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Surface-Dominated Orientational Dynamics and Surface Viscosity in Confined Liquid Crystals
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A nematic liquid crystal in cylindrical pores of polycarbonate (Nuclepore) membranes with radii 25–
400 nm was studied by dynamic light scattering. The fundamental mode of the orientational fluctuations
shows a crossover from bulk behavior, dominated by bulk-elastic constantK, to a surface-dominated
one, in which the relaxation rate is determined by the ratio of surface-anchoring strengthW and
viscosity h. In the smallest pores, the contribution of surface viscosityz is also significant. The
surface extrapolation lengthKyW goes approximately assT 2 TNI d21. The characteristic length for
surface viscosityzyh is of the order of 10 nm. [S0031-9007(98)08013-2]

PACS numbers: 61.30.Gd, 64.70.Md
e
ace

in
-

c-
e
be-
d
on-
-

int
re

nd
p-
x

ely
ul-

th
s
es

n

of
red
as
e
s

ric
nd

ed
to
e
d
the
Interfaces strongly influence static and dynamic pro
erties of liquid crystalline systems, and are therefore
important area of current research both from the fundame
tal point of view and for applications. Interfaces becom
particularly important when liquid crystals are embedde
in a solid matrix with small cavities so that the volume
to surface ratio approaches some characteristic length
the liquid crystalline phases [1]. The dynamics of liqui
crystals at an interface are governed by both elastic
teractions (anchoring) and dissipative processes. A co
siderable amount of knowledge exists about the elas
interactions of the liquid crystals with surfaces [2], bu
much less is known about the peculiarities of dissipatio
A particularly interesting problem is the existence of su
face friction [3].

A powerful tool to investigate the dynamic behavio
of liquid crystals is photon correlation spectroscopy
and recently several types of confined liquid crysta
systems have been studied with this technique. Mo
investigations have focused on porous glasses and si
aerogels as host matrices [4–6]. Besides the effects
the large surface to volume ratio, the results obtain
in these systems are also rather strongly affected by
randomness of the matrix and by multiple scattering,
the interpretation of the data is rather complicated.

In this Letter, we report on dynamic light scattering in
nematic liquid crystals embedded in cylindrical pores o
polycarbonate (Nuclepore) membranes. These pores h
well defined diameters from 50 to 800 nm. Deuterium
nuclear magnetic resonance (NMR) measurements w
used to determine the director field configurations [7
surface-induced orientational order in the isotropic pha
[8], and the surface elastic constantK24 [9]. Specific
heat studies revealed that the phase transition tempera
depends on the pore size due to the director deformatio
but the order of the transitions remains unaffected [10
The well defined geometric static properties of the syste
allow us to fully analyze the light scattering data and t
show that a crossover from bulklike to surface-dominate
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dynamics of orientational fluctuations occurs when th
diameter of the pores becomes comparable to the surf
extrapolation length.

Our samples were prepared similarly as described
Ref. [7]. A piece of membrane was wetted with the liq
uid crystal 4-pentyl-4′-cyanobiphenyl (5CB) that filled the
cylindrical pores of the membrane due to the capillary a
tion. The remaining liquid crystal on the surface of th
membrane was removed by pressing the membrane
tween two Whatman filtration papers and then the fille
membrane was placed between two glass plates. The c
figuration of the director field in pores of Nuclepore mem
branes is known to be either escaped radial with po
defects or, for small anchoring strength, planar-polar whe
the director is in the plane perpendicular to the cylinder a
nearly perpendicular to the pore walls except at two o
posite points on the perimeter [7,9]. The refractive inde
of the polycarbonate Nuclepore membranes approximat
matches the average refractive index of the 5CB, so m
tiple scattering in the samples was negligible.

The light source was a He-Ne laser with the waveleng
of 632.8 nm. The intensity correlation function wa
measured using an ALV5000 correlator that enabl
measurements over a time range of1028 103 s. We have
measured the normalized intensity correlation functio
gs2dstd ­ kIstdIst 1 tdlykIstdl kIst 1 tdl of light exiting
the sample as a function of scattering angle, the radius
cavities and the temperature. The incoming and scatte
directions were chosen so that the scattering vector w
perpendicular to the axis of the pores. Following th
selection rules, by which the orientational fluctuation
are coupled to the off-diagonal elements of the dielect
tensor, we chose orthogonal polarizations of incident a
scattered light.

The measured intensity correlation functions show
a well defined relaxation component which is due
the orientational director fluctuations in the pores. Th
amount of statically scattered light off the sample an
pore surfaces was such that the measurements were in
© 1998 The American Physical Society
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heterodyne regime, and the relaxation rate of the intens
correlation function is equal to the relaxation rate of th
fluctuations.

In analyzing the data, we first note that in cylindr
cal pores, similarly as in polymer-dispersed liquid crysta
(PDLCs) [11], due to finite size the transverse compone
of the wave vector of the fluctuations can take on on
discrete values given by the eigenvalues of the Helmho
equation with appropriate boundary conditions. Their e
act value also depends on the director configuration in
pores; but in the case of strong anchoring they will b
roughly given bya2

N ­ sAN yRd2 sN ­ 1, 2, . . .d, whereR
is the radius of the pore and the constantsAN are deter-
mined by the zeros of the eigenfunctions, that is, in cyli
drical geometry the zeros of Bessel functions [12]. Th
relaxation rate of a particular mode (with zero axial com
ponent of the wave vector) is given by the expression [1

1
tN

­
Ka2

N

h
, (1)

whereK is an effective Frank elastic constant, andh is an
effective bulk viscosity.

At a particular scattering vector, perpendicular to th
cylinder axis and with sizeq ­ 2k0 sinsq y2d, where
k0 ­ nvyc, q is the scattering angle, andn is the
average index of refraction of the medium, the domina
contribution to light scattering comes from the fluctuatio
mode with aN closest toq. When N ¿ 1, that is, for
R ¿ 1yq, we get from Eq. (1) the usualq2 dependence
of the relaxation rate. WhenR & 1yq, however, only the
fundamental mode contributes and the relaxation rate
independent ofq. This effect has been already observe
in the case of spherical droplets in PDLCs [11] and
thin planar samples [14]. Figure 1 shows the depende
of the observed relaxation rate on the scattering vect

FIG. 1. The relaxation rate of the orientational fluctuations
the square of the scattering vector. The scattering vector
perpendicular to the axis of the cylindrical pores. Dotted lin
are guides to the eye. (T ­ 295 K.)
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Clearly, at small scattering vectors, the relaxation rate
become independent ofq whereas the usual quadratic
dependence is obtained forq ¿ 1yR. So for small pores
we observe only the fundamental mode, while for th
largest pores we see the fundamental mode for smallq
and the bulkq2 dependence for largeq. The fact that the
curves for different radii in Fig. 1 cross can be explaine
by noting that the effective viscosity is smaller than th
pure orientational viscosity coefficient due to the couplin
of the fluid flow and orientation (backflow effect). As
the fluid flow is more restricted in the smaller pores, w
expect that the effectiveKyh will be smaller for smaller
R. So for small R, 1yt at small q is larger and the
slope for largeq is smaller than for largeR, producing
the observed crossings.

Figure 2 shows the dependence of the relaxation rat
on the temperature for different pore radii atq ­ 5 3

106 m21, so that1yq ­ 200 nm. For R * 200 nm, we
are observing only the fundamental mode, while fo
R ­ 300 nm and R ­ 400 nm we see a mixture of
the fundamental and second eigenmode. Examination
Fig. 2 shows thatt is approximately proportional toR,
not toR2 as one would expect from Eq. (1). This is even
more clear in Fig. 3, wheret is shown as a function ofR
for several temperatures.

In order to explain this behavior, we look at the
evolution equation for the fluctuations of the directo
in the pores and the corresponding boundary condition
The nature of the fundamental mode strongly depen
on the static structure of the director field in the pores

FIG. 2. Temperature dependence of the relaxation rate of t
orientational fluctuations in cylindrical pores and in bulk 5CB
sq ­ 5 3 106 m21d. TNI is the nematic-isotropic transition
temperature.
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FIG. 3. Dependence of the relaxation rate of the fundamen
mode on the cylinder radius at different temperatures. T
dotted lines are second order polynomial fits.

Because of cylindrical symmetry and the properties of t
vector wave equation, for the escaped radial configurat
the amplitude of all modes, including the fundament
mode, must be zero at the center, so the eigenvalue for
fundamental mode must be proportional tos1yRd2 for any
anchoring strength. In fact, for zero anchoring strength
will be by about a factor of 4 smaller than for very stron
anchoring. This observation is also borne out by detail
calculation. According to Eq. (1) the relaxation rate ca
then only be proportional tos1yRd2.

This leaves us with the planar structure, where the
are no symmetry constraints on the fluctuations of t
director at the center of the cylinder. In the one elas
constant approximation, its analytic form is known [9
From this solution, we deduced the linearized equation
the fluctuations in the axial direction of the static structu
in the following form:

=2u 1
4g2r2

R4 1 g2r4 2 2g2R2r2 cos2w
u ­ 2a2u ,

(2)

wherew is the polar coordinate, andg ­
p

4l2 1 R2 2

2lyR. The extrapolation length is given byl ­ KyW ,
whereW is the surface anchoring strength. The bounda
condition foru reads"

2sg 1 g2 1 g3 cos2wdu 1 r
≠u
≠r

#
r­R

­ 0 . (3)

For l ¿ R, that is, for small anchoring strength,g ­
Ry4l, so we may seek an approximate solution to (
and (3) correct to linear terms ing. This gives us just
the standard Helmholtz equation with mixed bounda
conditions, so the eigenvalues are given as the solut
of the transcendental equation:

aN l ­
J0saN Rd
J1saN Rd

, (4)
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where J0saN Rd and J1saNRd are Bessel functions of
the first kind. Asl . R, to calculate the fundamental
eigenvalue, we can expand the right-hand side of Eq. (
in power series and calculatea1 to the second order in
1yR. Using Eq. (1), we then get the following expression
for the relaxation time of the fundamental mode of the
planar structure with weak anchoring:

t1 ø
Rh

2W
1

hR2

8K
. (5)

The corrections to the relaxation time due to the secon
term in Eq. (2), which can be obtained by perturbation
theory, are proportional tog2, so they do not influence
the leading terms in Eqs. (5) and (7). Also, numerica
examination of the solutions to Eqs. (2) and (3) show
that this approximation holds reasonably well even whe
l & R. The first term in Eq. (5) dominates whenl * R,
so the observed approximately linear dependence oft vs
R (Fig. 3) shows that the orientational fluctuations in the
pores forR & 200 nm are governed by surface anchoring
and not by bulk orientational elasticity.

According to Eq. (5), for R ­ 0 we should have
t ­ 0. The measurements at all temperatures, howeve
consistently extrapolate to a positive value forR ­ 0.
We can explain this by the contribution of orientationa
surface friction to the dissipation. The existence of
surface specific dissipation coefficient has been a matt
of some debate [3,15]. It can be due to dissipatio
coming from surface processes like adsorption-desorptio
or molecular slipping on the surface. Its existence coul
also influence the performance of thin liquid crystalline
displays. With surface friction, the boundary condition a
the pore surface correct to linear terms ing is

K
≠u
≠r

1 Wu ­ z
≠u
≠t

Ç
r­R

, (6)

wherez is the surface viscosity. The right-hand side o
Eq. (6) only modifiesW to W 1 z yt, and the relaxation
time of the fundamental mode obtained in the sam
approximation as Eq. (5) is

t1 ø
hR
2W

1
hR2

8K
1

z

W
. (7)

Figure 3 shows the fits of measuredt vs R to Eq. (7).
The coefficient of the linear term, together with the bulk
values ofKyh, gives the extrapolation lengthl, plotted
vs T in Fig. 4. The constant term can be used to ge
the ratio z yh which has the dimension of length, and
is shown in Fig. 5. The quadratic coefficient, giving the
bulk orientational diffusivityKyh, can be obtained only
for TNI 2 T . 0.5 K and then is quite scattered, but the
average value is of the order of10210 m2ys, which is
close to the known bulk values for 5CB if we assume
that backflow does not contribute to the effective viscosit
(inset of Fig. 4). The correct value for the quadratic
coefficient gives a strong support to our analysis.
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FIG. 4. Temperature dependence of the inverse penetrat
depth. Inset: comparison of measured diffusivity (full circles
with the diffusivities of pure modes where the backflow is no
considered.

The dependence ofl21 onT in Fig. 4 is nearly linear, so
thatl21 ~ S2, whereS is the scalar order parameter. As
K ~ S2 [13], andl ­ KyW , W ~ S4. Thatl increases
as T approachesTNI has also been observed by othe
authors [16].

Using the known values forK, we find that the surface
anchoring strength is3 3 1026 Jym2, close toTNI , and
5 3 1025 Jym2, 4 K below TNI . At these anchoring
strengths the deuterium NMR experiments have show
that the configuration of the director is planar-polar [9].

Our measured values for the ratiozyh, shown in
Fig. 5, are in the range of molecular size. This is simila
to those obtained for the translational surface friction i

FIG. 5. Temperature dependence of surface to bulk viscos
z yh.
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ordinary liquids [17]. z has also been obtained in rathe
different conditions in Ref. [15]. There, the obtained rat
zyh is of the order of extrapolation length, a macroscop
length having nothing to do with dissipation and near
2 orders of magnitude larger than our value.

In conclusion, in dynamic light scattering we observe
that the orientational fluctuations in small pores are dom
nated by surface properties. From the measurements,
deduce the temperature behavior of the surface extra
lation length and surface anchoring strengthW . We can
obtain a consistent fit to our data only by assuming t
existence of orientational surface friction. Its ratio to th
bulk viscosity is in the range of molecular lengths.
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549 (1997).

[12] P. Ziherl and S.̌Zumer, Phys. Rev. E54, 1592 (1996).
[13] P. G. de Gennes and J. Prost,The Physics of Liquid

Crystals(Clarendon, Oxford, 1993).
[14] M. M. Wittebrood, Th. Rasing, S. Stallinga, and
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