crystal interface.
The orientational surface-order coefficient �S00� indicates a
high degree of paranematic ordering in comparison with pre-
vious reports using bulk and micro-confined systems
�15–17�. The high surface potential �3.54·10−4 J /m2� and
nanoconfinement that lead to such strong surface-induced or-
der deep in the bulk isotropic phase also lead to a finite
degree of surface-induced disorder in the nematic phase. A
unique surface-induced molecular phase with a complete ori-
entational wetting regime as well as a continuous surface-
order �S0� and discontinuous averaged order-parameter �S	
evolution through the nematic-paranematic transition were
observed, as theoretically predicted for molecular films with
a thickness ��R� between 16 and 43 nm combined with a
high surface potential �12�. This capacity to control and pre-
serve molecular ordering using nanoconfined systems could
be useful in a variety of self-organization applications, and
helpful in providing insights into the collective behaviors in
strongly cooperative molecular systems.
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