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Abstract 

 Liquid crystal electrolytes enable nonlinear electrophoresis of colloidal particles with 
velocities proportional to the square of the applied field. We demonstrate that the 
magnitude and even the polarity of electrophoretic mobility can be controlled by the 
anisotropy of electric conductivity and dielectric permittivity of the liquid crystal. In 
particular, reversal of electrophoretic mobility can be triggered either by temperature or 
composition changes that alter the signs of the conductivity and permittivity anisotropies. 
Controllable reversal of mobility adds to the list of advantages of anisotropic electrolytes 
over their isotropic counterparts. 
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INTRODUCTION 

Microscale manipulation of colloidal particles and fluids by electric fields is a broad 

area of active scientific research ranging from fundamental studies of non-equilibrium 

phenomena [1-4] to the development of practical devices for informational displays, 

portable diagnostics, sensing, delivery, and sorting [5-7]. It has been demonstrated 

recently [4,8-10] that when a nematic liquid crystal is used as an electrolyte instead of an 

isotropic fluid, electrokinetic phenomena acquire qualitatively new characteristics. An 

important feature of the nematic electrolyte is that the space charge is generated in the 

medium, at the distortions of molecular orientations, rather than at the interface between 

the particle and the electrolyte. Space charge separation occurs in the applied electric 

field, which drives positive and negative ions to different regions of the deformed liquid 

crystal thanks to the anisotropy of conductivity and dielectric permittivity [8-10]. The 

electric field then imposes an electrostatic force on the charged clouds, setting the 

nematic into electrokinetic flows with the velocities growing as the square of the applied 

field E  (one degree of E  separates the charges, the other drives the flows) [8-10]. The 

quadratic dependence means that the electrophoretic and electro-osmotic velocities do not 

depend on the polarity of the applied electric field. This feature brings an important 

advantage of the liquid crystal-enabled electrokinetics (LCEK) over its isotropic linear 

counterpart since one can use an alternating current (AC) electric field as a driving force 

to cause a unidirectional persistent motion of particles or of the liquid crystal with a 

steady displacement that remains nonzero after averaging over the period of the AC field 

[9,11]. Furthermore, orientational order of the electrolyte allows one to design trajectories 
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of the colloids by patterning the director n̂  that specifies local orientation of the liquid 

crystal [8,11]. 

Theoretically, the electrokinetic velocities are expected to depend on the type of 

director distortions in the liquid crystal and on the anisotropy [8-10]. In this work, we 

consider one of the simplest realizations of LCEK, namely, a liquid crystal-enabled 

electrophoresis (LCEP) of a sphere of a radius R  with perpendicular surface anchoring. 

When placed in a uniformly aligned nematic cell, with the director aligned, say, along the 

x -axis of the Cartesian coordinate system, ( )0ˆ 1,0,0=n , Figure 1, such a sphere distorts 

the director around itself because of the finite strength of surface anchoring. These 

distortions, being radial near the sphere, need to match the far-field uniform director 0n̂ . 

The matching is achieved through the introduction of a point defect, the so-called 

hyperbolic hedgehog that can be located either on the left side or the right side of the 

sphere, Figure 1 [12]. Once formed, the hyperbolic hedgehog does not change sides since 

the energy barrier is orders of magnitude higher than the thermal energy. It also does not 

change sides when the sample is acted upon by electric fields of a modest amplitude used 

in this work.  The overall director structure of the hedgehog-sphere pair is of the dipolar 

type. We direct the structural dipole ( ),0,0pp =  from the hedgehog towards the sphere, 

along the x-axis, Figure 1b. When the hedgehog is located on the left hand side of the 

sphere, 0p > , the experimental mapping of the material flow around the sphere placed in 

a liquid crystal with zero dielectric anisotropy suggests that the electrophoretic velocity 
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( ),0,0vv =  is antiparallel to the direction of dipole, 0v <  [9]. Theoretically, the 

amplitude of electrophoretic velocity is predicted to be [9] 

 ( )1 2
0 ||v REαε ε η ε σ−

⊥= −% % , (1) 

where 0ε  is permittivity in vacuum, ||η  is the effective nematic viscosity, || / 1ε ε ε⊥= −%  is 

anisotropy of permittivity and || / 1σ σ σ ⊥= −%  is anisotropy of conductivity; the subscripts 

||  and ⊥  refer to the orientation parallel and perpendicular to n̂ , respectively, andα  is a 

numerical parameter of the order of 1 that should depend on the details of director 

configuration, finite surface anchoring, anisotropy of viscoelastic parameters of the 

nematic; its exact theoretical value is not known. Although the experiments support the 

model in the part of 2v RE∝ dependence [8,9,11,13-15] and in the guiding effect of the 

director field [8,11,16-19], there are no experimental data on how v  depends on ε%  and 

σ% , the two crucial properties of the nematic electrolyte. As predicted by Eq.(1), one can 

reverse the direction of velocity v  with respect to the structural dipole p  by altering the 

sign of ( )ε σ−% % . When ( ) 0ε σ− >% % , the electrophoretic velocity is parallel to the 

structural dipole; this case is illustrated in Figure 1; when ( ) 0ε σ− <% % , the two vectors are 

antiparallel. Flow reversals have been observed in isotropic electrolytes but their 

mechanisms are not fully understood [1]. In the present work, we design experiments to 

verify the key element of LCEK mechanism, by using nematics with broadly varying ε%  

and values of ( )ε σ−% %  that reverse their sign as a function of temperature. We 
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demonstrate that ( )v ε σ∝ −% % , as predicted by Eq.(1), and can reverse its sign as a 

function of composition and temperature. 

 

 

EXPERIMENTAL RESULTS 

Materials. We used binary mixtures of room-temperature nematics 

pentylcyanobiphenyl (5CB) and HNG715600-100 (purchased from Jiangsu Hecheng 

Display Technology and referred to as HNG in what follows). 5CB exhibits 1.9ε =%  [20] 

and HNG exhibits 0.7ε = −%  [21] at room temperature. Concentration variation of 

mixtures changes ( )ε σ−% %  strongly, both in absolute value and in sign. Dry soda-lime-

silica spheres of diameter ( )2 9.6 1R mμ= ±  (purchased from ThermoScientific) were 

used as electrophoretic particles. The spheres were treated with dimethyloctadecyl[3-

(trimethoxysilyl)propyl]ammonium chloride (DMOAP) to impart perpendicular 

orientation of n̂ . The nematic layers of thickness 60h mμ=  were confined between two 

glass plates with planar alignment, ( )0ˆ 1,0,0=n , achieved by rubbed polymer coating 

(PI-2555, purchased from HD Microsystems). The temperature was controlled by Linkam 

controller TMS94 and a hot stage LTS350 (Linkam Scientific Instruments) with accuracy 

0.01 C± ° . 



6 
 

6 
 

 

Figure 1. (a) Scheme of electrophoresis for the case ( ) 0ε σ− >% % ; (b) microphotograph of 
a glass sphere with a point defect “hedgehog” (located on the left) placed in the nematic 
liquid crystal, seen between cross polarizers. The structural dipole ( ),0,0p=p  is shown 
by an arrow. 

 

Electric field distribution in the cell. The AC voltage of frequency 25 Hzf =  

and amplitude 100 U V=  was applied between two aluminum strips separated by a 

distance 4L mm= , Figure 1 and Figure 2a. The electric field at the center of the nematic 

slab is smaller than the applied field because of the difference in dielectric permittivities 

of glass and nematic [9]. The electric field distribution within the cell was determined 

using finite-element modeling simulator, COMSOL multiphysics, Figure 2b. In electric 

field simulations, we used the following experimental parameters: distance between the 

electrodes 4 L mm= , cell thickness 60 h mμ= , dielectric permittivity of glass equals 3.9 

and average dielectric permittivity of the liquid crystal equals 16. At the center of cell, 

the field is uniform; it is parallel to the glass plates, but its amplitude is somewhat smaller 

than the amplitude of the applied field, /E U Lβ= , where U is the applied voltage and 

the correction factor 1β < . For the geometry used in electrophoretic experiments, we 
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find β = 0.79 in the center of the nematic slab, Figure 2c. Hence, the field acting on the 

particles in the center of the cells is 19.75 /E mV mμ=  which is 79% of the applied 

field. 

 

 

Figure 2 (a) Schematic diagram of the experimental cell; (b) electric field distribution in 
the plane of the nematic slab and (c) electric field at different locations ( ),x z  within the 
nematic slab; the point (0,0) corresponds to the geometrical center of the slab. 

 

Reversal of electrophoretic velocity v  by composition. We designed the 

experiments in such a way that ε%  varied broadly from mixture to mixture while the 

anisotropy of conductivity remained constant, 0.4σ =% . To achieve these conditions, the 

experiments were performed at the temperature 5NIt T T C= − = − °  for each mixture, 

where NIT  is the temperature of the isotropic-nematic transition of that mixture, Figure 

3a. At high weight concentrations of 5CB, 0.54c > , the spheres move with the sphere 
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leading the way, 0v > , Figure 3b. For 0.54c < , the polarity is reversed, 0v < , i.e., the 

sphere follows the hedgehog, Figure 3b. 

 

Figure 3. (a) Phase diagram of 5CB-HNG mixtures. Open circles show NIT  and the filled 
circles show the temperatures 5NIt T T C= − = − °  at which the material parameters and 
electrophoretic velocities were measured; (b) Concentration dependence of 
electrophoretic velocity v , dielectric ε%  and conductivity σ%  anisotropies; solid line is the 
fit of ( )v c  by Eq. (1) with 1.1 0.2α = ± . 
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Reversal of electrophoretic velocity v  by temperature change. Analysis of the 

data in Figure 3 suggests that the polarity of electrophoresis can be reversed by simply 

changing the temperature of the nematic mixture with concentrations close to 0.52c = . 

Figure 4 shows that this is indeed the case, as the electrophoretic velocity changes from 

negative to positive as the temperature decreased, with 7vt C≈ − °  being the point of 

reversal. 

 

Figure 4. Temperature-triggered reversal of electrophoretic velocity v , plotted together 
with the temperature dependencies of ε% , and σ%  for a binary mixture 0.52c = ; the solid 
line is the fit of ( )v t  by Eq.(1), with 1.2 0.2α = ± . 

 

To understand the physical reason for the velocity reversal, we performed a 

thorough characterization of the material properties entering Eq.(1), as described below. 
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Anisotropy of electric conductivity.  The conductivity of nematics is of an ionic 

type [22,23]. Ions are always present in liquid crystals, representing synthetic impurities, 

or being produced at electrodes, through dissociation of neutral molecules, absorption 

from surroundings such as glue, alignment layers, etc.[23]. We measured the 

concentration using the transient current technique and determined it to be on the order of 

20 310 m− . To determine || /σ σ ⊥ , we tracked transient currents in cells of thickness 

15 mμ  with homeotropic and planar alignment, in response to a square wave voltage of 

frequency 1 Hz and amplitude ( )4 7 V− [24]. The ratio of times required by the ions to 

migrate through the cell determines the ratio of ionic mobilities, which in its turn, yields 

|| /σ σ ⊥  and thus σ% . We find 0.4σ ≈%  for all mixtures at 5t C= − ° , Figure 3b. 

Dielectric anisotropy. The complex dielectric constants *( ) '( ) "( )jε ω ε ω ε ω= − , 

where 1j = − , '( )ε ω , "( )ε ω  are real and imaginary parts of complex dielectric 

constants, and 2 fω π=  is angular frequency, were measured for a frequency range of 

10 Hz 1 MHzf = −  using Solatron 1260 impedance analyzer and nematic cells with 

homeotropic and planar alignment. The frequency dependences of complex dielectric 

constants are very weak for both alignments. The frequency dependence is fitted using 

Cole-Cole equation [25] 1*( )
1 ( )

s

j γ
ε εε ω ε

ωτ
∞

∞ −

−= +
+

 , where ε∞ , sε  are “infinite 

frequency” and static dielectric constants, τ  is the relaxation time and γ  is an adjustable 

parameter with a value between 0 and 1. The fitted static dielectric constants obtained for 

the homeotropic and planar cell are used as the values of ||ε  and ε ⊥ , respectively. Static 
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permittivities ||ε  and ε ⊥  are measured, at 5t C= − ° , Figure 5a. These data are used to 

plot the function ( )cε% in Figure 3b that crosses ( )cσ%  at 0.54c = . For the mixture with 

0.52c = , the dielectric permittivities are measured over the entire range of the nematic 

phase, Figure 6a; these data are used to construct the monotonous dependency ( )tε%  in 

Figure 4. 

 

Figure 5. Concentration dependencies of dielectric permittivities and viscosity 
coefficients measured at 5t C= − ° .  
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Figure 6. Temperature dependence of dielectric permittivities and viscosities of binary 
mixture at 0.52c = . 

 

Viscosities. The effective viscosities ||η  and η⊥ , Figs.5b and 6b, for the 

displacements parallel and perpendicular to 0n̂ , respectively, [26,27] are defined from the 

generalized Stokes-Einstein equation ( )||, ||,/ 6Bk T RDη π⊥ ⊥=  by tracking Brownian 

trajectories of the same spheres as those in the electrophoretic experiments. Here Bk  is 

the Boltzmann constant, T  is the absolute temperature, ||D  and D⊥  are the two diffusion 

coefficients, measured from the time dependencies of the mean square displacements, 

( )2
||2x Dτ τΔ =  and ( )2 2y Dτ τ⊥Δ = , respectively. The time lag τ  was longer than

100 ms  to avoid anomalous regimes [28]. Both ||η  and η⊥  increase with c , Figure 5b. 

For the mixture with 0.52c = , both ||η  and η⊥ increase as the temperature is lowered, 

Figure 6b. 
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DISCUSSION 

Correlation of velocity reversals and material properties: experimental data. 

Comparative analysis of the dependencies ( )cε% , ( )tε% , ( )cσ% , ( )tσ% , ( )v c  and ( )v t

demonstrate a strong correlation between v  and the material parameter ( )ε σ−% % , as 

predicted by Eq.(1). Namely, v  is negative when ( )ε σ−% %  is negative and positive 

otherwise, Figure 3b and Figure 4. Moreover, the experimentally determined ||η , ε ⊥ , ε% , 

σ% , allowed us to fit both ( )v c  and ( )v t  dependencies with Eq.(1) very well, with the 

fitting parameter being the same within the experimental error, 1.1 0.2α = ±  in Figure 3b 

and 1.2 0.2α = ±  in Figure 4. 

Equation (1) has been deduced in Ref.[9] without an explicit consideration of the 

exact director configuration caused by the surface anchoring at the surface of the spheres 

and director deformations that might be caused by the applied field through dielectric, 

surface polarization and flexoelectric mechanisms [29] and by viscous flow effects [30]. 

Below we discuss the relative importance of these distortions.  

In the so-called one-constant approximation, in which all elastic constants of the 

liquid crystal are equal to each other and to some average value K , the field-induced 

realigning torques that rotate the director from the sphere-imposed direction by a small 

angle δθ  can be estimated as ( )/K ξ δθ  for dielectric realignment and as *e Eδθ  for the 

flexoelectric-surface polarization effect [29]; here K  is the average Frank constant, 

4 / /K Eξ π ε= Δ  is the dielectric extrapolation length, *
1 3e e e P= + ±   where 1e  and 
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3e  are the flexoelectric coefficients, P  is the surface polarization; *e  can be as high as 

[29] * 10~ 10 /e C m− . For the cited electric fields, 8 2/ ~ 3 10 /K J mξ −×  and 

* 6 2~ 2 10 /e E J m−× . The latter value is not negligibly small when compared to the 

expected polar anchoring strength 6 4 2(10 10 ) /J m− −−  [31-33] that is responsible for the 

appearance of the hedgehog next to the sphere of a diameter 2 10R mμ≈ . The Ericksen 

number in the problem, estimated roughly as 2 /Er Rv Kη= , and characterizing a ratio of 

the viscous to the elastic stress, is of the order of 0.1 (for 25 mPasη =  as, 2 /v m sμ= ). 

This value cannot be considered vanishingly small, which implies that the flow can 

somewhat distort the director field around the particles in our experiments. Thus both the 

field [29] and flow [30] might modify the director and influence α  in Eq.(1). To see a 

stronger effect of viscous stresses, one could either use larger particles or apply a stronger 

electric field to increase the electrophoretic velocity. Another potential factor influencing 

α  is the difference in dielectric permittivities of the colloid and the nematic, as it leads to 

gradients of the local electric field. 

Correlation of velocity reversals and material properties: numerical 

simulations. In order to examine the correlation between the velocity and material 

properties, to gain a further insight into the charge distribution and flow field induced by 

the applied field, and to test the effect of surface anchoring on director deformation, we 

have developed a computational model of the transport equations [34]. We consider a 2D 

geometry, replacing the sphere with a disc, and neglect surface polarization and 

flexoelectric effects. Given the small Ericksen number, we use as input the variational 
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solution for the nematic field around a sphere with homeotropic anchoring [12]; we 

assume that the director configuration is constant. We then solve for the charge 

distribution and velocity fields under a uniform and oscillatory AC electric field. The 

particle, a disc of radius R  is considered as immobilized, with a fixed location. 

We use the finite element package COMSOL and consider a square domain with 

the side of 20R , and a circular hole of diameter 2 9.6 R mμ=  at the center, which 

represents the particle. We use a triangular computational mesh with 54,732 elements, 

which is refined near the particle and the hedgehog. We consider a fixed conductivity 

anisotropy, 0.4σ =% , and solve the model for permittivity anisotropies ranging from 

0.3ε = −%  to 3ε =% . Other physical parameters are given in Table 1. The governing 

equations have been investigated from 0t =  to 4t fπ= , where f  is the frequency of the 

imposed field. We use no-slip boundary conditions for the velocity field on the edges of 

both the computational domain and the circular inclusion. The system is closed, so there 

are no flux boundary conditions for the ionic species. Finally, the electrostatic potential 

on two opposing boundaries is constant, with a difference given by the magnitude of the 

imposed field. The potential on the other two boundaries is fixed, and linearly 

interpolates the imposed potential difference. Of course, the potential inside the 

computational domains follows from the solution of Poisson’s equation given the time-

dependent charge distribution. 
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Table 1. Parameters used in simulations of the liquid crystal-enabled electrokinetic flows. 

 

Figure 7 shows the instantaneous charge distribution when ( )ε σ−% %  is negative 

(Fig. 7a) and positive (Fig. 7b), and the corresponding flow fields (averaged over a period 

of the field), in Fig.7c and 7d, respectively. Despite differences in the details, the 

resulting average flow fields for negative and positive ( )ε σ−% %  are very similar, except 

that the flows are completely reversed, as clear from the comparison of Fig. 6c and 6d in 

which the arrows indicate the velocity fields.  

The electro-osmotic flows around the particle with hedgehog defect (Figure 1) 

acquire dipolar symmetry due to left-right asymmetry of the dipolar director 

configuration around the colloid, Figure 7. The asymmetry in flows causes pumping of 

nematic electrolyte along the x -axis, either parallel or antiparallel to the structural dipole 

Parameter Value Description 
μ  9 21.45 10  / ( )m Vs−×  Average ion mobility 
ε  6  Average permittivity 

0E  19.75 /mV mμ  Electric field magnitude 
f  25 Hz  Frequency of applied field 

0n  19 310  m−  Average ion concentration 

1α  29 mPas−  Leslie-Ericksen viscosity 

2α  173 mPas−  Leslie-Ericksen viscosity 

3α  30 mPas−  Leslie-Ericksen viscosity 

4α  118 mPas  Leslie-Ericksen viscosity 

5α  137 mPas  Leslie-Ericksen viscosity 
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p , depending on the sign of ( )ε σ−% %  [8,9]. In order to determine the net pumping 

direction near the particle, we compute the volumetric flows along the x -axis, 

0

0

 
y

x xy
Q v dy

−
= ∫  and along the y -axis, 0

0

x

y yx
Q v dx

−
= ∫ , where 0 0 8x y R= = . Under the 

action of the electric field, the nematic is pumped from one side of the colloid to another; 

there is no pumping in the orthogonal y direction, Fig. 7e and Fig. 7f. An alternative 

view of this pumping effect can be obtained by computing the viscous force along the x -

axis on the immobile particle. The average value of this force is by integrating the normal 

component of the viscous stress over the surface of the particle. The dependency of this 

average force on ( )ε σ−% % , Fig. 8, shows a reversal of the force direction with the change 

of the sign of ( )ε σ−% % . When ( ) 0ε σ− <% % , the nematic fluid around the immobilized 

sphere is pumped along p , Fig.7e, and the viscous force on the particle is opposite p , 

Fig. 8. The direction v  of electrophoretic propulsion of a free particle moving in the 

nematic with ( ) 0ε σ− <% %  should be in the direction opposite to the direction of the 

electro-osmotic pumping in Figure 7e and parallel to the direction of the viscous force 

calculated in Figure 8. In the experiment, the free particles in the nematic with 

( ) 0ε σ− <% %  are indeed moving towards the negative direction of the x -axis, 0v < , with 

the hedgehog leading the way, Figs. 3b, and 4. In other words, the electrophoretic 

velocity v  is antiparallel to the dipole p . For the case ( ) 0ε σ− >% % , polarity of 

electroosmotic pumping, Fig. 7f, and viscous force, Fig. 8 are reversed. This also implies 

that the direction of electrophoretic motion, Figs.1, 3b, 4, with respect to the structural 

dipole should be reversed. As seen in the experiment, when ( ) 0ε σ− >% % , the vectors v  and 
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p  are parallel to each other; the hyperbolic hedgehog trails the electrophoretically active 

sphere. Therefore, the numerical simulations confirm the experimentally determined 

polarity of the electrophoretic motion. 

 

Figure 7. Numerical solutions for LCEK flows around fixed particle in two dimensions 
for various dielectric anisotropies, with applied field parallel to the dipole. (a)-(b) Charge 
density plotted in color, with arrows representing the director field. (c)-(d) Corresponding 
flow velocity map, showing flow reversal as ( )ε σ−% %  changes sign (e)-(f) Volumetric 
flows along the x -axis ( )xQ  and along the y -axis ( )yQ  pumped around the particle by 
the electric field. 
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Figure 8. Average viscous force acting along the x -direction on a fixed particle by the 
LCEK flow, calculated for a variety of values of ( )ε σ−% %  by integrating the normal 
component of the viscous stress over the particle surface. Since the stress is a force per 
unit area, the integration yields a force per unit length. The force changes sign with 
( )ε σ−% % . 

CONCLUSIONS 

To summarize, the measured LCEK velocities show a linear dependence on the 

material parameters of the nematic electrolyte, namely, the dielectric and conductivity 

anisotropies, as expected from the theory, Eq.(1). The experiments demonstrate that each 

of these two anisotropies can cause LCEK. Anisotropy of conductivity guides the ions 

along the pathways defined by the director, thus separating the charges in space. 

Dielectric anisotropy of a spatially distorted nematic acted upon by the electric field 

yields spatially varying local electric field; ions move in response to the nonuniform field 

pattern, thus creating the spatial charge. In both cases, the separated charges, acted upon 

by the field that created them, result in LCEK flows. Experimentally determined 
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electrophoretic behavior of the free spheres and numerical simulations of the 

immobilized spheres show a good agreement with each other. In particular, the polarities 

of the electrophoretic velocities of free particles are opposite to those of the electro-

osmotic flows around immobilized particles. 

The nematic electrolytes allow one to control both the magnitude and the polarity 

of electrokinetic flows by simply tuning the temperature or composition to change the 

value of ( )ε σ−% % .We determined the numerical coefficient in Eq.(1) that connects the 

electrophoretic velocity to the material parameters, as 1.1 1.2α = − . Analysis of the 

experimental data also suggests that the next level of detailed description of LCEK in 

which α  is derived as a function of surface anchoring strength, flexoelectric and surface 

polarization effects, etc., should account for the dynamic nature of the director 

deformations in the applied electric field and their modification by the flows. 
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