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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 conktatd a surface-dominated
one, in which the relaxation rate is determined by the ratio of surface-anchoring stréhgthd
viscosity n. In the smallest pores, the contribution of surface viscogitis also significant. The
surface extrapolation lengtki/W goes approximately a&’ — Ty;)~!. The characteristic length for
surface viscosity'/n is of the order of 10 nm. [S0031-9007(98)08013-2]

PACS numbers: 61.30.Gd, 64.70.Md

Interfaces strongly influence static and dynamic prop-dynamics of orientational fluctuations occurs when the
erties of liquid crystalline systems, and are therefore amliameter of the pores becomes comparable to the surface
important area of current research both from the fundamerextrapolation length.
tal point of view and for applications. Interfaces become Our samples were prepared similarly as described in
particularly important when liquid crystals are embeddedRef. [7]. A piece of membrane was wetted with the lig-
in a solid matrix with small cavities so that the volume uid crystal 4-pentyl-4cyanobiphenyl (5CB) that filled the
to surface ratio approaches some characteristic length afylindrical pores of the membrane due to the capillary ac-
the liquid crystalline phases [1]. The dynamics of liquidtion. The remaining liquid crystal on the surface of the
crystals at an interface are governed by both elastic inmembrane was removed by pressing the membrane be-
teractions (anchoring) and dissipative processes. A cortween two Whatman filtration papers and then the filled
siderable amount of knowledge exists about the elastimembrane was placed between two glass plates. The con-
interactions of the liquid crystals with surfaces [2], butfiguration of the director field in pores of Nuclepore mem-
much less is known about the peculiarities of dissipationbranes is known to be either escaped radial with point
A particularly interesting problem is the existence of sur-defects or, for small anchoring strength, planar-polar where
face friction [3]. the director is in the plane perpendicular to the cylinder and

A powerful tool to investigate the dynamic behavior nearly perpendicular to the pore walls except at two op-
of liquid crystals is photon correlation spectroscopy,posite points on the perimeter [7,9]. The refractive index
and recently several types of confined liquid crystalof the polycarbonate Nuclepore membranes approximately
systems have been studied with this technique. Mosmhatches the average refractive index of the 5CB, so mul-
investigations have focused on porous glasses and silidgple scattering in the samples was negligible.
aerogels as host matrices [4—6]. Besides the effects of The light source was a He-Ne laser with the wavelength
the large surface to volume ratio, the results obtainedf 632.8 nm. The intensity correlation function was
in these systems are also rather strongly affected by theeasured using an ALV5000 correlator that enables
randomness of the matrix and by multiple scattering, saneasurements over a time rangel6f-10° s. We have
the interpretation of the data is rather complicated. measured the normalized intensity correlation function

In this Letter, we report on dynamic light scattering in g (7) = (I[(1)I(r + 7))/{I(1)){I(¢+ + 7)) of light exiting
nematic liquid crystals embedded in cylindrical pores ofthe sample as a function of scattering angle, the radius of
polycarbonate (Nuclepore) membranes. These pores haeavities and the temperature. The incoming and scattered
well defined diameters from 50 to 800 nm. Deuteriumdirections were chosen so that the scattering vector was
nuclear magnetic resonance (NMR) measurements weperpendicular to the axis of the pores. Following the
used to determine the director field configurations [7],selection rules, by which the orientational fluctuations
surface-induced orientational order in the isotropic phasare coupled to the off-diagonal elements of the dielectric
[8], and the surface elastic constakity [9]. Specific tensor, we chose orthogonal polarizations of incident and
heat studies revealed that the phase transition temperatuseattered light.
depends on the pore size due to the director deformations, The measured intensity correlation functions showed
but the order of the transitions remains unaffected [10]a well defined relaxation component which is due to
The well defined geometric static properties of the systenthe orientational director fluctuations in the pores. The
allow us to fully analyze the light scattering data and toamount of statically scattered light off the sample and
show that a crossover from bulklike to surface-dominategore surfaces was such that the measurements were in the
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heterodyne regime, and the relaxation rate of the intensitZlearly, at small scattering vectors, the relaxation rates
correlation function is equal to the relaxation rate of thebecome independent of whereas the usual quadratic
fluctuations. dependence is obtained fgr> 1/R. So for small pores

In analyzing the data, we first note that in cylindri- we observe only the fundamental mode, while for the
cal pores, similarly as in polymer-dispersed liquid crystaldargest pores we see the fundamental mode for sgnall
(PDLCs) [11], due to finite size the transverse componenand the bulkg? dependence for largge. The fact that the
of the wave vector of the fluctuations can take on onlycurves for different radii in Fig. 1 cross can be explained
discrete values given by the eigenvalues of the Helmholtby noting that the effective viscosity is smaller than the
equation with appropriate boundary conditions. Their expure orientational viscosity coefficient due to the coupling
act value also depends on the director configuration in thef the fluid flow and orientation (backflow effect). As
pores; but in the case of strong anchoring they will bethe fluid flow is more restricted in the smaller pores, we
roughly given byay = (Ay/R)*> (N = 1,2,...), whereR  expect that the effectivi& /n will be smaller for smaller
is the radius of the pore and the constatits are deter- R. So for smallR, 1/7 at small g is larger and the
mined by the zeros of the eigenfunctions, that is, in cylin-slope for largeg is smaller than for largeR, producing
drical geometry the zeros of Bessel functions [12]. Thethe observed crossings.
relaxation rate of a particular mode (with zero axial com- Figure 2 shows the dependence of the relaxation rates
ponent of the wave vector) is given by the expression [13pn the temperature for different pore radii @t= 5 X

| Kdl 10° m™!, so thatl/g = 200 nm. ForR = 200 nm, we

—=—, (1) are observing only the fundamental mode, while for

™~ n R =300 nm and R = 400 nm we see a mixture of
whereK is an effective Frank elastic constant, apds an  the fundamental and second eigenmode. Examination of
effective bulk viscosity. Fig. 2 shows thatr is approximately proportional t®,

At a particular scattering vector, perpendicular to thenot to R? as one would expect from Eq. (1). This is even
cylinder axis and with sizeg = 2k, sin(%/2), where more clear in Fig. 3, where is shown as a function at
ko = nw/c, ¥ is the scattering angle, and is the for several temperatures.
average index of refraction of the medium, the dominant In order to explain this behavior, we look at the
contribution to light scattering comes from the fluctuationevolution equation for the fluctuations of the director
mode withay closest tog. WhenN > 1, that is, for in the pores and the corresponding boundary conditions.
R > 1/q, we get from Eq. (1) the usuaf’* dependence The nature of the fundamental mode strongly depends
of the relaxation rate. WheR < 1/4, however, only the on the static structure of the director field in the pores.
fundamental mode contributes and the relaxation rate is
independent of;. This effect has been already observed

in the case of spherical droplets in PDLCs [11] and in 30 e orm
thin planar samples [14]. Figure 1 shows the dependence [ & 0.05um Y .
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FIG. 1. The relaxation rate of the orientational fluctuations vsFIG. 2. Temperature dependence of the relaxation rate of the
the square of the scattering vector. The scattering vector isrientational fluctuations in cylindrical pores and in bulk 5CB
perpendicular to the axis of the cylindrical pores. Dotted lines(g = 5 X 10° m™!). Ty; is the nematic-isotropic transition
are guides to the eye.T (= 295 K.) temperature.
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0.35 - where Jo(ayR) and Ji(ayR) are Bessel functions of
r-T, o the first kind. AsA > R, to calculate the fundamental
030F = -36K eigenvalue, we can expand the right-hand side of Eq. (4)
025'_ : in power series and calculatg to the sec_ond order i_n
| 1/R. Using Eq. (1), we then get the following expression
0.20 - : for the relaxation time of the fundamental mode of the
’g . planar structure with weak anchoring:
S 015F L Ry | 7R -
0.10} 2w 8K
0.05 1 The corrections to the relaxation time due to the second
' term in Eq. (2), which can be obtained by perturbation
0.00 ! ! ! ) theory, are proportional tg/?, so they do not influence
0.00 0.05 0.10 0.15 0.20 the leading terms in Egs. (5) and (7). Also, numerical

Radius (um) examirjation of _the _solutions to Egs. (2) and (3) shows
that this approximation holds reasonably well even when
FIG. 3. Dependence of the relaxation rate of the fundamenta) < R. The first term in Eq. (5) dominates whan= R,
(rjnoc;?eed ﬁﬂeghgrgﬁ'encienr | rggj'gf paglyﬁlgfﬁqﬁz?;ittsemperatures. Th&o the observed approximately linear dependence
' R (Fig. 3) shows that the orientational fluctuations in the
pores forR < 200 nm are governed by surface anchoring

Because of cylindrical symmetry and the properties of théd not by bulk orientational elasticity.
vector wave equation, for the escaped radial configuration According to Eq. (5), forR =0 we should have
the amplitude of all modes, including the fundamental” = 0- The measurements at all temperatures, however,
mode, must be zero at the center, so the eigenvalue for tfonsistently extrapolate to a positive value #®r= 0.
fundamental mode must be proportional igR)? for any We can e.xp'laln this by t'he. contrlbutlon of 9r|entat|0nal
anchoring strength. In fact, for zero anchoring strength jfurface friction to the dissipation. The existence of a
will be by about a factor of 4 smaller than for very strong surface specific dissipation coefficient has been a matter
anchoring. This observation is also borne out by detaile®f Some debate [3,15]. It can be due to dissipation
calculation. According to Eg. (1) the relaxation rate cancOming from surface processes like adsorption-desorption
then only be proportional t6l /R)>. or mqlecular slipping on the surface. _ Its_ existence cquld

This leaves us with the planar structure, where ther@!SO influence the performance of thin liquid crystalline
are no symmetry constraints on the fluctuations of thélisplays. With surface friction, the boundary condition at
director at the center of the cylinder. In the one elastidh€ pore surface correct to linear termsyins
constant approximation, its analytic form is known [9]. ou ou
From this solution, we deduced the linearized equation of K=+ Wu={-2 . (6)
the fluctuations in the axial direction of the static structure " =k
in the following form: where  is the surface viscosity. The right-hand side of

422 5 Eq. (6) only modifiesw to W + (/7, an.d the.relaxation
R* + v2r% — 292R212 c0s2¢ W= —au, time of th(_a fundamental_ mode obtained in the same
o) approximation as Eq. (5) is
nR  nR*  {

whereo is the polar coordinate, angd = V42 + R2 — TR ot (7)
2A/R. The extrapolation length is given by = K/W,
whereW is the surface anchoring strength. The boundaryrigure 3 shows the fits of measuredvs R to Eq. (7).

Viu +

condition foru reads The coefficient of the linear term, together with the bulk
ou values ofK /7, gives the extrapolation length, plotted
[2(7 + 9% + ¥’ cos2e)u + r a_} =0. (3) vsTin Fig.4. The constant term can be used to get
" dr-r the ratio //n which has the dimension of length, and
For A > R, that is, for small anchoring strengtly, = s shown in Fig. 5. The quadratic coefficient, giving the

R/4), so we may seek an approximate solution to (2)oulk orientational diffusivityk /5, can be obtained only
and (3) correct to linear terms ip. This gives us just for 7, — T > 0.5 K and then is quite scattered, but the
the standard Helmholtz equation with mixed boundaryaverage value is of the order daH~!° m?/s, which is

conditions, so the eigenvalues are given as the solutioplose to the known bulk values for 5CB if we assume

of the transcendental equation: that backflow does not contribute to the effective viscosity
)= JolayR) 4 (inset of Fig. 4). The correct value for the quadratic
aNA = Ji(ayR)’ ) coefficient gives a strong support to our analysis.
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ordinary liquids [17]. £ has also been obtained in rather

L 2.0r o eny A& splay .
2;8 L = s | et m:oym * different conditions in Ref. [15]. There, the obtained ratio
75F wem £ 1'5°°°°°°°“D°i el {/m is of the order of extrapolation length, a macroscopic
g-g; = ER G, L length having nothing to do with dissipation and nearly
60F " gos 2 orders of magnitude larger than our value.
e 355F "'.'ll.'lul p 0O In conclusion, in dynamic light scattering we observed
= 451:2 3 V'l Temperaure T- T, (K) that the orientational fluctuations in small pores are domi-
40k "n ‘ nated by surface properties. From the measurements, we
§ 35F -""Iq. deduce the temperature behavior of the surface extrapo-
3(5) 3 -'I'"l-_ lation length and surface anchoring stren@ith We can
2ok " obtain a consistent fit to our data only by assuming the
15F I|I". existence of orientational surface friction. Its ratio to the
L1 o R S S bulk viscosity is in the range of molecular lengths.
-4.0 -3.5-3.0 -2.5-2.0 -1.5 -1.0 -0.5 0.0 0.5 This work was supported by Ministry of Science
Temperature 7 - TNI (K) and Technology of Slovenia (Grant No. J1-7474) and
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FIG. 4. Temperature dependence of the inverse penetration
depth. Inset: comparison of measured diffusivity (full circles)
with the diffusivities of pure modes where the backflow is not
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