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The work is devoted to the experimental studies of electrokinetic phenomena in oriented samples of a nematic
liquid crystal (LC) 5CB, formed inside flat capillaries with a homeotropic surface orientation. A decay flow of the
liquid crystal arising under the action of DC electric field and hydrostatic pressure gradient was experimentally
realized and studied by the registration of meniscus’ motion in the vertically oriented cylindrical capillary. The
dependences of the maximal value of the meniscus’ rise and characteristic decay time on the control voltage have
been obtained. The analysis of the experimental data was performed in the framework of a simple model, taking
into account the dependence of dielectric permittivity on the electrically controlled orientation of LC. The value of
zeta potential as well as the effective shear viscosities at different voltages were determined. The obtained data
were compared with the results of independent studies.
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SJIEKTPOKMHETHYECKHUE ABJIEHUA B 'OMEOTPOIIHBIX CJIOAX
HEMATHYECKOI'O KUJKOI'O KPUCTAJUIA

MUHPBA — Poccuiickuii TEXHOJIOTHUECKUIA YHUBEPCUTET,
[Ipo6iemHuas nabopatopusi MOJIEKYJISIPHON aKyCTUKH,
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Paboma noceawena sxcnepumenmanbHblM UCCIeO08AHUIM IIEKMPOKUHEMULECKUX SAGNEHUN 8 OPUSHIMUPO-
6aHHBIX 06pasyax Hemamuueckoz2o dcuokozo kpucmainna (KK) 5CB, cghopmuposannvix nympu niockux Kanuis-
P08 C 20MEOMPONHOU SPAHUYHOU opuenmayuell. 3amyxarouui NOMOK HCUOKO20 KPUCTNAILLA, O3HUKAOWUL NOO
deticmeuem noCMOSHHO20 INIEKMPUYECcKo20 NOJis U 2pAdueHma cuOpoCmamuyecko2o 0asietus, Obll IKCNepuUMeH-
MANbHO Peanu306an U U3y4eH nymem pe2ucmpayuy O8UICEHUs MEHUCKOG 8 GEPMUKANIbHO OPUEHMUPOSAHHBIX YU-
JuHOpuyeckux kanuanapax. [lonyuenvl 3a6ucumMocmu MaKcumMaibHOU 6eaUURbL NOObEMA MEHUCKA U XaPAKMEPHO20
BPEMEHU 3AMYXAHUSL OM YNPAGIAIOWE20 HANPAICEHUS. AHANU3 IKCNEPUMEHMATLHBIX OAHHBIX NPOBOOUILCS 8 PAMKAX
NPOCMOU MOOENU ¢ YUemoM 3a6UCUMOCIU 3HAYEHUS OUINeKMPpUdeckol npornuyaemocmu om opuenmayuu KK,
KOHMPONUPYeMotl iekmpudeckum noiem. bulnu onpedenenvi 3nauenus 03ema-nomenyuana u 3@pekmusHot cosu-
20601l 653KOCTHU NPU PA3IUYHBIX HanpaxceHusax. [lonyyennvle Oanuvle cCpasHUBAIOMCS ¢ pe3yIbmMamamis He3a6UCU-
MBIX UCCIE00BAHUI.

Knrwouesvie cnosa: snexmpoxunemuueckue A61eHUs, HEMAMUYECKU HCUOKUL KPUCATT, 03ema-NOMeHYua,
AHU30MPONHASL COBULOBAS BAZKOCMb.
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Introduction

It is well known that a static (or low frequency)
electric field applied to micro and nano-channels may
induce an overall flow of liquid through the channels
[1-6]. These electrokinetic (EK) phenomena are of
great interest for researchers in the field of bioenginee-
ring and microfluidics. In particular, EK effects can be
used in the development of portable diagnostic chips
and molecular sensors [6, 7], as well as in fine chemical
technologies [8]. The main advantage of electrokinetic
pumps, essentially for such applications, is the absence
of moving parts, which provides precise pumping of
micro (or nano) liter volumes of a liquid.

Up to now, a large number of experimental and
theoretical studies were devoted to the study of EK phe-
nomena in isotropic polar liquids and solutions. At the
same time, there are only rare publications [9-12] of
such type, referred to the electrically induced shear
flows in flat capillaries and porous polymer films filled
with nematic liquid crystals (NLC), which differ from
isotropic liquids by orientational ordering of long mo-
lecular axes. As a result, NLC are characterized by high
fluidity, which is typical for isotropic liquids, in combi-
nation with strong quasi crystalline anisotropy of dif-
ferent physical properties. It opens new perspectives for
microfluidic applications of such anisotropic liquids.

In particular, the essential anisotropy of a refractive in-
dex of NLC and the intrinsic connection between an ori-
entation and a velocity gradient made it possible to im-
plement electroosmotic flow through polymer porous
PET films [10] into a new type of the optofluidic device
[13]. It also provided a registration of weak electroos-
motic flow in the system of parallel-connected micron
sized flat channels filled with NLCs [9]. In this case, the
inner surfaces of channels were not treated, which re-
sulted in arising of degenerate surface and bulk orienta-
tion of NLC. It prevented studying the nature of elect-
rokinetic phenomena in anisotropic liquids with a con-
trolled surface and bulk orientation.

This work is devoted to the experimental study
of electroosmotic flows of a liquid crystal through the
flat channels with a given (homeotropic) surface orien-
tation. The main objective of our study is to reveal the
applicability of the simple quasi isotropic model for the
description of electroosmotic flows of strongly aniso-
tropic liquid oriented by surfaces and electric field.

Experimental
The experimental study of electrokinetic

phenomena in oriented samples of NLC was fulfilled
by using the LC cell, shown in Fig. 1, a.

Fig. 1. Schematic representation of an experimental cell:
a — exploded 3D layout of the cell construction: / — multi layered package, 2 — copper electrodes, 3 — metal needles,
4 — open glass capillaries, D = 2.8 mm, d =2 mm;
b — construction of the package assembled from glass substrates: ¢ =20 mm, » =4 mm, ¢ =5 mm, 4. = 60 pm, e = 1.1 mm;
¢ — the scheme illustrating the theoretical model of LC reorientation (I) under the plug-shaped velocity profile (II) typical
for electroosmotic flows, Ip — Debye length, &g — electrical coherence length
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In the central multilayer package (Fig. 1, b) of the
experimental cell, three flat capillaries, each with the
gap A= 60 um, width a =20 mm and length b =4 mm,
were formed with the help of nylon spacers, separating
glass substrates, and an epoxy glue, which fixed the
package.

The inner surfaces of the plates in the package
were preliminary cleaned and then treated (using spin
coating procedure) with 0,5 % solution of chromium
stearyl chloride (chromolane) in isopropanole with fur-
ther annealing at 90 °C for 1 hour. As a result, the inner
surfaces of flat channels formed inside the package
were covered by thin solid layers of chromolane, which
was needed to get a homeotropic surface orientation of
LC. The package (1) was placed between two elec-
trodes (2) (see at Fig. 1, @) made of fiberglass sheets (of
1 mm thickness), covered with a copper foil. Such con-
struction made it possible to create the “in-plane” elec-
tric field after application of DC voltage, which was
needed to induce electroosmotic flow of NLC through
flat channels.

Two holes in the fiberglass sheets with the diam-
eter d =2 mm were drilled to provide the hydrodynamic
connection between the central package and the periph-
eral parts of the cell. The latter included two rectangular
chambers with metal needles (3) of the inner diameter
1 mm, connected with the vertically oriented open glass
capillaries (4) of the inner diameter D = 2.8 mm. The
cells were vacuumed and filled with the nematic liquid
crystal 5 CB (4-cyano-4'-pentylbiphenyl). The constant
temperature of the cell 7=26 + 0.1 °C was maintained
during the entire time of measurements with the help of
a water thermostat.

The measurements were based on recording the
movement (with the help of a digital camera) of the liq-
uid crystal meniscus in open cylindrical tubes under the
action of applied DC voltage U. The obtained micro-
scopic images were transmitted to a personal computer
for further processing.

Results and discussion

Time dependences of the meniscus displacement
H(?) induced by application of different voltages, are
shown in Fig. 2. The slope of each curve decreases with
time and displacement H reaches the stationary level
Hinax at long enough time (¢ > 200 s). Such behavior cor-
responds to the decay flow of nematic liquid crystal LC
taking place due to the compensation of an electroos-
motic flow by Poiseuille flow of the opposite direction.
The latter flow was induced by the hydrostatic pressure

gradient proportional to the difference of meniscus
levels in the vertical capillaries.
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Fig. 2. Time dependences of the meniscus displacement
H(?) in open glass capillary at different DC voltages. Solid
lines show the approximation of experimental data
by equation (1)

As it can be seen from Fig. 2, in the entire range
of control voltages the experimental data are satisfac-
tory described by a simple exponential law:

H = Hpox(1—e /), )
where 7 is a characteristic time of the rise.

The dependences of parameters Hmax(U) and t(U)
obtained as a result of approximation of the experi-
mental data by expression (1) are shown in Fig. 3, a and
Fig. 3, b, correspondingly. The presented dependence
Hinax(U) demonstrates strong non-linear behavior at re-
latively low voltages. At the same time, the dependence
Hmax(U) at relatively high voltages is close to the simple
linear law, which is typical for electroosmotic flows of
isotropic liquids [2]. This result and also strong dec-
rease of the characteristic time t with voltage, shown in
Fig. 3, b, demand some explanation.

For this aim, we can use a theoretical expression
for the volumetric rate of electroosmotic flow of an iso-
tropic liquid under the additional action of a pressure
gradient [2]:

Q _ h?px  €g0Ex( tanh(kh)

yyimir e K (2)
where 4. = 2h is the gap of a flat capillary, O = (1/a)
(dV7dt) is the volumetric flow rate of liquid per unit
width of a capillary, p. = Ap/b is the value of the pres-
sure gradient created by the application of the pressure
difference Ap to a capillary of length b, n and ¢ are the
shear viscosity and dielectric permittivity of the liquid,
€9 1s the electric constant, £y = U/b is the strength of the
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electric field, k = (Ip) ' is the parameter inverse to the
Debye length Ip, { is the value of the zeta potential
determined by the interaction of the surface and polar
liquid.

In our experiment, the hydrostatic pressure gra-
dient, caused by the appearance of a height difference
in vertical tubes can be expressed in terms of the expe-
rimentally measured displacement H(¢) of one of the
meniscus level relative to the initial zero value:
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Taking into account the fact that the integral flow
of LC in a tube of radius R is provided by the action of
three capillaries connected in parallel, the obvious rela-
tionship can be written:
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Fig. 3. The approximation parameters of experimental data by expression (1); a and b correspond to the dependences
of the stationary value of the meniscus height Hmax(U) and the characteristic time of the rise (1) on voltage

Using relations (3) and (4) and the approximation
of the smallness of the Debye length with respect to the
capillary gap (kh >> 1), we can obtain the following dif-
ferential equation describing the dynamics of a fluid
rise using formulas (2—4):

dH(t) _

— = MH() - N, (5)
where
__4ah®pyg
M= nbmR2’ 6)
__ 6ahgyelU
~ qnbmR2 (7

The solution of this equation has the form of func-
tion (1), where the characteristic relaxation time t and
the stationary value Hmax are determined by the expres-
sions:

_ 1 _ mbmr?
= M~ 4ah3pg’ ®)
_ EsosZU
Hmax = 372,55 )

As it follows from the expression (8), the charac-
teristic time 7 is directly proportional to the shear vis-
cosity and does not depend on applied voltage as well
as electrical characteristics of LC. While the stationary
value of the rise height is directly proportional to the
applied voltage and depends on both the dielectric con-
stant of LC and the value of zeta potential. The contra-
diction between these conclusions and the experimental
results presented above can be explained by the action
of electric field on the orientation and material parame-
ters of liquid crystal. In particular, the deviations of the
experimental dependence Hmax(U) can be associated
with an increase in the effective value of the dielectric
constant due to partial reorientation of the boundary
layer in the direction of electric field. Indeed, for SCB
the total reorientation of LC from the initial homeo-
tropic orientation (normal to the field direction) to the
planar orientation (parallel to E) results in the changes
of the dielectric constant € from 7 up to 18.5 [14]. Ob-
viously, this mechanism can be realized in the case,
when electric field effectively changes LC orientation
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in the diffuse layer, which is responsible for the gener-
ation of electroosmotic flow. It means that the diffuse
layer thickness characterized by Debye length /p which
has to be comparable with the electrical coherence
length &g, describing the near surface layer with an ori-
entation controlled mostly by surface (Fig. 1, ¢). The
latter parameter is described by the well-known expres-

sion [15]:
_1 ,Kss
EE ~FE 80A8’ (10)

where K33 — Frank’s module, Ag — anisotropy of dielec-
tric permittivity.

The estimations made in accordance with the
equation (10) using the values of material parameters of
5CB (K3;3=8.2 - 102 N and Ae = 11.5) show that &
varies from 2.4 pm to 1.3 pm with the increase of vol-
tage from 750 V to 1375 V. It is obvious that this mecha-
nism explaining the experimental data holds for the De-
bye length of the order of 1 um. The above mentioned
linear dependence Hmax(U) shown in Fig. 3, a approxi-
mately corresponds to a constant value of dielectric per-
mittivity €. In accordance with equation (9), it makes
possible to estimate the value of zeta potential {. Using
the value € = 18.5 corresponding to the orientation of
LC in diffuse layer close to the direction of electric
field, one can get { = 19 mV, which has the same mag-
nitude order as the value { = 12 mV [10] obtained du-
ring the investigations of electroosmotic flow through
the porous PET film.

A partial orientation change in the boundary lay-
ers is also confirmed by the experimentally found de-
crease in the characteristic time with increasing vol-
tage (Fig. 3, b). Indeed, taking into account strong ani-
sotropy of shear viscosity, it is possible to expect the
essential decrease of effective values nesr of the shear
viscosity coefficient 1 in the boundary layers, which de-
termines main contribution to energy dissipation in the
case of the plug-shaped profile flow [2] realized under
the condition (kh >> 1).

The calculation results of 1 using the experi-
mental data t and the expression (8) are shown in
Fig. 4. It can be seen that the values of this parameter
are in the range between the previously determined [14]
maximum and minimum shear viscosities of NLC
(Miesowicz viscosities 11 and 1 correspondingly).
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Fig. 4. The values of effective viscosity 1 at different volt-
ages determined from experimental data in accordance with
the expression (8). Dashed lines correspond
to the values of three Miesowicz viscosities 11, 12, N3

Conclusion

The studies of electrokinetic phenomena in flat
capillaries filled with nematic liquid crystal 5 CB with
a homeotropic surface orientation have been performed.
They made it possible to establish the following spe-
cific features of these phenomena:

1. For all used values of control voltage, the time
dependences of the meniscus height rise are described
by a simple exponential-type dependence arising from
the decay flow model.

2. In general case, the dependence of the maxi-
mum meniscus’ rise height on control voltage shows a
nonlinear character. However, for the region of rela-
tively high control voltages, the above mentioned de-
pendence is close to the linear law, which allows to es-
timate the zeta potential value. Zeta potential of 19 mV
is typical for other polar liquids contacting with glass
surfaces and it slightly exceeds the value of 12 mV for
the same liquid crystals confined to porous PET film.

3. The characteristic time of meniscus rise signif-
icantly decreases with voltage increase. The effective
viscosities calculated from the experiments are in
agreement with the results of independent measure-
ments of the anisotropic viscosities (Miesowicz visco-
sities) of the liquid crystal SCB, which confirms the
adequacy of the decay flow model used for the expla-
nation of the experimental data.
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