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Abstract When low-molecular weight liquid crystals are confined to small 
cylindrical volumes of porous polymer membranes, the elastic deformation 
energy and surface boundary effects play an increasing role as the surface-to- 
volume ratio is increased. For such materials confined to micron-sized volumes 
the free energy associated with the surface competes with the elastic deformation 
part of the free energy to determine the molecular organization or director 
configuration within the volume. An additional contribution to the free energy 
occurs when external fields are applied to such a system. 

INTRODUCTION 

In this study, polycarbonate membranes with cylindrically-shaped holes are permeated 

with a low-molecular weight nematic liquid crystal. The composite material is 

sandwiched between transparent conducting glass plates and laser light transmission is 

used to probe collective reorientation dynamics when the composite material is 

subjected to a 27 ms pulse (a.c. of 5 kHz) of varying amplitudes. Turn-on times and 

turn-off times are measured for cylinder diameters ranging from 0.1 to 1.Opm and 

voltage amplitudes up to 100 Vpp (peak-to-peak voltage). 

The polycarbonate membrane/liquid crystal system is a model one to more 

easily study the effects of anchoring strength and confinement on the electrooptic 
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properties of liquid crystal polymer dispersions. Such dispersions are achieved by a 

number of phase separation methods. This system is unique in that the dispersion is 

not the result of phase separation in which incomplete phase separation is 

problemmatic and the dispersed particles are less uniform in shape and size. The focus 

of this study is the electrooptic properties of polycarbonate membranes whose 

pre-formed cylindrical pores are filled with a low-molecular weight nematic liquid 

crystal. 

Filtration membranes by Nuclepore Corporation are thin film polycarbonate 

disks which have cylindrical cavities whose axes are perpendicular to plane of the 

membrane. The cylindrical cavities are a result of an ion bombardment and a chemical 

etching process. The diameters used in this study range from 0.1, 0.2, 0.4, 0.6, 0.8, 

and 1.0 pm. The membranes are filled a with K15 (5CB), a low-molecular nematic 

weight liquid crystal from EM Industries which has a nematic temperature range of 0' 

to 35O c. 
Nematic ordering in confined geometries has been studied experimentally and 

theoretically by a number of researchers. 4,53637,8 In confined geometries, such as micron 

and submicron droplets or cylindrical pores, the nematic structure is a result of 

competition between the bulk elastic, surface elastic, and external field contributions to 

the Frank elastic energy. Mathematically, the free energy is given by: 

F=ijvol [Kll(div n)2 + K22(n curl n)2 + K33(n x curl n)2]dV 

-1 j K24div(n x curl n + n div n)dV 2 vol 

-'I 2 vol AEE,(E n)2dV + jSufl W, sin2 $dS Eqn 1. 

where n is the nematic director (direction of the optic axis), K,, , K22 , and K,, are 

traditional splay, twist, and bend bulk elastic constants, respectively, K24 is often called 

the surface elastic constant because it enters in the free energy as a coefficient of the 

divergence of a volume integral which is readily transformed into a surface integral, A& 
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FIGURE 1 Model structures for the escaped-radial (ER) and planar-polar (PP) 
nematic sturctures with the expected qualitative behavior in an applied electric 
field. 

is the dielectric anisotropy, W, is the surface anchoring strength, and Q is the angle 

between the preferred homeotropic anchoring direction and the actual direction of the 

nematic director at the surface. Mathematically, the liquid crystal structure in a 

cylindrical pore is obtained using variational calculus to determine the solution(s) 

which minimizes the free energy of the system. 

Numerous studies have focused on the structure of liquid crystals in cylindrical 

geometries. The two structures schematically illustrated in Figure 1 are known to 

occur in the cavities of Nuclepore membranes are the escaped-radial (ER) and the 

planar-polar (PP), 9~10~11 The ER structure, a splay-bend deformation, has homeotropic 

anchoring of the director at the cavity boundary and gradually escapes along the 

cylinder axis. The escaped-radial with point defects (ERPD) can also occur when 

defects are present along the cylinder axis since both directions of bend are 

energetically equivalent. In the presence of an applied electric field parallel to the 

cylinder axis, we surmise that more directors will align along the cylinder axis. If an 

electric field is applied to the PP configuration, we expect this planar-splay-bend 

structure to experience a configuration transition to the ER configuration at a critical 
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Response vs. Polarization 
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FIGURE 2 Response curves for a 1 .O pm diameter cylinder liquid crystal 
filled membrane for different incident polarizations for a V,, = 10.0 V. 

field, and then become more aligned along the cylinder axis as the field increases above 

the critical field (See Fig. 1). 

EXPERIMENTAL 

Samples are made by soaking the appropriate polycarbonate membrane in K15 to 

capillary fill the pores. This process is performed in the isotropic phase of K15 to 

enhance the filling process. After filling, the membrane is sandwiched between 

transparent conducting substrates. 

The sample is subjected to an applied electric field by applying a sinusoidally 

varying voltage waveform to the substrates. The waveform is 26.6 ms in duration and 

the peak to peak voltage ranges from 0 to 100 Volts. The frequency of the sinusoidal 

region of the waveform is 5 IrHz. A photodiode captures the light (h= 632.8 nm) 
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FIGURE 3 Response curves for a 1 .O clfn diameter cylinder sample for 10, 20, 
and 100 volts peak-to-peak. 

transmitted through the sample. The resulting electrical signal from the photodiode is 

fed into a digital oscilloscope which is triggered for acquisition at the onset of the 

voltage waveform. 

The polycarbonate- membrane is birefrengent; therefore, measurements are 

made with the incident light polarized so that the transmitted intensity is minimized for 

zero-applied voltage. In Figure 2, 0’ corresponds to the polarization angle which yields 

the minimum transmission. The minimum and maximum transmitted intensities as 

well as their difference varies with incident polarization (see Fig. 2). The shape of the 

response is invariant to incident polarization. Therefore, the results are not biased by 

the choice of incident polarization. Therefore, each sample is measured with the 

incident polarization set at the minimum to maximize contrast and to enhance the 

signal-to-noise ration at low applied voltages. To further enhance the signal-to-noise 

ratio, the analyzed response curves are the result of sixteen voltage waveform 
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R E  L A  T I V  E T R A  N S M I T T E  D I N  T E  N S I T Y  
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FIGURE 4 Normalized transmitted intensity for each cylinder diameter versus 
voltage. 

applications which are averaged internally by the digital oscilloscope. A representative 

set of response curves is shown in Figure 3 .  The turn-on and turn-off times and the 

change in transmitted intensity are determined from the response curves such as the 

ones shown in Figure 3 ,  The change in transmitted intensity is defined as: 

< AI>=<Ion> -<I off> Eqn. 2 

where <Ian> is the average of the on-state transmission during application of the 

voltage pulse. <I,,> is taken from the plateau area of the response curve. <I,* is the 

average transmitted intensity before the voltage pulse is applied. Figure 4 illustrates 

the voltage dependent normalized <AI> versus voltage for each cylinder size. A peak 

occurs above a "threshold voltage" at the instant applied voltage pulse ends (see Fig. 3). 
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TURN-ON TIME 
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FIGURE 5 Turn-on times versus voltage for the various cylinder diameters. 

This "threshold voltage" increases with decreasing cylinder size and is not present for 

the 0.1 and 0.2 pm cylinder sizes for the voltages in this study. 

The turn-on and turn-off times are measured using the standard definitions. 

The turn-on time is defined as the time it takes for the transmitted intensity to rise from 

10% to 90% of <AI> at the onset of the voltage waveform and the turn-off time is the 

time it takes the transmitted intensity to decrease from 90% to 10% <AI> at the end of 

the voltage waveform. 

ANALYSIS 

Figure 5 shows the voltage dependent turn-on time for the different cylinder sizes 

under investigation. From elastic deformation theory, one would expect the turn-on 

time to decrease with increasing voltage, but in this cylindrically defined geometry the 
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FIGURE 6 Turn-off times versus voltage for the various cylinder diameters. 

turn-on time increases and then decreases with increasing voltage. A threshold effect is 

exhibited in which the voltage that corresponds to the maximum in the turn-on time is 

inversely proportional to cylinder diameter. The threshold effect is not present in 

cylinder sizes below 0.4 pm. At voltages below the threshold, the evolution from the 

zero-field to high field director configuration yields an increasing turn-on time; 

whereas, above the threshold voltage this evolutionary process yields turn-on times 

which decreases with increasing voltage. Additional evidence of this different 

evolutionary process from the zero-field to the nonzero-field and back to the zero-field 

director configurations is the sharp peak in the transmitted intensity when the voltage 

waveform ends (see Figure 3, 100 Vpp). 

As shown in Figure 6, the turn-off times exhibit two regimes. For cylinder 

sizes equal to or greater than 0.4 pm the turn-off time is approximately 2.0 ms and for 

cylinder sizes less than 0.4 pm the turn-off times are on the order of 0.5 ms. The 
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decrease in turn-off time with cylinder size is expected because of the increased surface 

elastic energy contribution to the total free energy as the cylinder size decreases. For 

each particular cylinder size, the turn-off time is independent of voltage. 

CONCLUSION 

We have employed light scattering to probe the reorientation dynamics of a liquid 

crystal-filled porous polymer membrane. These materials exhibit novel behavior in 

that the turn-on time goes through a maximum and subsequently decreases as the 

applied voltage is increased. In addition, the turn-off times decreases as the cylinder 

size decreases and for cylinder sizes less than 0.4 pm the turn-off time is 

sub-millisecond. Presently, we are performing a theoretical analysis based on the 

deformation, E-field, and viscous torques utilizing the Frank free energy formalism for 

comparison with the experimentally measured values of turn-on and turn-off times. 
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